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Abstract We analyzed the activities of specific enzymes,
esterase and peroxidase, and the electrophoresis profiling of
isozymes of both the second-generation (M1) and the third-
generation (M2) individuals of Arabidopsis thaliana after
the parental generation was treated with low-energy N+

implantation and γ-radiation. Results indicated that the
mutagenic effects of both treatments were inheritable. The
obvious difference between N+ implantation and γ-radial on
the relationship of doses and effects was also observed. For
the correlation between effects and doses, the former
presented a particular saddle-like pattern, while the latter
showed a pattern of linearity. Random amplification of
polymorphic DNA analysis showed that the variant DNA
bands were consistent in M1 and M2 generations treated
with both γ-radiation and ion implantation. However, the
ratio of individual plant variation between the two
treatments was remarkably different.

Keywords ion implantation, γ-ray, isozyme, Arabidopsis
thaliana, RAPD

1 Introduction

As a new technique for biophysical mutagenesis, ion
implantation has attracted much attention recently. Some
studies reported that ion implantation was used at the
morphologic and cellular levels on biological effects [1–5].
Currently, researches on the mutagenic effects of ion
implantation on their targets in the molecular level have
been emphasized [6–12]. Comparative studies on the
different mutagenic methods have been done, under
identical conditions, to define the difference of mutagenic
effects between ion implantation and ray radiation ion [14].

However, to date, few reports on the biochemical and ge-
netic effects on isoenzymes and DNA of N+ beam and 60Co-γ
treatments in Arabidopsis thaliana can be found. This
paper intended to compare the biochemical and genetic
effects on A. thaliana upon N+ ion implantation and γ-ray
radiation treatments, respectively. We analyzed the activ-
ities of some specific enzymes and the electrophoresis
profiling of isoenzymes, such as peroxidase (POD),
catalase (CAT), and esterase (EST), as well as some
specific DNA polymorphism through random amplifica-
tion of polymorphic DNA (RAPD) technology, on both the
second-generation (M1) and the third-generation (M2)
individuals after treatments.

2 Materials and methods

2.1 Materials

Dry seeds ofA. thalianawere treated with N+ beam and 60Co-γ,
respectively. Seeds were stuck in a 4-cm2 foil and dried for
use in treatments and controls. To keep the temperature of
the implantation chamber low, we set the electric current
and power at 10 μA and 100 keV, respectively. The
experiment doses were 1×1013, 1×1014, 1×1015, and
1×1016 ions/cm2 for N+ ion implantation and for 50, 100,
and 200 Gy 60Co-γ-ray radiation, respectively. The
treatments were carried out at the Department of Nuclear
Physics, Beijing Normal University. To maintain a ho-
mogenous genetic background in this study, the seeds used
for treatments and controls in the experiment were from the
same plant.

2.2 Methods

2.2.1 Materials cultivation

The treated and control seeds were separately placed in
Petri dish on wetted filter paper and kept at 4°C for 3 days
to be jarovized. Then, the seeds were planted in the pots
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with nutrimental soil containing vermiculite. The pots were
covered by Saran wrap to retain humidity for germination
for 3 days. The seedlings grew at 20°C.

2.2.2 Preparation of protein

After 2 or 3 weeks of germination and with the appearance
of three pairs of subphyla, 200 mg leaves was removed and
triturated in 0.5 mL extract buffer (0.1 M Tris–HCl, pH 8.8
and 0.5 M EDTA) on ice and centrifuged for 10 min at
12,000 rpm at 4°C. The supernatant was taken and diluted
to a concentration of 1 g/L. The obtained lysate was kept at
−20°C for further use.

2.2.3 Determination of enzymatic activity

2.2.3.1 Determination of EST activityWe added 3.6 mL of
α-acetic naphthalene ester (3×10−4 M) to 0.4 mL of the
diluted sample, and the mixture was incubated in 30°C for
15 min. We then added 1 mL DBLS reagent [1% firm blue
B solution and 5% (sodium dodecyl sulphate) SDS, which
were mixed in a 2:5 proportion before use] to the mixture.
Incubated for 15 min, the photodensities were determined
with a spectrophotometer at 600 nm. Buffer without
enzyme was used as control. ΔOD600 nm/(min·g) value
denotes the activity of the enzyme.

2.2.3.2 Determination of POD activityWe added 10 μL of
the diluted sample to 1 mM of the guaiacol solution, which
contained 0.13 mM H2O2, and the final volume was 3 mL.
Absorbency was determined with a spectrophotometer at
470 nm at 10-min intervals. ΔOD470 nm/(min·g) value
denotes the activity of the enzyme.

2.2.4 Analysis of isoenzymes

Leaves were taken before bolting and prepared following
the protocol described above. Isoenzyme analysis of CAT
and POD was done via electrophoresis profile of isozymes.
Electrophoretic analysis was performed at 4°C for 3 h. The
density of the separation gel was 7.5%, and that of the
concentration gel was 3%. Isoenzymes were distinguished
with specific color staining described by Hu et al.

2.2.5 RAPD analysis

The random primers used for RAPD analysis were
purchased from Operon (Beijing, China). PCR was
performed with 200 μmol dNTPs, 2.0 mM MgCl2, 20 ng
template DNA, 0.3 μM each primer, and 1 unit Taq DNA
polymerase with a final volume of 25 μL [9]. PCR products
were separated by electrophoresis at 1.2% agarose stained
with EB and visualized by UV light. Regarding the un-
stable results of RAPD, the negative PCR control without
template DNA was carried out in all the experiments, and

each set of experiment was repeated at least three times to
ensure the correctness of data used for calculation and
statistics.

3 Results and analysis

3.1 Effects of N+ implantation and γ-ray radiation
on enzymatic activity in A. thaliana

3.1.1 Results and analysis of EST activity variation

Table 1 shows the value of ESTactivity of M1 andM2. The
activity of the group treated with N+ implantation at a dose
of 1×1014 ions/cm2 was higher than that treated at a dose of
1×1015 ions/cm2, and the activity of the 1×1016 ions/cm2

group was higher than that of the 1×1015 ions/cm2 group in
M1 generation. For γ-ray radiation, no obvious differences
between the EST activity of the 50-Gy group and that of
control were observed, while the activity sharply increased
as doses increased. High-dose γ-ray radiation caused
damage to cellular membrane and induced the abnormal
activation of some specific genes (probably EST). How-
ever, N+ implantation probably caused less harm to the
biological film and mainly influenced the metabolism
process of an organism.

It is notable that there is an analogical “saddle model
curve” relation between dose and effect of the EST activity
dealt with N+ ion implantation. Moreover, the trend of

Table 1 Effects of N+ implantation and γ-ray radiation on EST
activity in A. thaliana

Samples/activity
of enzymes

EST activity of M1
(ΔOD600 nm/min·g)

EST activity of M2
(ΔOD600 nm/min·g)

1013 ions/cm2 0.0633 0.1251
1014 ions/cm2 0.0393 0.1089
1015 ions/cm2 0.1153 0.1603
1016 ions/cm2 0.0787 0.1443
γ-50 Gy 0.0806 0.1044
γ-100 Gy 0.1125 0.1207
γ-200 Gy 0.1999 0.1352
Controls 0.0804 0.1016

Table 2 Effects of N+ implantation and γ-ray radiation on POD
activity in A. thaliana

Samples/activity
of enzymes

EST activity of M1
(ΔOD470 nm/min·g)

EST activity of M2
(ΔOD470 nm/min·g)

1013 ions/cm2 0.0847 0.1554
1014 ions/cm2 0.0503 0.1002
1015 ions/cm2 0.1428 0.1627
1016 ions/cm2 0.0917 0.0815
γ-50 Gy 0.0984 0.0786
γ-100 Gy 0.1009 0.0923
γ-200 Gy 0.1047 0.1391
Controls 0.0561 0.0718
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activity change of the EST enzyme in M2 generation is
consistent with that in M1 generation induced by two
conducts.

3.1.2 Results and analysis of POD activity change

Table 2 shows the value of POD activity ofM1 andM2. The
activity of the group treated with N+ implantation at a dose
of 1×1013 ions/cm2 was higher than that of control. The
activity decreased when the dose was 1×1014 ions/cm2 and
increased when the dose approached 1×1015 ions/cm2 and
decreased again when the dose reached 1×1016 ions/cm2.
For γ-ray radiation, the activity of the group treated with γ-
ray radiation at all doses was higher than that of control.
Moreover, the activity increased as doses increased. POD is
an important protector whose function is to resist radiation;
hence, it is called a radiation protective enzyme. Its activity
reflects the ability of an organism to eliminate free radicals
and also indirectly reflects the content of free radicals in an
organism. Thus, both N+ implantation and γ-ray radiation
can directly and indirectly induce many free radicals in an
organism. It is different when there is an analogical “saddle
model” dose–effect relation of N+ ion implantation and
“lineal model” dose–effect relation of γ-ray radiation. The
variation of POD enzyme activity in M2 generation is
consistent with that in M1 generation.

3.2 Effects of N+ implantation and γ-ray radiation
on isoenzyme

3.2.1 Results and analysis of POD isoenzyme
electrophoresis

Figure 1 shows the effects of N+ implantation and γ-ray
radiation on POD isoenzyme. It could be seen that a 54-kDa
band disappeared compared with controls in the group
treated with N+ implantation at doses of 1×1015 and
1×1016 ions/cm2. The band was darker in the 1×1013 ions/
cm2 dose group and lighter in the 1×1014 ions/cm2 dose

group, as compared with the control. It was notable that a
47-kDa band newly appeared with the group treated with N+

implantation at doses of 1×1015 and 1×1016 ions/cm2

compared with controls in both M1 generation and M2
generation. Moreover, a 54-kDa band newly presented with
the group treated with N+ implantation at doses of 1×1015

and 1×1016 ions/cm2 compared with controls in M2 gen-
eration. For the group treated with γ-ray radiation, bands
were darker than control in both M1 and M2 generations,
and their color got darker as the dose increases. The results
showed again that not only the mutagenic mechanism but
also the probable damage and repair mechanism of bio-
logical effect induced by N+ implantation was significantly
different from those induced by the traditional γ-ray
radiation. Our data suggested that the physiological effects
of both N+ implantation and γ-ray radiation on the function
of POD isoenzyme proved to be hereditable in the protein
level.

3.2.2 Results and analysis of CAT isoenzyme
electrophoresis

Figure 2 shows the effects of N+ implantation and γ-ray
radiation on CAT isoenzyme. It presented that bands' width
of the group treated with both N+ implantation and γ-ray
radiation at all doses, except for the breadth at a dose of
50 Gy, is larger than that of control in both M1 generation
and M2 generation. For the N+ implantation group, the
CAT isoenzymic band of the 1×1013 ions/cm2 dose group is
wide and that of the 1×1014 ions/cm2 dose group gets
wider; then, the bands in the 1×1015 and 1×1016 ions/cm2

dose groups get narrow in an orderly manner. It was
notable that a 57-kDa band newly presented with the group
treated with N+ implantation (at doses of 1×1014, 1×1015,
and 1×1016 ions/cm2), as compared with controls in M2
generation. For the γ-ray radiation group, there were no
obvious differences between the bands' breadth of the 50-Gy
group and that of control, but CAT isoenzymic bands’
breadth increased as doses in M1 and M2 generations
increased. The results proved that the mechanism of

Fig. 1 Effects of N+ implantation and γ-ray radiation on POD isoenzyme in A. thaliana. 1 1×1013 ions/cm2, 2 1×1014 ions/cm2,
3 1×1015 ions/cm2, 4 1×1016 ions/cm2, 5 controls, 6 γ-50 Gy, 7 γ-100 Gy, 8 γ-200 Gy

Fig. 2 Effects of N+ implantation and γ-ray radiation on CAT isoenzyme in A. thaliana. 1 1×1013 ions/cm2, 2 1×1014 ions/cm2,
3 1×1015 ions/cm2, 4 1×1016 ions/cm2, 5 controls, 6 γ-50 Gy, 7 γ-100 Gy, 8 γ-200 Gy
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biological effect induced by N+ implantation was much
different from that induced by γ-ray radiation and showed
that the effects of γ-ray radiation on CAT isoenzyme were
hereditable. Furthermore, a 57-kDa band newly appeared
with the group treated with N+ implantation (at doses of
1×1014, 1×1015, and 1×1016 ions/cm2) compared with con-
trols in M2 generation, which indicated further that there
were perhaps differences in mechanism of injury and repair
induced by N+ implantation from that induced by γ-ray
radiation.

3.3 RAPD results and analysis

3.3.1 RAPD results and analysis of DNA mutation
in M1 and M2 individual plants

Figure 3 shows the DNA polymorphism by the RAPD assay
with primer OPK15. A new 2,000-bp band appeared in
samples 13, 23, and 26 of the individual plant in γ-ray
treatment. As to the N+ implantation group, 480- and 270-bp

bands disappeared in samples 18, 23, and 24 of the indi-
vidual plant. In sample 3, 1,500-, 580-, 600-, and 270-bp
bands all disappeared, while new 2,000- and 1,000-bp bands
appeared. Both 850- and 480-bp bands disappeared in
sample 30 as well.

3.4 RAPD results and analysis of M2 generation gene
pool

The random primers that produced clear variation bands
were selected by M1 RAPD analysis and were used for
RAPD analysis of M2 DNA pool. Figure 4 shows the DNA
polymorphism by RAPD amplification with primer OPK15.
A 2,000-bp band increased its density in samples 1, 6, 7, and
8 compared to controls, and a new 1,600-bp band appeared
in samples 7 and 8. A 1,500-bp band disappeared in both
samples 1 and 3 compared to controls, and a 400-bp band
disappeared in sample 1. Both 300- and 600-bp bands
disappeared in sample 3, and a 750-bp band disappeared in

Fig. 3 The image of A. thaliana DNA after RAPD assay by primer OP K15. a 1–10 γ-50 Gy, 11–20 γ-100 Gy, 21–30 γ-200 Gy, 31–34
controls, M marker. b 1–10 1×1013 ions/cm2, 11–20 1×1014 ions/cm2, 21–30 1×1015 ions/cm2, 31–34 controls, M marker

Fig. 4 The image of A. thaliana DNA after RAPD amplified by
primer OP K15. M marker; 1 1×1013 ions/cm2, 2 1×1014 ions/cm2,
3 1×1015 ions/cm2, 4 1×1016 ions/cm2, 5 controls, 6 γ-50 Gy, 7 γ-
100 Gy, 8 γ-200 Gy

Table 3 Comparison of variation plants of A. thaliana treated with
N+ implantation or γ-ray radiation

Samples Total no. of
plants

Variation
plants

Variation ratio
(%)

50 Gy 10 3 30
100 Gy 10 5 50
200 Gy 10 8 80
1×1013 ions/
cm2

10 6 60

1×1014 ions/
cm2

10 6 60

1×1015 ions/
cm2

10 8 80
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samples 2 and 4 compared to controls. The 2,000-bp band
produced by RAPD amplification with primer OPK15 inM2
DNA pool also stably existed in M1 individual plants
(Fig. 4). The results indicated that DNAmutation induced by
N+ implantation and γ-ray radiation existed in the next
generation. Therefore, we could conclude that the induced
mutation was hereditable at DNA level.

Table 3 describes the ratio comparison of variation plants
of A. thaliana treated with N+ implantation or γ-ray
radiation. The plant variation ratio of both the N+ implan-
tation group and the γ-ray radiation group increased with
higher doses used in the experiment. However, the plant
variation ratio of the N+ implantation group at low doses
was very high (60%). Furthermore, for the individual plant
variation rate, there exists a nonlinear relationship between
doses and effects of N+ ion implantation and a linear
relationship between doses and effects of γ-ray radiation.

4 Discussion

Ion implantation is a new mutagenic technology with an
unknown mechanism. Yu [5] proposed that there were
three courses after ion implantation, i.e., charge exchange,
momentum transference, and mass deposition. When
accumulated energy reaches a certain level, it will be
released abruptly. The impact of the released energy on
chromosomes could lead to mutagenic events, such as
DNA breakage, and homologous recombination [15].

Isoenzymic activities are significantly different during
different development periods of an organism. Moreover,
there were differences in the response to ion implantation
treatment among different organisms. RAPD, as a modern
molecular tag technique [14,16,17], can quickly identify
the variation of genome DNA by using small amounts of
samples. RAPD also has other advantages, such as there is
no need for probe selection. As a result, it was widely used
to detect DNA variation, although RAPD analysis may
sometimes cause unstable results or artificial bands due to
the immanent limitation of its PCR reaction. The diversity
of mutations caused by ion beam implantation at the same
dose level depends on the randomicity of mutagenesis of
incidence ions.

The physiological effects of N+ implantation and γ-ray
radiation on isoenzymes and activities of enzymes were
obvious. However, the dose–effect relationship of both
treatments was much different, which is expressed as a
“saddle model curve” dose–effect relationship in N+ ion
implantation and as a “lineal model curve” dose–effect
relationship in γ-ray radiation. It implied that their muta-
genesis mechanism must be different. The physiological
effects of N+ implantation and γ-ray radiation on certain
isoenzymes (such as POD and CAT) and activities of
enzymes (such as EST and POD) were hereditable. With
the results of RAPD analysis, it could be seen that the
changes of isoenzymes and enzymic activity were derived
from DNA variation. Moreover, it also seemed that
mutation of POD isoenzymes induced by N+ implantation
could be repaired somehow since the 54-kDa band dis-

appearing in M1 generation could reappear in M2 gen-
eration compared with control (Fig. 1).
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