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Abstract - This study was to evaluate the effects of gamma irradiation on the germina-
tion, nutrient concentrations and growth of spinach and radish. Both the spinach and
radish seeds exhibited relatively higher germination rates in response to the low doses
of gamma irradiation compared to the non-irradiated control. Leaf DW of the radish
did not respond to gamma irradiation but that of the spinach increased significantly in
response to a gamma radiation of 4 Gy (P <0.05). Leaf growth parameters of the spinach
including the leaf area and SLA (leaf area/leaf dry weight) also demonstrated increased
responses to gamma irradiation. R/S (root dry weight/shoot dry weight), root DW and
root length of the spinach exhibited a positive response to gamma irradiation while
those of the radish did not. In contrast, SRL (root length/root dry weight) significantly
decreased with gamma irradiation at 8 Gy for the spinach, but not for the radish. The
tissue nitrogen concentrations of the spinach showed an increased response to gamma
irradiation while that of the radish did not. Furthermore, higher concentrations of
phosphorus, potassium, calcium and magnesium were found in the irradiated spinach,
but not in the irradiated radish. It seems that the non-specific physiological and/or
biochemical activities of spinach might be accelerated by gamma irradiation, possibly
accounting for the stimulation of nutrient uptake from the root media and early bio-
mass accumulation in the current study.
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INTRODUCTION

The growth and survival of native and crop plants
could be affected by radioactive environments with the
materials released during weapon production or testing,
industrial waste disposal and nuclear power production
(Thiede et al. 1995). Whether or not plants are influenced
by the radiation positively or negatively with regard to
growth and survival is dependent on the species, devel-
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opmental stages, environmental conditions and irradia-
tion doses (Luckey 1980). For several decades, the nega-
tive impacts of a high dose of radioactive radiation on
plants have been well documented and established while
the beneficial effects of a low dose ionizing radiation are
not, mainly due to the large variations in the plant res-
ponses (Gaur 1985; Sheppard and Regitnig 1987; Sato
and Matsui 1995; Yoon et al. 2000).

The stimulating effect induced by low doses of agents
that are otherwise harmful at high doses on biological
organisms was termed as hormesis by Southam and
Ehrlich (1943); high concentrations of bark extract re-
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tarded fungi growth, but a low concentration of this
agent stimulated fungi growth. A low dose of ionizing
radiation is known to be one of those agents producing
beneficial effects and there are numerous reports that
ionizing radiation, irrespective of its sources, has stimu-
lating effects on the germination and subsequent growth
of various plants at low doses (Koep and Kramer 1981;
Sheppard and Evenden 1986; Lee et al. 1998; Charbaji
and Nabulsi 1999; Chakravarty and Sen 2001), despite
the fact that a high dose of ionizing radiation invariably
produced detrimental impacts on the organisms (Sato
and Matsui 1995; Wang and You 2000).

For instance, irradiation doses between 5 and 10 Gy
significantly increased the fruit yield of two tomato var-
ieties (Sidrak and Suess 1973) and the weight and vol-
ume growth of the root and bulb were stimulated in ra-
dish and onion, respectively, after 5-25 Gy gamma irra-
diation (Gaur 1985). Debates are still ensuing on the
occurrence of radiation hormesis and its mechanism in
plants, but free radical-mediated biochemical and phys-
iological effects of ionizing radiation, e.g. causing alter-
ations in the growth rate and/or biomass allocation (Thi-
ede et al. 1995), are proposed as a possible candidate for
the hormesis mechanisms (Luckey 1980; Miller and Mil-
ler 1987).

In this preliminary study, we examined the alterations
in the growth parameters and biomass allocation of spi-
nach and radish such as specific leaf area (SLA), root/
shoot ratio (R/S), specific root length (SRL) as well as
dry weight accumulation after a low dose of gamma irra-
diation, through which a better understanding might be
possible for the plant growth and survival under radio-

active environments.

MATERIALS AND METHODS

Nong-Woo Bio Company provided the seeds of spina-
ch and radish in this study. Both seeds were stored at
room temperature after harvest in 2002 and their mois-
ture contents were 4.40+0.23 and 4.79+£0.35% on a dry
weight basis, respectively. Seed moisture content was
measured with an Infrared Moisture Analyzer (SMO 01,
Scaltec, Germany). Dry seeds of both species were sub-

jected to gamma radiation with doses of 4 and 8 Gy gen-

erated by a gamma irradiator (**Co, ca. 150 TBq of capac-
ity, AECL) in the Korea Atomic Energy Research Insti-
tute (KAERI). Dose rate was 2 Gy hr™!. Radiation doses
used in this study were low enough that both seedlings
germinated from the irradiated seeds did not exhibited
the stunted growth or visible damages (data not shown).
Irradiated seeds were sown in the pot (@ 10 cm) with
Horticulture Nursery Media® (BioMedia) and germinat-
ed in a greenhouse, Chung-Nam National University,
in May 2003.

Seedlings were harvested 2 weeks after sowing. Leaf
area was measured with a leaf area meter (LICOR,
Model LI-3100, USA) and root length was evaluated
with the method of Tennant (1975). Seedling samples
were separated into root and shoot, oven—-dried at 70°C
for 48 hr and weighed. Growth parameters including
SLA (leaf area/ leaf dry weight), SRL (root length/root
dry weight) and R/S (root dry weight/shoot dry weight)
were calculated. Root and shoot samples of each irradia-
tion treatment were pooled in order to obtain the sample
weight appropriate for the nutrient analysis, which led
to only two replicates per irradiation treatment. The tis-
sue nitrogen (N) concentration was determined with a
Kjeldahl digestion and distillation system (BDD unit B-
324, Japan). Phosphorus (P) concentration was measured
with the method of Chapman and Pratt (1961). The tis-
sue mineral concentrations of potassium (K), calcium
(Ca) and magnesium (Mg) were determined with an
atomic absorption/flame emission spectrophotometer
(AA-680, Shimadzu, Japan). The data was analyzed by
Tukey’s HSD test (SPSS 10.0, USA).

RESULTS AND DISCUSSION

1. Germination and growth parameters with
gamma irradiation

Both the spinach and radish seeds exhibited relative-
ly higher germination rates in response to low doses of
gamma irradiation compared to the non-irradiated
control (Table 1), although this effect of pre-sowing
irradiation was not statistically significant, possibly due
to the large variations within each treatment. However,
this increased germination rate is not a rare phenome-

non when the seeds are irradiated with a low dose gam-
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Table 1. Germination and growth parameters of spinach and radish with gamma irradiation. Values with same letters
are not significantly different within each row and species at the level of 0.05 (Tukey test)

Species Spinach Radish
Dose (Gy) 0 4 8 0 4 8
Germination (%) 67.0a 70.5a 75.5a 77.0a 84.0a 82.0a
Leaf DW (mg/leaf) 16.1a 24.2b 20.5a - - -
Leaf area (cm?/leaf) 4.02a 6.09a 5.84a 16.6a 15.4a 19.0a
SLA 251.4a 286.2a 299.3a - - -
Root DW (mg/plant) 15.2a 28.6a 28.5a 49.3a 53.0a 44.3a
Root length (cm/plant) 62.5a 97.6a 80.6a 9.18a 8.65a 7.40a
Shoot DW (mg/plant) 74.4a 116.2a 115.5a 626.3a 533.3a 614.0a
R/S 0.20a 0.22a 0.23a 0.08a 0.10a 0.07a
Total DW (mg/plant) 89.6a 144.8a 144.1a 675.7a 586.3a 658.3a

ma radiation (Sheppard and Evenden 1986; Lee et al.
1998; Lee et al. 2002; Hwangbo et al. 2003).

Leaf DW of the radish did not respond to gamma irra-
diation but that of the spinach increased significantly in
response to a gamma radiation of 4 Gy (Table 1, P<
0.05), which was also shown in a study with sunflowers
(Thiede et al. 1995). According to Gaur (1985), it is sug-
gested that the increased leaf growth of the lettuce could
be due to the improved leaf area and/or photosynthetic
efficiency after x-ray irradiation. Furthermore, more
photosynthates resulting from an increased photosyn-
thesis are allocated into the leaf, strengthening the leaf
growth, when maize was irradiated with a low dose
gamma radiation (Koep and Kramer 1981). Other leaf
growth parameters of the spinach including leaf area
and SLA also demonstrated the same responses although
the extent was not enough to be statistically significant
(Table 1).

The plant growth is highly likely to gain benefits from
both the increased leaf area leading to an increased
assimilation of the atmospheric carbon in a leaf and the
higher SLA resulting from an increased efficiency of uti-
lizing and/or allocating more carbon assimilates in a
leaf (Poorter 1990; Poorter and Remkes 1990), which
was also reflected in an enhanced leaf DW, shoot DW
and ultimately total DW in this study (Table 1). These
positive effects of low dose gamma irradiation on the
aboveground biomass accumulation and/or biomass allo-
cation pattern were commonly found in other studies
(Koep and Kramer 1981; Sheppard and Evenden 1986;
Thiede et al. 1995).

Root to Shoot ratio (R/S), root DW and root length of

the spinach exhibited a positive response to gamma
irradiation while those of the radish did not (Table 1),
suggesting that the plants differ in their sensitivity to
gamma irradiation (Gaur 1985). It also seems that the
response of the plant root growth to a low dose gamma
irradiation varied with the doses irradiated, growth con-
dition as well as the developmental stages (Miller and
Miller 1987; Al-Safadi and Simon 1996). For example,
it was observed that the positive effects of gamma irra-
diation on the root growth were more evident when the
plants were grown in the growth chamber than either
the greenhouse or the field (Yoon et al. 2001).

Active shoot growth found in this study could be part-
ly supported by these improved root growth parameters
since increased root biomass and length facilitate soil
exploitation for water and nutrient uptake (Atkinson
1991). Although the biochemical and physiological
mechanisms by which gamma irradiation induces a pos-
itive root growth has not been well defined as yet, it is
suggested that a low dose gamma irradiation increases
the mitotic index of the root tip cells (Okamoto and Ta-
tara 1995), probably leading to an improved root growth
of the irradiated plants.

In contrast to the other root growth parameters men-
tioned above, SRL (specific root length) significantly
decreased with gamma irradiation at 8 Gy for the spina-
ch, but not for the radish (Fig. 1). Al-Safadi and Simon
(1996) observed that doses below 50 Gy increased the
root weight of carrot by about 35% compared to the con-
trol (non-irradiated), but above 50 Gy it decreased the
root weight significantly. Therefore, it is possible that a
decrease in the SRL of the spinach at 8 Gy of gamma
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Table 2. Tissue nutrient concentrations in spinach and radish with gamma irradiation

Species Spinach Radish
Dose (Gy) 0 4 8 0 4 8
N (%) 1.93* 2.29 2.40 - - -
K (%) 1.06 1.31 1.15 0.58 0.32 0.30
P (ppm) 2406 6825 7451 4199 3982 3945
Ca (ppm) 1222 1203 1061 873.4 692.1 742.4
Mg (ppm) 1045 1335 1603 610.0 490.0 475.0

*The values are the means of two replicates per irradiation treatment due to the pooling of samples for mineral analysis.

6 r (a)
a
T a
4+ T b
Eé T
0
2L
O . I b
0 4 8
Dose (Gy)
0.3 r
. b
‘[ a
0.2 + a
-
=
173}
0.1+
0 il " ]
0 4 8
Dose (Gy)

Fig. 1. Specific root length (SRL) of (a) spinach and (b)
radish as a function of gamma irradiation. Bars
represent means + standard error. Bars with same
letters are not significantly different at the level of
0.05 (Tukey test).

irradiation was partly accounted for by the relatively
higher increase in the root dry weight rather than the
root length (Table 1), and the root dry weight could be a
more sensitive biological parameter than the root length
when the potential effects of a low dose gamma irradia-
tion are evaluated for the plant growth, particularly for

the belowground parts.

2. Nutrient contents with gamma irradiation

The tissue nitrogen concentration of the spinach

showed an increased response to gamma irradiation

(Table 2). The tissue nitrogen concentration of the radi-
sh, unfortunately, was not determined because the dry
weight of the radish sample was not enough to be ana-
lyzed. It is well established that nitrogen is the most
essential element in determining the potential of plant
growth (Mae 1997), which may be accounted for by the
fact that the tissue nitrogen concentration typically
showed a positive relationship with the mass-based
maximum photosynthesis (Evans et al. 2001). According-
ly it is not surprising that the biomass accumulation of
the spinach, particularly the leaf dry weight, increased
after gamma irradiation in this study (Table 1). Fur-
thermore, higher concentrations of phosphorus, potassi-
um and magnesium were found in the irradiated spinach
with exception of calcium, but not in the irradiated radi-
sh (Table 2). According to Korosi and Krakkai (1983), an
increased phosphorus uptake by plants grown from irra-
diated seeds occurred, which was reflected in the incre-
ased foliar phosphorus concentration. It seems that the
non-specific physiological and/or biochemical activities
of spinach might be accelerated by gamma irradiation
(Sheppard and Evenden 1986), possibly accounting for
the stimulation of nutrient uptake from the root media

and early biomass accumulation in the current study.
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