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Abstract

Zhou W., Wu Z., Zhang Y., Wu D., Liu D., Wang Y., Gao Q., Dang B., Li W., Hou S. (2015): Stable inheritance of excel-
lent agricultural traits induced by 12C6+ heavy-ions in lentil (Lens culinaris Medik.). Czech J. Genet. Plant Breed., 51: 
29–35.

The lentil (Lens culinaris Medik.) belongs to the most important leguminous plants in Asia. It is a very popular 
and highly nutritious food. However, small pod size and low yield limit its agricultural use. Through irradia-
tion mutagenesis of dry lentil seeds by 12C6+ ion beam, we found some lines with excellent agricultural traits in 
M2 progeny at doses of 90 Gy (grey), such as height increase and improvement of the number of branches and 
three-seed pods as well as seeds with increased grain yield. Six generations of irradiated lentils were screened for 
these traits. In the M8 generation, the grain yield of three high-yielding lentil lines (lines hyl-1, hyl-2, and hyl-3) 
reached 212.4%, 195.3% and 190.8%, respectively, of the non-irradiated controls. The results indicated that crop 
improvement was stable inherited across the generations. Statistical analysis revealed that the increase in grain 
yield was due to increased total pod number and seeds per pod. Fortunately, adverse effects of irradiation (e.g. 
reduced germination rates and poor pollen vitality) disappeared over the eight generations. In conclusion, we 
present a practical method for the improvement of lentils through radiation breeding, leading to high yielding 
cultivars, which could support the use of this crop in agriculture.
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Heavy-ion beams can be controlled in the form 
of high-LET (linear energy transfer) radiation to 
deposit high energy at precise positions of irradiated 
materials. This technique is very effective at causing 
mutations in embryos at a particular stage of ferti-
lization, without damaging other plant tissues (Abe 
et al. 2002). Moreover, heavy ion irradiation, which 
induces a broad spectrum and high frequency as 
well as high diversity of mutants, has shown a great 
potential for breeding cultivars (Shikazono et al. 
2001; Tanaka et al. 2010). Existing studies have dem-

onstrated that ion irradiation caused irreparable DNA 
double-strand breaks (DSB), whereas most damage 
caused by traditional radiation resources (like X-ray 
and γ-ray) was repaired (Wada et al. 2002). Damage 
that cannot be easily repaired is vital for mutant 
induction, and is a major contributor to the high 
relative biological effectiveness and dominates the 
biological consequences in plants (Feng et al. 2006). 
Biological effects of high-LET heavy-ion radiation are 
more pronounced than those of X-rays, γ-rays, and 
electron beams (Shikazono et al. 2001). Mutation 
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in plant is an effectual tool to create new breeding 
varieties and has been widely used in recent years 
(Feng et al. 2006; Roychowdhury & Tah 2013).

Lentil (Lens culinaris Medik. 2n = 14), belonging 
to the subfamily Papilionaceae, is one of the most 
important leguminous plants in Asia. Lentil seeds 
contain large amounts of vitamins and minerals 
which are important for human health (Mondal et 
al. 2013). Lentil plants have been proved to exhibit 
high drought and pest resistance, so it may be culti-
vated in less favourable areas. However, agricultural 
production of lentils has several issues that require 
resolving to improve the application and exploita-
tion of this crop, such as undesirable plant types and 
low seed yields. Some researchers have focused on 
the contribution of various yield components and 
hybridization between species to enhance seed yield 
(Mondal et al. 2013; Suvorova 2014). Neverthe-
less, its small size and low grain yield have not been 
sufficiently resolved. In this study, we expected to 
provide new insights into improving the breeding 
of lentils and other leguminous plants.

MATERIAL AND METHODS

Plant materials. Dry seeds of purebred lentil were 
collected from the Pingliang region (Gansu, China). 
Seeds obtained after irradiation were considered as 
M1 generation. After they were successively planted 
with adequate irrigation on the experimental farm 
of Lanzhou University (GanSu, China), seeds were 
individually collected from M1 seedlings (M2 genera-
tion). M2 seeds were planted, and three lines with 
three-seed pods from the 90 Gy-irradiated group 
were selected. Each screened line was reaped and 
sown individually, while other seeds irradiated at dif-
ferent doses were planted together. Seeds of M3–M8 
generation were harvested using the same procedure. 

Irradiation. Accelerated 12C6+ ion beams ejected 
from the terminal of the Heavy-ions Research Fa-
cility (HIRFL) in Lanzhou, the detailed irradiation 
procedures referred to Wu et al. (2009) (Figure 1). 
1500 dry seeds were irradiated by penetrating 12C6+ 
ion beams (80.55 MeV/u) at doses of 0 (control), 
30 Gy, 90 Gy, and 180 Gy.

Grain yield and plant height measure. A total 
of 6000 seeds of control, 30-Gy, 90-Gy, 180-Gy, and 
three screened lines from the M3–M8 generation were 
planted in respective plots. The experimental plots 
were laid out in a randomised complete block with 
four replications. The plot size was 2 × 2 m. Grain 

yield per unit area (g/m2) was calculated after these 
plants matured. At the seed stage, 50 individual plants 
of each line were selected randomly, and aerial parts 
were measured with a ruler to determine plant height, 
numbers of branches and pods were counted. The 
number of seeds per pod was counted and weighed 
together to calculate the single plant yield. 

Germination rate. The germination experiment was 
conducted under natural conditions and 1000 seeds 
of each line were sown in drills. The number of ger-
minated seeds was counted and recorded after four 
weeks. Germination rate (%) = number of germinated 
seeds/total number of seeds × 100.

Pollen vitality. Fully ripe pollen grains from 30 in-
dividual plants of the control, 30-Gy, 90-Gy, and 
180-Gy groups from M1–M8 progeny were stained 
with triphenyl tetrazolium chloride for 48 h at 36°C. 
Pollen vitality (%) = number of pollen grains stained 
red/total number of pollen grains × 100. 

Statistical analysis. All samples were randomly 
collected and data from at least three independ-
ent experiments are expressed as means ± SD. All 
values of the control were general average of eight 
years. Student’s t-test was performed to compare 
with the control.

RESULTS AND DISCUSSION

12C6+ heavy-ion irradiation improves lentil yield. 
Irradiation mutagenesis of dry lentil seeds was con-
ducted with the aim of breeding high-yielding len-
tils. The seeds were penetrated by 12C6+ ion beams 
at doses of 30, 90, and 180 Gy. To investigate the 
influence of irradiation on yield, we calculated the 
average yield per plant irradiated at different doses 
in the M1 and M2 generations. The average yield of 

Figure 1. Heavy-ions Research Facility (HIRFL) irradiating 
instrument
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irradiated lines at doses of 90 Gy increased by 21.7% 
and 33.3% compared to that in the control in the 
M1 and M2 generation, whereas 180 Gy irradiation 
decreased (Table 1). After steady inheritance for 
six generations, grain yield at doses of 30, 90, and 
180 Gy increased to 135.6%, 170.7%, and 148.8%, 
respectively, compared to the control in the M8 gen-
eration (Table 2). 

In addition to the improvement of grain yield, 
the irradiated lines showed advantages for other 
agronomic traits. The average height and number of 
branches, total pods, and seeds per plant increased 
in the M7 and M8 generations (Table 2) compared to 
the control. These data showed that 90-Gy irradiation 
confers the best advantages for agricultural traits and 
enhances the yield. This finding provides important 
information about the heavy-ion radiation dosages 
that are required to obtain desirable variations in 
agronomic traits of lentils.

Crop yields of three mutants in M7 and M8. Un-
expectedly, three-seed pods appeared when using 
90-Gy irradiation in the M2 progeny. Three screened 
mutant lines with three-seed pods were called high-
yielding lentil lines 1–3 (hyl-1, hyl-2, and hyl-3). To 
confirm the improved yield of mutants under natural 
conditions (Figure 2A), single plant yield and grain 
yield were calculated. The grain yield of hyl-1, hyl-2, 
and hyl-3 was improved by 104.9%, 86.7%, and 72.0%, 
respectively, compared to the control in the M7 gen-
eration (Table 3). In accordance with the grain yield of 
M7, those in the M8 generation increased to 212.2%, 
195.3%, and 190.8% (Table 3). Similarly, a consider-
able grain yield increase was reported in fava bean 
after irradiation (Podleśny 2002).

Agronomic characteristics of three high-yielding 
mutants screened from the 90-Gy line. Compared 

to the control, the mutant lines were much taller and 
stronger by the M8 generation (Figure 2B; Table 3). 
Both at seedling and reproductive stage, the control 
had fewer branches (Figures 2E, F) than the mutants 
(Figures 2I, J; Table 3). During the flowering period, 
the control tended to have one or two flowers on each 
branchlet which would develop into pods at maturity 
(Figures 2C, D), whereas the mutant lines usually had 
two or three flowers (Figures 2G, H). Furthermore, 
three or four seeds were present in the pods of mu-
tants (Figures 3F–H), whereas the control tended to 
have only one or two seeds per pod (Figures 3B–D). 
This phenotype was not previously reported for 
lentils, whose pods usually contain only one to two 
seeds (Cui 1998). Though significant enhancement 
in the total number of seeds was observed (Table 3), 
there was no obvious difference in the seed size and 
the 1000-seed weight between the mutants and the 
control in the M8 generation (Figure 3A, E; Table 3). 
In addition, 12C6+ irradiation increased the number 
of pods with two seeds in the three mutant lines 
(Figure 4). More importantly, about 20% of pods 
had three to four seeds in three mutant lines, which 
were stably inherited in M7 and M8 (Figure 4). Taken 
together, these results support the conclusion that 
the combined effects of increased branches, pod 
numbers, and numbers of seeds contributed to sig-
nificant enhancement of crop yields of hyl-1, hyl-2, 
and hyl-3. Although no obviously drought- and 
disease-sensitive or resistant phenotype to abiotic 
stress was observed in three mutant lines, irradiation 
treatment induces a variety of mutations in plants 
which are very important for plant breeding (Younis 
et al. 2008; Tanaka et al. 2010).

Some adverse effects of irradiation disappeared 
in offspring. The impact of 12C6+ irradiation on the 

Table 1. Effects of different doses of irradiation on yield and yield components of lentils in the M1 and M2 generations

Doses 
irradiated 

(Gy)

Average 
height/plant 

(cm)

Branches/plant 
(number/plant)

Total pods/plant 
(number/plant)

Total seeds/plant 
(number/plant)

Average 
yield/plant 

(g)

1000 seed 
weight (g)

M1

30 29.5 ± 1.8 2.6 ± 0.3 41.8 ± 5.2 74.1 ± 6.7 3.49 ± 0.2 29.25 ± 0.8
90 30.8 ± 1.4   4.0 ± 0.3**   56.8 ± 6.2**   89.5 ± 7.6** 4.27 ± 0.2* 29.73 ± 0.8

180   27.2 ± 1.3* 3.9 ± 0.2*   37.6 ± 2.1*   58.4 ± 4.5* 2.93 ± 0.1* 28.17 ± 0.7*

M2

30 31.4 ± 1.1 3.8 ± 0.4*   53.9 ± 4.4**   85.0 ± 10.5 3.22 ± 0.4 29.69 ± 0.9
90   35.9 ± 1.5*   4.9 ± 0.2**   65.4 ± 3.3**     93.8 ± 10.2** 4.68 ± 0.3* 30.01 ± 0.7

180 30.5 ± 0.7 4.2 ± 0.2* 50.5 ± 4.3   75.0 ± 11.0 3.34 ± 0.3 29.96 ± 0.8
Control 0 31.4 ± 1.3 2.6 ± 0.3 44.0 ± 3.5 75.4 ± 6.4 3.51 ± 0.3 30.18 ± 0.6

*, ** are significant at the 5% and 1% probability level, respectively; n = 50



32

Original Paper Czech J. Genet. Plant Breed., 51, 2015 (1): 29–35

doi: 10.17221/214/2014-CJGPB
Ta

bl
e 

2.
 E

ffe
ct

s o
f d

iff
er

en
t d

os
es

 o
f i

rr
ad

ia
tio

n 
on

 y
ie

ld
 a

nd
 y

ie
ld

 c
om

po
ne

nt
s o

f l
en

til
s i

n 
th

e 
M

7 a
nd

 M
8 g

en
er

at
io

ns

D
os

es
 

ir
ra

di
at

ed
 

(G
y)

A
ve

ra
ge

 
he

ig
ht

/p
la

nt
 (c

m
)

Br
an

ch
es

/p
la

n 
(n

um
be

r/
pl

an
t)

To
ta

l p
od

s/
pl

an
t 

(n
um

be
r/

pl
an

t)
To

ta
l s

ee
ds

/p
la

nt
 

(n
um

be
r/

pl
an

t)
10

00
 se

ed
 w

ei
gh

t
(g

)
G

ra
in

 y
ie

ld
 

(g
/m

2 )

M
7

M
8

M
7

M
8

M
7

M
8

M
7

M
8

M
7

M
8

M
7

M
8

30
36

.8
 ±

 1
.4

*
35

.8
 ±

 1
.6

*
4.

13
 ±

 0
.3

*
3.

9 
± 

0.
4*

75
.9

 ±
 4

.3
*

91
.2

 ±
 4

.2
*

12
7.

0 
± 

5.
8*

*1
46

.1
 ±

 2
.7

**
30

.6
6 

± 
0.

6
30

.8
0 

± 
0.

8
94

.8
 ±

 2
.6

**
10

4.
3 

± 
4.

1*
*

90
 3

7.
3 

± 
1.

7*
*

38
.5

 ±
 1

.4
**

  
5.

4 
± 

0.
5*

*
 5

.6
 ±

 0
.5

**
95

.6
 ±

 6
.3

**
10

7.
2 

± 
6.

7*
*

18
1.

5 
± 

7.
8*

*1
90

.6
 ±

 4
.9

**
29

.1
2 

± 
0.

8
30

.2
6 

± 
0.

5
12

0.
7 

± 
4.

7*
*1

31
.3

 ±
 5

.0
**

18
0

35
.6

 ±
 1

.5
*

37
.6

 ±
 1

.9
**

 4
.6

 ±
 0

.4
*

4.
8 

± 
0.

5*
86

.6
 ±

 4
.5

**
 9

6.
4 

± 
4.

6*
*

15
6.

0 
± 

5.
2*

*1
63

.0
 ±

 6
.7

**
29

.9
9 

± 
0.

4
29

.9
8 

± 
0.

4
10

6.
4 

± 
3.

4*
*1

14
.4

 ±
 3

.3
**

C
on

tr
ol

31
.4

 ±
 1

.3
2.

6 
± 

0.
3

44
.0

 ±
 3

.5
75

.4
 ±

 6
.4

30
.1

8 
± 

0.
6

76
.9

 ±
 3

.4

*, 
**

 a
re

 si
gn

ifi
ca

nt
 a

t t
he

 5
%

 a
nd

 1
%

 p
ro

ba
bi

lit
y 

le
ve

l, 
re

sp
ec

tiv
el

y;
 n

 =
 5

0

Ta
bl

e 
3.

 E
ffe

ct
s o

f h
ig

h-
yi

el
di

ng
 le

nt
ils

 li
ne

s h
yl

-1
, h

yl
-2

, a
nd

 h
yl

-3
 o

n 
yi

el
d 

an
d 

yi
el

d 
co

m
po

ne
nt

s o
f l

en
til

s i
n 

th
e 

M
7 a

nd
 M

8 g
en

er
at

io
ns

 

Va
ri

et
y

A
ve

ra
ge

 
he

ig
ht

/ p
la

nt
 (c

m
)

Br
an

ch
es

/p
la

nt
  

(n
um

be
r/

pl
an

t)
To

ta
l p

od
s/

pl
an

t 
(n

um
be

r/
pl

an
t)

To
ta

l s
ee

ds
/p

la
nt

 
(n

um
be

r/
pl

an
t)

10
00

 se
ed

 w
ei

gh
t  

(g
)

G
ra

in
 y

ie
ld

 
(g

/m
2 )

M
7

M
8

M
7

M
8

M
7

M
8

M
7

M
8

M
7

M
8

M
7

M
8

hy
l-1

39
.2

 ±
 1

.9
40

.3
 ±

 1
.2

6.
2 

± 
0.

6
6.

2 
± 

0.
4

13
0.

5 
± 

5.
3

15
7.

7 
± 

8.
2

25
2.

3 
± 

10
.9

28
9.

7 
± 

7.
7

28
.9

8 
± 

0.
4

30
.3

0 
± 

1.
2

15
7.

6 
± 

5.
4

16
3.

3 
± 

5.
2

hy
l-2

38
.1

 ±
 1

.1
38

.6
 ±

 1
.3

5.
7 

± 
0.

7
6.

0 
± 

0.
5

11
2.

0 
± 

6.
3

12
0.

4 
± 

6.
6

21
8.

4 
± 

11
.0

23
8.

1 
± 

3.
3

29
.6

4 
± 

0.
4

29
.9

1 
± 

0.
8

14
0.

6 
± 

4.
4

14
9.

4 
± 

5.
5

hy
l-3

37
.7

 ±
 1

.1
38

.0
 ±

 1
.6

5.
6 

± 
0.

3
6.

1 
± 

0.
7

10
2.

8 
± 

3.
3

11
2.

7 
± 

3.
4

19
3.

8 
± 

12
.0

23
1.

6 
± 

3.
3

29
.7

4 
± 

0.
5

29
.7

7 
± 

0.
9

13
2.

3 
± 

5.
5

14
6.

7 
± 

4.
2

t-
Te

st
**

**
**

**
**

**
**

**
N

S
N

S
**

**
C

on
tr

ol
31

.4
 ±

 1
.3

2.
6 

± 
0.

3
44

.0
 ±

 3
.5

75
.4

 ±
 6

.4
30

.1
8 

± 
0.

6
76

.9
 ±

 3
.4

N
S 

– 
no

t s
ig

ni
fic

an
t, 

**
si

gn
ifi

ca
nt

 a
t t

he
 1

%
 le

ve
l o

f p
ro

ba
bi

lit
y;

 n
 =

 5
0



33

Czech J. Genet. Plant Breed., 51, 2015 (1): 29–35 Original Paper

doi: 10.17221/214/2014-CJGPB

germination rate was not detectable in the M1 prog-
eny (Figure 5A). In contrast, the germination rate 
of M2 progeny declined by 11.3%, 14.0%, and 18.4% 
compared to the control at doses of 30, 90, and 180 Gy, 
respectively (Figure 5A). This result indicates that 
irradiation reduced the germination percentage in 
earlier generations. In contrast to the germination 
rate, irradiation had a direct negative effect on the 
pollen vitality of the M1 generation (Figure 5B); 
however, this significant decline in pollen vitality was 
reduced in the M2 progeny (Figure 5B). Therefore, 

despite the major influence of irradiation on M1 and 
M2 plants, it had a minimal influence on M7 and M8 
plants (Figure 5B). 

Heavy-ion irradiation may have multiple effects, 
including DNA damage, chromosome aberration, 
and gene mutation, leading to different types of 
phenotypes (Feng et al. 2006). These effects might 
be imperfectly repaired, resulting in heritable ex-
cellent agricultural traits, and which are retained 
by the offspring (Wada et al. 2002). The molecular 
mechanism that causes this phenotype is not clear, 

Figure 2. Phenotype of hyl-1 and control plants: (A) plants sown in drills under natural conditions; (B) comparison of 
plant height of hyl-1 and control, bars = 8 cm; (C–F) control; (G–J) hyl-1; (C, G) lentil flowers, arrows indicate the flo-
wers on one branchlet; (D, H) lentil pods, arrows indicate the pods on one branchlet, bars = 1 cm; (E, I) lentil seedlings; 
(F, J) lentil branches, bars = 5 cm

Figure 3. Mature pods and seeds 
of hyl-1 and the control: (A–D) 
control; (E–H) hyl-1; (A, E) 
shape of the seeds, bars = 2 cm; 
(B, C) one-seed and two-seed 
(black arrows) pods; (D, H) 
seeds in pods; (F, G) three-seed 
and four-seed (black arrows) 
pods, bars = 1 cm
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but Shikazono et al. (2001, 2005) reported that car-
bon ion-irradiated mutants might more likely contain 
rearrangements and short deletions in the genome of 
the plant. Tanaka et al. (2010) further summarized 
and clarified that ion beams frequently produce large 
DNA alterations, including translocations, inversions 
and deletions. Therefore, we speculate that three hyl 
mutants, which were induced by 12C6+ heavy-ions, 

may be caused by the deletion or restructuring of 
some genes, finally resulting in these genes losing the 
function. Although it has scarcely been reported about 
regulating the seed number and development of lentil 
gene due to a lack of genomic resources, some genes 
in other cereal grains have been cloned and studied, 
such as DEP1 in rice (Huang et al. 2009). There may 
exist some homology according to the similar pheno-
type speculation. In addition, gene-based molecular 
markers and SNP markers are emerging as important 
tools for molecular mapping in lentil (Fedoruk et al. 
2013). With the deepening study of lentil genome, the 
mutant gene will be cloned in future. In summary, 
12C6+ irradiation represents a highly effective method 
to enhance the yield and quality of lentils.

Acknowledgements. This study was supported by the 
Ministry of Agriculture of the People’s Republic of China 
(Grant No. 2013ZX08009-003-002).

R e f e r e n c e s

Abe T., Matsuyama T., Sekido S., Yamaguchi I., Yoshida 
S., Kameya T. (2002): Chlorophyll-deficient mutants of 
rice demonstrated the deletion of a DNA fragment by 
heavy-ion irradiation. Journal of Radiation Research, 
43: 157–161.

Cui H.B. (1998): Flora of China 42. Beijing, Science Press. 
(in Chinese)

Fedoruk M.J., Vandenberg A., Bett K.E. (2013): Quantitative 
trait loci analysis of seed quality characteristics in lentil 
using single nucleotide polymorphism markers. The Plant 
Genome, 6: 1–10.

Feng H., Yu Z., Chu P.K. (2006): Ion implantation of organ-
isms. Materials Science and Engineering: R: Reports, 54: 
49–120.

Figure 5. Lentil germination rates and pollen vitality: (A) 
lentil germination rates; (B) lentil pollen vitality; * and ** are 
significant at the 5% and 1% probability level, respectively. 
(n = 30)

Figure 4. Distribution of different pod types: (A, B) different pod types of hyl-1, hyl-2, and hyl-3 in the M7 and M8 ge-
neration, respectively; **indicates that the means are significantly different at P < 0.01

N
o.

 o
f p

ot
s p

er
 p

la
nt

Control         hyl-1          hyl-2           hyl-3

140

120

100

80

60

40

20

0

160

140

120

100

80

60

40

20

0
Control          hyl-1           hyl-2            hyl-3

4 seeds per pod
3 seeds per pod
2 seeds per pod
1 seed per pod

(a) (b)
G

er
m

in
at

io
n 

ra
te

 (%
)

100

80

60

40
Control          30           90           180

(Gy)

(a)

(b)

Po
lle

n 
vi

ta
lit

y 
(%

)

Control          30           90           180
(Gy)

100

80

60

40

M1
M2
M7
M8



35

Czech J. Genet. Plant Breed., 51, 2015 (1): 29–35 Original Paper

doi: 10.17221/214/2014-CJGPB

Huang X., Qian Q., Liu Z., Sun H., He S., Luo D., Xia G., 
Chu C., Li J., Fu X. (2009): Natural variation at the DEP1 
locus enhances grain yield in rice. Nature Genetics, 41: 
494–497.

Mondal M.M.A., Puteh A.B., Malek M.A., Roy S., Yusop 
M.R. (2013): Contribution of morpho-physiological traits 
on yield of lentil (Lens culinaris Medik L.). Australian 
Journal of Crop Science, 7: 1167–1172.

Podleśny J. (2002): Effect of laser irradiation on biochemi-
cal changes in seeds and accumulation of dry matter in 
the faba bean. International Agrophysics, 16: 209–213.

Roychowdhury R., Tah J. (2013): Mutagenesis – A potential 
approach for crop improvement. In: Hakeem K.R. (ed.): 
Crop Improvement: New Approaches and Modern Tech-
niques. New York, Springer-Verlag, 149–187.

Shikazono N., Tanaka A., Watanabe H., Tano S. (2001): 
Rearrangements of the DNA in carbon ion-induced mu-
tants of Arabidopsis thaliana. Genetics, 157: 379–387.

Shikazono N., Suzuki C., Kitamura S., Watanabe H., Tano S., 
Tanaka K. (2005): Analysis of mutations induced by car-
bon ions in Arabidopsis thaliana. Journal of Experimental 
Botany, 56: 587–596.

Suvorova G. (2014): Hybridization of cultivated lentil Lens 
culinaris Medik. and wild species Lens tomentosus Ladi-

zinsky. Czech Journal of Genetics and Plant Breeding, 
50: 130–134.

Tanaka A., Shikazono N., Hase Y. (2010): Studies on bio-
logical effects of ion beams on lethality, molecular nature 
of mutation, mutation rate, and spectrum of mutation 
phenotype for mutation breeding in higher plants. Journal 
of Radiation Research, 51: 223–233.

Wada S., Kobayashi Y., Funayama T., Natsuhori M., Ito N., 
Yamamoto K. (2002): Detection of DNA damage in in-
dividual cells induced by heavy-ion irradiation with an 
non-denaturing comet assay. Journal of Radiation Re-
search, 43: 153–156.

Wu D.L., Hou S.W., Qian P.P., Sun L.D., Zhang Y.C., Li W.J. 
(2009): Flower color chimera and abnormal leaf mutants 
induced by 12C6+ heavy ions in Salvia splendens Ker-Gawl. 
Scientia Horticulturae, 121: 462–467.

Younis N., Hanif M., Sadiq S., Abbas G., Asghar M.J., Haq 
M.A. (2008): Estimation of genetic parameters and path 
analysis in lentil. Pakistan Journal of Agricultural Sci-
ences, 45: 44–48.

Received for publication October 30, 2014
Accepted after corrections March 3, 2015

Corresponding author:

Prof. Hou Suiwen, Lanzhou University, School of Life Sciences, Ministry of Education, Key Laboratory of Cell Activities 
and Stress Adaptations, Lanzhou 730000, P.R. China; e-mail: housw@lzu.edu.cn


