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The experimental materials used here were 12 rice cultivars released and grown in the past
one century in the southern area of Japan and two African cultivars. With plants water—cul-
tured under standard and low nitrogen applications, their dry matter weight, leaf area and net
assimilation rate (NAR), rubisco content and chlorophyll content in leaves were investigated.
Results obtained were as follows: By reducing the nitrogen concentration of culture-solution to
10% of the standard, the average plant dry matter weight and leaf area of the 14 cultivars were
decreased to 25% and 20%, respectively. To evaluate the growth sustainability of CHltivars
grown under the low nitrogen application, the sustainability index (SIL) was used here. SIL of
dry matter weight (SIL-DM), leaf area (SIL-LA) and NAR (SIL-NAR) were significantly differ- °
ent among cultivars. For these three parameters, large values were found in Koshihikari, one of
the high quality cultivars widely grown in Japan today, and the small ones were observed in old,
traditional cultivars, such as Asahi and Shinriki, and in G174 (O. glaberrima). A significant
cultivaral difference in response to nitrogen application was also found in the rubisco and
chlorophyll contents and their SILs.

INTRODUCTION

.The realization of high and stable productivity of rice has so far chiefly depended on
the high-input cultivation system in Japan. Excessive fertilizer applications aggravate
environmental conditions, leading to more serious environment destructions in the future.
In order to resolve this problem, it is essential to develop new cultivars having a sustain-
able growth in fertilizer—saving cultivations. However, there are not so many studies on
the growth and yield sustainability of rice cultivars.

Nitrogen is one of the essential nutrients for plant growth. In a rice plant, 80% of the
nitrogen contained in the leaf is located in chloroplasts (Morita, 1980), and 30% of that
was delivered to rubisco (Makino et al., 1985; Evans, 1989). The rubisco content is
regarded as one of the main photosynthetic determinants (Mae et al., 1983), and a close,
positive relationship was frequently found between leaf nitrogen content and photo-
synthetic rate (Evans, 1983; Field and Mooney, 1987; Terashima and Evans, 1988; Makino
et al., 1992; Tagawa et al., 2000). Rubisco is an important factor as a determinant of the
sustamablhty of photosynthetic production. : '

As a step toward developing new cultivars with a sustamable growth it is important
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to make screenings of growth response features over the existing rice genotypes. Then,
in this study, the materials chosen from the new and traditional rice cultivars were solu-
tion—cultured at low and standard nitrogen concentrations, and their responses in growth
parameters, and chlorophyll and rubisco contents were examined using a sustainability
index (SIL).

MATERIALS and METHODS

Materials and cultivation

The experimental materials used were 12 rice cultivars having a cultivation record in
the past one century in the northern area of Kyushu Island in Japan, and two cultivars
from West Africa. The names of the 12 cultivars (O. sativa) were Asahi, Shinriki,
Sirobeniya, Okute-shirasasa, Koshihikari, Norin-18, Reiho, Houyoku, Nipponbare
Hinohikari, Nishihomare and Yumetsukushi, and the two cultivars from Africa were S70
(0. sativa) and G174 (O. glaberrima). Seeds of these cultivars were sown in nursery
boxes on July 9, 2002 and grown for three weeks. Young shoots were transplanted into
two water—culture bathes with standard and low nitrogen concentrations. Forty two
plants (three plants / one cultivar) were transplanted and grown in a pot with a capacity
of 500L. Yoshida’s solution (Yoshida et al., 1971) was used here. The nitrogen concen-
tration in solution was set at two levels: the standard level was 2.9 mmolL,* and the low
level was 0.29mmolL* (10% of the standard). The former plot was termed SN and the
later was LN. The concentration of nutrients other than nitrogen was prepared at the
standard level in both plots. The culture solution in SN and LN was renewed at 10-day
intervals and its pH was controlled within a range of 5.0 to 5.5.

Measurement of matter production

The plants grown for 47 days after transplanting were sampled and separated into
three parts: leaf, culm and root. They were dried at 80°C in an oven for three days and
weighed. Leaf area was measured with an automatic area meter (AAM-8, Hayashi-denko,
Japan). Net assimilation rate (NAR) was given here as a value per plant.

Determination of chlorophyll content

- Using a cork borer with a diameter of 6 mm, three leaf discs were sampled from top
expanded leaves on the same sampling day mentioned above. The sampled leaf discs
were soaked in 3mL ethanol solution to extract chlorophyll. The chlorophyll content of
leaf was calculated from the absorbance at 649 and 665nm spectra with a spectrometer
(UV-1200, Shimadzu, Japan), according to the method reported by Wintermans et al.
(1965).

Determination of the content of rubisco (ribulose-1,5-bisphosphate carboxy-
lase/oxygenase) [EC4.1.1.39] ’

Leaf discs were sampled from the same leaves at the same time described above.
Directly after the sampling, the leaf discs were frozen in liquid nitrogen, and stocked at
-80°C. Just before the measurement, stocked leaves were powdered in liquid nitrogen,
and the rubisco content was determined with a SDS—polyacrylamid gel electrophororesis,
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according to the method reported by Makino (1985). The quantitative analysm of soluble
protein was carried out through the method by Bradford (1976).-

Calculatlon of a sustainability index (SIL)
In order to evaluate a cultivaral difference in sustainability agamst the reduction of
nitrogen application, the sustainability index (SIL) was calculated from the equation (1).

SIL=PLN'(1/R) / Psy (1)

where Pgy and Py are parameter values measured with plants grown in the standard and
low nitrogen concentrations, respectively, and R is a ratio of the solution nitrogen concen-
tration of LN to that of SN. The value of R is 0.1 here. A higher SIL means a higher sus-
tainability. SIL was calculated for five growth parameters: dry matter weight (SIL-DM),
leaf area (SIL-LA), NAR (SIL-NAR), rubisco content (SIL-rub) and chlorophyll content
(SIL—chl).

RESULTS

Table 1 shows the growth parameters, plant dry matter weight, leaf area and NAR,
determined with the cultivars grown in SN and LN, and SIL calculated from the equation
(1). The average of plant dry matter weight of the 12 Japanese cultivars was 15.3 g in SN,
and it decreased to 3.8¢g in LN. Leaf area also varied with nitrogen level: the average was
770 cm? in SL and 157 cm? in LN. The largest values of both parameters in SN were found
in Shinriki; while in LN, Koshihikari, Houyoku, and Yumetsukushi had large values in dry
matter weight, and a large leaf area was shown in Houyoku. A cultivaral difference was

Table 1. Values of dry weight, leaf area and NAR under the conditions of SL and LN.

Cultivar Dry weight (g) Leaf area (cm?) NAR (g cm™®)

SN LN SIL SN LN SIL SN LN SIL
Asahi 87f 16e 1.77 e 4081 64g 1.58d 214ab 241b 11.3cd
Shinriki 222b 37cd 1.65e 995¢ 157e 1.58d 223ab  232b 10.4d
Shirobeniya 19.1c¢ 42cd 2.22d 807 de 174 cde 2.16ab 236a 243b 103d
Okute-shirasasa 159d 4.1cd 2.60bc 872d 171de 1.95c 182cd 242b 13.3b
Norin-18 172c¢d 44c 256cd 946c 189cd 2.00bc 18lcd 232b 12.8Dbc
Koshihikari 115e 46c 399a 755 ef 178 cde 2.36a 153e 2568b 169a
Reiho 149d 41lcd 2.74bc 865d 166e 1.92c 172d 245b 143 ab
Houyoku 173cd 46¢ 2.74bc 943c¢ 195c¢ 2.06abc 183c 238b 13.0b
Nipponbare 156d 35d 2.27d 728 fg 158 ef 2.17ab 214ab 224b 10.5d
Hinohikari 147d 32d 2.19d 651g 140f 1.99¢ 227ab  249b 11.0cd
Nishihomare 11.2e 356d 3.09ab 583h 143f 2.4ba 192cd 242b 12.6bc
Yumetsukushi 16.0d 46c 2.87bc 68l1g 156ef 2.28a 234a 294a 125bc
Ave. of domestic 15.3 3.8 2.56 770 157 1.89 201 245 12.4
cultivar
S70 25.1b 7.0b 278D 15617b 287b 1.89¢c 161de 244b 14.7ab
G174 76.6a 88a 1.156¢ 3753a 428a 1.l14e 203bc  206c¢ 10.2d

* Same letters in the column represent not significant at 5% level.
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also found in SIL-DM, SIL-LA and SIL-NAR; in particular, Koshihikari had: mgh values for
all these three SIL parameters.

Both cultivars, S70 and G174, from West Africa were more sensitive to mtrogen the
response in dry matter weight and leaf area in the two cultivars to nitrogen was larger
than that of Japanese cultivars (Table 1).

The relationships between SIL-DM and SIL-LA, and between SIL-DM and SIL—NAR
are shown in Fig. 1. Significant positive coefficients, r*=0.695*** and 0.709*** were
found in both relationships, respectively. A cultivar with a large value in SIL-LA or/and
SIL-NAR had a tendency to show a high SIL-DM.

The relationship between SIL-LA and SIL-NAR is shown in Fig. 2. Though there was
a cultivar like Koshihikari that had a large value in both SIL-LA and -NAR, yet no signifi-
cant relationship was detected between these two parameters through the 14 cultivars.

In Fig. 3-A and.-B, the relationships between SIL-NAR and SIL-chl, and between
SIL-NAR and SIL—rub are shown, respectively. NAR was predicted to have a.close rela-
tionship with the chlorophyll and rubisco contents, but a significant relationship was not
found here. Then, we tried to classify the distributing data into four groups from the
quadrant I to IV. The cultivar included in the quadrant-I (Fig. 3-B) was judged to have a
higher value in both SIL-NAR and SIL-rub than the average values. In koshihikari, both
parameters were included in the quadrant-I, showing highest values among the 14
cultivars. No cultivars were found in the quadrant-III of Fig. 3-B. Only S70 was placed in
the quadrant-Il (Fig. 3-A). Two old, traditional Japanese cultivars, Asahi and Shinriki,
had low values in SIL-NAR, SIL—chl and SIL-rub (Fig. 3-A and -B).

Fig. 4-A and -B illustrate the relationships between SIL—chl and chlorophyll content,
and between SIL-rub and rubisco content, respectively.  The significant relationships
were found here,-and the regression equations were given as y=12.94e2%™ and y=
12.725e03%%x respectively. The cultivar with a higher value in chlorophyll or rubisco con-
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Fig. 1. The relationships between SIL-DM and SIL-LA (A), and SIL-DM and SIL-NAR (B). @,
Asahi; @), Shinriki; @), Shirobeniya; @, Okute-shirasasa; &, Norin-18; ®, Koshihikari;
@, Reiho; ®, Houyoku; @, Nipponbare; @ , Hinohikari; @, Nishihomare; @,
Yumetsukushi, @), S70; @, G174.
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Fig. 2. The relationships between SIL-LA and
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Fig. 3. The relationships between SIL-NAR and SIL-chl (A), and between SIL-NAR and
SIL-rub (B). See Fig. 1 for encircled numbers. Broken lines show the average of each
parameter.

tent in SN tended to decrease in SIL—chl and SIL-rub.

The equation (1) is re-written as P,y=SIL‘R ‘P, and each item is re-placed as Y=
P, R=0.1, SIL=y, or y=12.94e®"* Pgyw=x. The equation, Y=x 1.294e'#¥* in Fig. 5-A
gives the relationship in chlorophyll content between SN and LN. Similarly, the
relationship in rubisco content between SN and LN is shown as the equation, Y=x
12.725e*3%= in Fig. 5-B. This equation showed a clear peak: as shown in Fig. 5-B, the
cultivar having a rubisco content of 2.57 gm™ in SN was predicted to have the highest
value of rubisco content (1.20gm™2) in LN. Of the materials used here, such a cultivar as
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Fig. 4. The relationships between SIL-chl and chlorophyll content (A), and between SIL-rub
and rubisco content (B). See Fig. 1 for encircled numbers.
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Fig. 5. The relationships in chlorophyll content (A) and rubisco content (B) between SN and
LN. See Fig. 1 for encircled numbers.

Koshihikari, Reiho and Yumetsukushi belonged to this type. On the other hand, no clear
peak was found in SIL-chl as shown in Fig. 5-A.

DISCUSSION

The protection and remediation of the natural environment have been taken up as
one of the important subjects in the agricultural area today. As the first step to solve this
problem, it is important to develop a new cultivation system with an adequately saved fer-
tilization, and also to create new cultivars suitable to such a cultivation system. As a
process toward establishing the fertilizer low—-input system in the paddy, Hasegawa and
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Horie (1994) pointed out the importance of the utilization of inorganic nitrogen in paddy
soil, and estimated the amount of unorganized nitrogen by simulation. Until today, a lot
of studies on nitrogen and rice production have been carried out (Kumura, 1955; Cho and
Murata, 1980; Uchida et al., 1982), but there are not so many studies concerning the
effects of nitrogen savings on the yield and production of rice cultivars.

In our experiment, a significant cultivaral difference was found in SIL-DM, SIL-LA
and SIL-NAR (Table 1). As the values of SIL-DM are compared among Japanese culti-
vars, the lowest one is found in Asahi and Shinriki. Since theses two cultivars were ever
widely grown in the less-intensive fertilization system in the past, they have been pre-
dicted to have a higher sustainability in low nitrogen applications as one of the obtained
genetic characteristics, but such a feature is not found here. While the recent cultivars
such as Koshihikarin, Nishihomare and Yumetsukushi show a higher SIL-DM. It is the
important evidence that Koshihikari, one of the most popular cultivars with high quality
grown today in Japan, is characterized by a high productivity and sustainability under the
low nitrogen input (Table 1 and Fig. 1). In addition, Koshihikari is high in SIL-LA and
SIL-NAR (Fig. 1 and 2).

As compared to Japanese cultivars, both cultivars, S70 and G174, from Africa have a
considerably large values of dry matter weight and leaf area, though their SIL-DM and
SIL-LA were not high (Table 1). The large biomass production is regarded as one of the
beneficial genetic potentials in both cultivars.

It has been well known that there is a close relationship between photosynthetic rate
and nitrogen content in a leaf (Evans, 1983; Field and Mooney, 1987; Terashima and
Evans, 1988; Makino et al., 1992). We examined the mutual relationships between NAR,
chlorophyll content and rubisco content. But no significant relationships were found
between them, though there was a trend that cultivars with a high SIL-NAR had a high
SIL—-chl and SIL-rub (Fig. 3). Of the cultivars with a high SLI-NAR, Koshihikari and
Reiho had a high value in both SLI-chl and SIL-rub. On the other hand, there is a cultivar
like S70 showed a high SLI-rub and a low SLI-chl. These facts may suggest that there is a
high possibility of selection of genotypes with a high sustainability in both chlorophyll and
rubisco contents in leaves. It is an interesting fact that such an old traditional cultivar as
Asahi and Shinriki has a considerably higher rubisco—content than the cultivars recently
grown and their SIL-rub is low.

The regression equation indicates that a cultivar with 2.75g m™ in rubisco content in
SN is predicted to have the largest rubisco content in LN (Fig. 5). This might suggest
that there is an optimum selection point for the sustainability improvement of leaf rubisco
content of rice. More detailed experimental sets using various rice cultivars including a
wide genetic range are necessary in order to conduct strict evaluations for the growth and
production sustainability in rice species.

REFERENCES

Bradford, M. M. 1976 A rapid and sensitive method for the quantization of microgram quantities of
protein utility the principle of protein—dye binding. Anal. Biochem., 72: 248-254

Cho D. -S. and Y. Murata 1980 Studies on the photosynthesis and dry matter production of rice plants L.
Varietal differences in photosynthetic activity induced by nitrogen top-dressing. Jpn. J. Crop Sci.
49: 88-94

Evans J.R. 1989 Photosynthesis and nitrogen relationships in leaves of C3 plants. Oecologia, 78: 9-19



550 T. ARAKI et al.

Evans J. R. and I. Terashima 1983 Effects of nitrogen nutrition on electron transport components and
photosynthesis in spinach. Aust. J. Plant Physiol., 14: 59-68

Field C. and H. A. Mooney 1987 The photosynthe31s—n1trogen relationship in wild plants In “The
Economy of Form and Function”, ed. by E. D. Giunish, Cambridge University Press, Cambridge, UK,
pp. 2-565

Hasegawa T. and T. Horie 1994 A simplified model for estimating nitrogen mineriligation in paddy soil.
Jpn. J. Crop Sci., 63: 496-501

Kumura A. 1955 Studies on the effect of internal nitrogen concentration of rice plant on the
constitutional factor of yield. Jpn. J. Crop Sci., 24: 177-180

Mae T., A. Makino and K. Ohira 1983 Changes in the amounts of ribulose bisphosphate carboxylase
synthesized and degraded during the life span of rice leaf (Oryza sativa L.). Plant Cell Physzol 24:
107-1086

Makino T., T. Mae and K. Ohira 1985 Photosynthe51s and riblose-1,5-bisphosphate
carboxylase/oxygenase in rice leaves from emergence through senescence. Quantitative analysis by

_carboxylation/oxygenation and regeneration of riblose-1,5-bisphosphate. Planta, 166: 41-420

Makino A., H. Sakashita, T. Mae, K. Ojima and C. B. Osmond 1992 Distinctive responses of
riblose-1,5-bisphosphate carboxylase and carbonic anhydrase in wheat leaves to nitrogen nutrition
and their possible relationships to CO2-transfer resistance. Plant Physiol., 100: 173-1743

Morita K 1980 Release of nitrogen from chloroplast during leaf senescence in rice (O. sativa L.). Ann.

, 46: 297-302

Tagawa T K. Hirao and F. Kubota 2000 A specific feature of agronomic traits African rice (Oryza
glabemma Stued.) . Dry matter increase and water use efficiency. Jpn. J. Crop Sci., 63: 10-110

Terashima 1. and J. R. Evans 1988 Effects of light and nitrogen nutrition on the organization of the
photosynthetic apparatus in spinach. Plant Cell Physiol., 29: 14-155

Uchida N., Y. Wada and Y Murata 1982 Studies on the changes in the photosynthetic activity of a crop
leaf dunng its development and senescence. II Effects of nitrogen deficiency on the changes in the
senescencing leaf of rice. J. Jap. Crop Sci., 51: 577-58

Wintermans J. F. G. M. and A. Mots 1965 Spectrophotometric characteristics of chlorophyll and their
pheophytins in ethanol. Biochem. Biophysics. Acta., 109: 44-45

Yoshida, S., D. A. Forna, J. A. Cock and K. A. Gomez 1976 Laboratory Manual for Physiological
Studies of Rice. International Rice Research Institute, Manila (Philippines)



