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Alterations in the Photosynthetic Pigments and Antioxidant 
Machineries of Red Pepper (Capsicum annuum L.) Seedlings 

from Gamma-Irradiated Seeds 

Jin-Hong Kim*,  Myung-Hwa Baek, Byung Yeoup Chun~ Seung Gon Wi, and Jae-Sung Kim 
Division of Radiation Application Research, Korea Atomic Energy Research Institute, Daejeon 305-353, Korea 

To characterize the stimulatory effects of low-dose gamma radiation on early plant growth, we investigated alter- 
ations in the photosynthesis and antioxidant capacity of red pepper (Capsicum annuum L.) seedlings produced from 
gamma-irradiated seeds. For two cultivars (Yeomyung and Joheung), three irradiation groups (2, 4, and 8 Gy, but not 
16 Gy) showed enhanced development, although Fv/Fm, the maximum photochemical efficiency of Photosystem II 
(PSII), did not differ significantly among any of the four groups. In contrast, values for 1/Fo - 1/Fm, i.e., a measure of 
functional PSII content, decreased in the irradiated groups of 'Yeomyung' but increased in those of 'Joheung'. Pig- 
ment analyses and enzyme activity assays revealed that irradiation altered the compositions of photosynthetic pig- 
ments (chlorophylls and carotenoids) as well as the activities of antioxidant enzymes (superoxide dismutase and 
glutathione reductase). However, these shifts were not directly related to the increase in early growth, although they 
were cultivar- and developmental stage-dependent. In addition, the effects of irradiation on the enzymatic activities 
measured here were at opposition between the two cultivars. 
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Hormesis, defined as a dose-response phenome- 
non, is characterized by a counter-intuitive switcho- 
ver from low-dose stimulation to high-dose inhibition, 
an action occasionally encountered in the course of a 
toxicity assay (Calabrese, 2002). The hormetic effects 
of low-dose ionizing radiation on plants and photo- 
synthetic microorganisms are manifested as acceler- 
ated cell proliferation (Conter et al., 1986; Taguchi et 
al., 1994; Okamoto and Tatara, 1995; Chakravarty 
and Sen, 2001), stimulated germination and growth 
(Koepp and Kramer, 1981; Thiede et al., 1995; AI- 
Safadi and Simon, 1996; Lee et al., 1998; Charbaji 
and Nabulsi, 1999; Kim et al., 2000, 2001a, 2002a), 
improved stress-resistance (Zaka et al., 2002; Lee et 
al., 2002a, 2003), and/or increased yield (Stan and 
Croitoru, 1970; Wiendl et al., 1995; Kim et al., 1998; 
AI-Safadi et al., 2000). In many cases, such effects 
could be characterized as the modulation of photo- 
synthesis and antioxidant machineries. For instance, 
increases in the actual quantum yield of photosyn- 
thetic electron transport, the net photosynthesis rate, 
and/or stress-resistance to UV-B and high light are 
accompanied by the enhanced activities of antioxi- 
dant enzymes, e.g., peroxidase, catalase, and super- 
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oxide dismutase (SOD) (Wada et al., 1998; Kim eta]., 
2001a, 2002a; Zaka et al., 2002; Lee et al., 2002a, b, 
2003). 

However, at least for plant cells, no unifying models 
have been proposed for the underlying mechanisms 
of radiation hormesis, although it is well documented 
that all ionizing radiation can produce free radicals 
from the water in cells (Luckey, 1980; Miller, 1987) 
and release biologically important, low-molecular 
weight compounds through various reactions of radi- 
cals with their neighboring cellular components 
(Luckey, 1991; Eidus, 2000). This may be due to dif- 
ferences in the sensitivity of cells. Our previous 
reports have also shown that the cellular effects of 
ionizing radiation vary according to plant species, irra- 
diation dose, and accompanying environmental stress 
(Lee et al., 1998, 2002a and b, 2003; Kim et al., 
1998, 2000, 2001a, 2002a). 

In the present study of two red pepper cultivars 
treated with low-dose gamma radiation, our objective 
was to examine the cultivar- and developmental 
stage-dependent alterations in hormetic effects, in 
terms of the modulation of photosynthesis and antioxi- 
dant machineries. To do so, we analyzed chloro- 
phyll fluorescence, determined chlorophyll and 
carotenoid contents, and assayed for the activities of 
SOD and glutathione reductase (GR), which work in 
the first and last steps, respectively, of the ascorbate- 
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glutathione cycle to scavenge reactive oxygen species 
(ROS) in plant cells. 

malized to the mean Fo value for the controls, as 
described by Kim et al. (2001 b). 

MATERIALS AND METHODS 

Plant Materials and Gamma-Irradiation 

Red pepper (C. a n n u u m  L. cv. Yeomyung and Johe- 
ung) seeds were commercially produced in 1999 by 
Choongang Seed Company and Dongbu Hannong 
Seed Company in Korea, respectively. They were irra- 
diated with low doses of gamma radiation (2, 4, 8, or 
16 Gy), which were generated by a gamma irradiator 
(~~ ca. 150 TBq of capacity, AECL) at the Korea 
Atomic Energy Research Institute (KAERI). Following 
seeding, the plants were reared in a greenhouse at 
Chungnam National University in Korea, from late 
July to early September, 2003. The natural growing 
conditions included incident light intensity and an 
uncontrolled photocycle and temperature regime that 
changed each day. 

Growth Test 

Germination rates were recorded at 12 days after 
sowing (DAS), and the leaf areas, stem lengths, and 
diameters were measured at 20, 20, and 26 DAS, 
respectively, using a digital caliper (CD-6"CS; Mitu- 
toyo, Japan) and an area meter (LI-3100; LI-COR, 
USA). Length was defined as the distance from the 
top of the stem to the soil level; diameter was mea- 
sured 1 cm above the soil line. To measure leaf areas, 
fully expanded first or second leaves were harvested 
and maintained in moistened vinyl bags. Area was 
recorded within 1 h at room temperature (RT). 

Chlorophyll Fluorescence Analysis 

Chlorophyll (Chl) fluorescence of 5-mm-diameter 
discs cut from the detached leaves was measured 
with a Chl fluorometer (IMAGING-PAM, Walz, Ger- 
many). Readings were taken after the samples were 
dark-adapted for 10 min at RT. The maximal quan- 
tum yield of Photosystem II (PSII), i.e., photosynthetic 
efficiency, was calculated as the ratio of variable fluo- 
rescence (Fv) to the maximum yield of fluorescence 
(Fro), according to the method of Genty et al. (1989). 
Variable fluorescence was obtained by subtracting the 
initial Chl fluorescence (Fo) from the maximum yield. 
To use 1/Fo - 1/Fm as a measure of functional PSII 
content, all fluorescence yields (Fo and Fro) were nor- 

Pigment Analysis 

Photosynthetic pigments were analyzed according 
to the method of Gilmore and Yamamoto (1991). 
Harvested seedlings (> 30) were immediately frozen 
in liquid nitrogen and ground with a mortar and 
pestle. Pigments were extracted from about 0.5 g 
samples of this seedling powder with 3 cm 3 of ice- 
cold 100% acetone. Cell debris was removed twice 
by centrifuging at 19,000g (Micro 17R; Hanil, Korea) 
for 10 min at 4~ The pigment extracts were then 
filtered through a 0.2 pm syringe filter, and sepa- 
rated in an HPLC system (HP 1100 series; Hewlett 
Packard, Germany) on a Spherisorb ODS-1 column 
(AIItech, USA), as described by Gilmore and Yama- 
moto (1991). Pigment concentrations were esti- 
mated by using the conversion factors for peak area 
(in nanomoles) that had been determined for this 
solvent mixture by Gilmore and Yamamoto (1991). 
The de-epoxidation index was calculated as a per- 
centage of Ax0.5 + Z of V + A + Z, where A is 
antheraxanthin, Z is zeaxanthin, and V is violaxan- 
thin. This parameter was then used to indicate the 
degree of de-epoxidation in the xanthophyll cycle. 

Enzyme Assay 

Seedlings (> 30) were harvested and ground to fine 
powder with liquid nitrogen. Enzymes were extracted 
from the powder (about 0.5 g) with an optimized 
medium including 50mM potassium phosphate 
buffer (pH 7.8), 0.1 mM EDTA, 0.5% (v/v) Triton X- 
100, and 1% (w/v) PVP. Their activities were expressed 
on the basis of protein concentration, as determined 
with a Bio-Rad Protein Assay kit (Bio-Rad Laborato- 
ries, USA). We followed the method of Bradford 
(1976), using bovine serum albumin (BSA) as a stan- 
dard. 

Superoxide dismutase (SOD; EC 1.15.1.1) activ- 
ity was estimated by using SOD-dependent inhibi- 
tion of the reduction of nitroblue tetrazolium (NBT) 
to form purple formazan by superoxide, as described 
by Beyer and Fridovich (1987). The reaction mix- 
ture contained 50 mM potassium phosphate buffer 
(pH 7.8), 0.1 mM EDTA, 9.9 mM L-methionine, 
57pM NBT, 0.025% (w/v) Triton X-100, 0.8[uM 
riboflavin, and enzyme extract. After 7 min of illu- 
mination at RT, the photoreduction of NBT in the 
mixture was measured at 560 nm, and an inhibi- 
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tion curve was made against different volumes of 
the enzyme extract. One unit of SOD activity was 
defined as the amount of SOD causing half the 
maximum inhibition of NBT photoreduction. 

Glutathione reductase (GR; EC 1.6.4.2) activity was 
assayed by a method modified from those of Schae- 
die and Bassham (1977) and Fryer et al. (1998), based 
on the decrease in absorbance at 340 nm that was 
due to the oxidation of NADPH to NADP § over 5 
min. The reaction mixture was composed of 50 mM 
potassium phosphate buffer (pH 7.8), 0.1 mM NADPH, 
0.5 mM oxidized glutathione (GSSG), and enzyme 
extract. This reaction was initiated by the addition of 
NADPH at RT. Correction was also made for the non- 
GR-dependent oxidation of NADPH by excluding 
GSSG from the original reaction mixture. One unit of 
GR activity was defined as the amount of GR neces- 
sary to oxidize 1 nmole NADPH for 1 min, using an 
absorbance coefficient for NADPH at 340 nm of 
6.2 mM -~ cm -~. 

RESULTS AND DISCUSSION 

Seed Germination and Early Seedling Growth 
from Gamma-Irradiated Seeds 

The effects of low-dose gamma radiation on germi- 
nation and early seedling growth were investigated in 
two red pepper cultivars (~ and 'Joheung') 

Data Analysis 

Statistical analysis of the data was performed by 
Tukey's honestly significant difference (HSD) test (P < 
0.05), using SPSS for Windows Release 11.0.1 (SPSS, 
USA). 

Figure 1. Effect of low-dose gamma radiation on early 
growth of two red pepper cultivars. Pictures present 'Yeo- 
myung' and ~ seedlings from gamma-irradiated 
seeds at 21 DAS. Radiation doses include 0, 2, 4, 8, or 16 
Gy. Scale bar shown as white line corresponds to 10 cm. 

Table 1. Seed germination and early growth of two red pepper cultivars treated with gamma radiation. Germination rate, 
stem length,.leaf area, and stem diameter were measured at 12, 20, 20, and 26 d after sowing (DAS), respectively. Stem 
length was the distance from the top of each stem to the soil level; diameter was recorded 1 cm above the soil. For leaf-area 
measurements, only fully expanded first or second leaves were used. All values are means+ SD (n = 30) except for 
germination rate (n = 15). Means followed by different letters(a, b, and c) within each cultivar are significantly different at 
P = 0.05 by Tukey's HSD test. 

Cultivar Dose (Gy) Germinationrate (%) Stem length (cm) Stem diameter (mm) Leaf area (cm 2) 

Yeomyung 0 97.3• 6.7• 2.1• 6.5• 
2 96.0• 8.2•  2.2• 8.2•  
4 96.7• 8.0•  2.3•  8.4•  
8 98.0• 7.9•  2.3• 8.8•  

16 96.7• 6.5• 2.1• 6.9• 

Joheung 0 82.7• 6.1• 2.0• 6.8• 

2 85.3• 7.6• 2.4•  9.5•  

4 80.7• 6.9•  2.2•  8.8•  

8 83.3• 7.2• 2.3•  9.8•  

16 82.0• 6.2• 2.0• 6.8• 
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(Fig. 1 ). Seeds for irradiation at 2, 4, 8, or 16 Gy were 
commercially produced in 1999 as described above. 
In both cultivars, all irradiation groups except the 16- 
Gy dose showed 13 to 25, 5 to 20, or 26 to 44% 
increases over their non-irradiated counterparts in 
stem length, diameter, and leaf area, respectively 
(Table 1). However, we observed no significant differ- 
ences in germination rates between the two groups, 
or any compatible dose dependency when all the 
stem lengths, diameters, and leaf areas were consid- 
ered within the range of effective doses. Nonethe- 
less, for seeds produced in 1998 and 1997 from two 
other cultivars, 'Daemyung' and 'Wang', low-dose 
gamma irradiation (2-16 Gy) had increased germina- 
tion rates by 16 to 26% (1998 seed) and 31 to 41% 
(1997) (data not shown). These overall results are 
quite similar to those from our earlier reports (Lee et 
al., 1998; Kim et al., 1998, 2000, 2001a, 2002a), in 
which low-dose gamma-irradiation stimulated germi- 
nation and early seedling growth in Chinese cabbage, 
red pepper, onion, spinach, bottle gourd, pumpkin, 
and soybean. Therefore, based on all these findings, 
we expected that gamma radiation should have 
greater stimulating effects on old seed with low germi- 

native activities (Kim et al., 2001a), even though this 
response would still be a function of species/cultivar, 
physiological status of the seed, and the particular 
dose of radiation. 

PSI1 Photochemical Efficiency and Functional PSI1 
Content 

We used Chl fluorescence analysis to test whether 
the modulation in PSII photochemistry was an 
underlying mechanism for increased early growth 
in irradiated groups. Initial Chl fluorescence, Fo, 
was improved mainly in the irradiation groups of 
'Yeomyung' but decreased in those of 'Joheung', 
while maximal yield of fluorescence, Fm, increased in 
all irradiation groups of both cultivars, except for the 
2-Gy dose (Fig. 2A and B). However, values for Fv/ 
Fm, a measure of PSII photochemical efficiency, did 
not differ significantly between the irradiated and 
non-irradiated groups in either cultivar (Fig. 2C). Simi- 
lar results have been reported with potato plants (Kim 
eta[., 2002b). In contrast, functional PSII content, 1/ 
Fo - 1/Fm, was noticeably different between the two 
groups, although it was not correlated with greater 
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Figure 2. Photosynthetic efficiency and functional PSII content in irradiated and non-irradiated groups of two red pepper culti- 
vars. A, initial Chl fluorescence (Fo); B, maximum yield of fluorescence (Fm); C, photosynthetic efficiency (Fv/Fm); D, functional 
PSII content (1/Fo-1/Fm). Chl fluorescence values were measured at 20 DAS. Black and white bars represent'Yeomyung' and 
'Joheung', respectively. All values are means + SD (n = 6). 
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early growth (Fig. 2D). This parameter of 1/Fo - 1/Fm 
has often served to represent functional PSII content 
(Lee et al., 2002; Kim and Lee, 2002, 2003) because 
the former is linearly correlated with the latter (Lee et 
al., 1999; Kim et al., 2001 b). Its values decreased pri- 
marily in our irradiation groups of 'Yeomyung', but 
rose in the 'Joheung' groups (Fig. 2D). This discrep- 
ancy is thought to be due to cultivar specificity, e.g., 
more delayed development in 'Joheung', as sug- 
gested in Table 1. Accordingly, the degree to which 
PSII photochemistry was affected in the irradiation 
groups depended on cultivar and developmental 
stage. Nevertheless, any changes in that photochemis- 
try did not account for the increased early growth at 
doses of 8 Gy or below. 

0.26 for both the irradiated and the non-irradiated tis- 
sues of the two cultivars (detailed data not shown). 
Therefore, we ruled out the possibility that these 
changes contributed to fluctuations in photochemistry 
after low-dose gamma-irradiation as suggested in 
Fig. 2. 

The carotenoids comprise carotenes and their oxy- 
genated derivatives (xanthophylls), which participate 
in various antioxidant responses as well as photo- 
synthesis (Larson, 1988; Frank and Cogdell, 1993; 
Demmig-Adams et al., 1996; Edge et al., 1997). Xan- 
thophylls are synthesized from ~- and [3-carotenes 
(Fig. 3), the latter quenching the singlet oxygen pro- 
duced by PSII reaction centers and, thereby, protect- 
ing P680 from photodamage (Rivas et al., 1993; 

Photosynthetic Pigments 

Alterations in PSII photochemistry may indicate 
changes in photosynthetic pigments, including Chl 
and carotenoids. Although the Chl content generally 
decreased in the irradiation groups of 'Yeomyung' and 
'Joheung', the ratio of Chl a/b remained at about 
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Epoxidation 

Figure 3. Xanthophyll cycle biosynthetic pathway in higher 
plants. 

Figure 4. Differences in photosynthetic pigment contents between irradiated and non-irradiated groups of two red pepper cul- 
tivars. A, B, and C, respectively, indicate amounts of [3-carotene, lutein, and total carotenoids relative to Chl. Total carotenoids 
include neoxanthin, violaxanthin (V), antheraxanthin (A), lutein, zeaxanthin (Z), and [3-carotene. De-epoxidation index in D is 
defined as percentage of Ax 0.5 + Z ofV + A + Z (see Materials and Methods). All values are means+ SD (n = 3). 
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Telfer et al., 1994). Lutein, one of the 13-carotene- 
derived xanthophylls, is a structural component of the 
subunits of the light-harvesting complexes (Bishop, 
1996). It also contributes to the dissipation of excess 
absorbed light energy so that plants are guarded 
against photo-oxidative damage (Niyogi et al., 1997). 
Among the xanthophylls, violaxanthin, antheraxan- 
thin, and zeaxanthin are involved in down-regulating 
PSII function under excess light energy, action that 
constitutes the xanthophyll cycle (Thiele and Krause, 
1994; Demmig-Adams and Adams III, 1996; 
Gilmore, 1997). Here, the ratios of [3-carotene, lutein, 
and total carotenoids to Chl were generally higher in 
the irradiated tissues of 'Yeomyung' at 14 DAS than 
in the non-irradiated counterparts, but, at 20 DAS, 
they were similar between the irradiated and non- 
irradiated groups except at the 4-Gy dose level (Fig. 
4A-C). In contrast, differences in the ratios were not 
noticeable between the groups of 'Joheung' at 14 
DAS. However, in 'Joheung' at 20 DAS, the ratio of 
[3-carotene to Chl was higher in the irradiated tissues 
than in the non-irradiated ones, while those of lutein 
and total carotenoids to Chl were lower in the former. 
These results suggest that the differences in caro- 
tenoids-to-Chl ratios that arose between the irradi- 
ated and non-irradiated groups varied by cultivar and 
developmental stage. This idea is partly supported by 
the fact that the de-epoxidation index for the xantho- 
phyll cycle decreased in a dose-dependent manner in 
the groups of both cultivars at 14 DAS, while it 
increased in the same manner at 20 DAS (Fig. 4D). 

Antioxidant Enzymes - SOD and GR 

Because protein contents (data not shown) were 
relatively lower in the irradiated groups, similar to 
the observations made concerning Chl trends, it is 
unlikely that the irradiation-induced stimulation of 
seedling growth (Table 1) was necessarily and posi- 
tively correlated with changes in protein and chloro- 
phyll contents. Likewise, the alterations in SOD and 
GR activities were not directly related to the stimula- 
tory effects of low-dose gamma radiation on growth 
(Fig. 5). Those two enzymes are the first and last com- 
ponents, respectively, in the ascorbate-glutathione 
cycle, mainly operating in the chloroplasts (Mullineaux 
and Creissen, 1997; Asada, 1999). Therefore, one 
might predict that they are involved in the growth 
process by maintaining photosynthetic activity under 
high light intensities at midday. However, SOD con- 
tent generally increased in the irradiation groups of 
'Yeomyung', but decreased in those of 'Joheung' (Fig. 

5A), while the reverse was true for GR with regard to 
the two cultivars (Fig. 5B). As a result, concerted 
increases in the activities of antioxidant enzymes 
could not be assumed in these irradiated plants, a 
response that has frequently been reported in trans- 
genic plants that show enhanced tolerance under 
environmental stress (Gupta et al., 1993; McKersie et 
al., 1993; Slooten et al., 1995). Together with the 
results of our pigment analysis (Fig. 4), this also 
implies that the existence of an irradiation-induced 
differential regulatory system is related to the antioxi- 
dant machineries in the chloroplasts. 

In conclusion, gamma-irradiation induced alter- 
ations in the photosynthetic pigments and antioxidant 
mechanism, but these actions were not directly 
related to the acceleration of early growth in our irra- 
diated plants. However, changes in the pigments and 
antioxidant activities were correlated with cultivar 
and developmental stage. Moreover, we demon- 
strated here that SOD and GR, the major antioxidant 
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Figure 5. SOD and GR activities in red pepper seedlings 
from gamma-irradiated seeds. Plants were harvested at 14 
DAS. Black and white bars represent 'Yeomyung' and 'Johe- 
ung', respectively. All values are means + SD (n = 3). 
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enzymes in chloroplasts, were oppositely affected by 
irradiation when the two red pepper cultivars were 
compared. 
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