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Abstract: We characterized yield-relevant characters and their variations over genotypes and environments (locations and years)
by examining two rice varieties (9746 and Jinfeng) with high yield potential. 9746 and Jinfeng were planted in two locations of
Shanghai, China, during 2005 and 2006. The results show that there was a large variation in grain yield between locations and
years. The realization of high yield potential for the two types of rice was closely related to the improved sink size, such as more
panicles per square meter or grains per panicle. Stem and leaf biomasses were mainly accumulated from tillering stage to heading
stage, and showed slow decline during grain filling. Meanwhile, some photosynthetic characters including net photosynthesis rate
(P,), leaf area index (LAI), specific leaf area (SLA), fluorescence parameter (maximum quantum yield of PSII, F,/F,,)), chlorophyll
content (expressed as SPAD value), as well as nutrient (N, P, K) uptake were also measured to determine their variations over
genotypes and environments and their relationships with grain yield. Although there were significant differences between years or
locations for most measurements, SLA at tillering and heading stages, F/F,,, and LAI at heading stage, stem biomass at heading
and maturity stages, and leaf nitrogen concentration at tillering and heading stages remained little changed, indicating their pos-
sible applications as selectable characters in breeding programs. It was also found that stem nitrogen accumulation at tillering stage
is one of the most important and stable traits for high yield formation.
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INTRODUCTION

Rice (Oryza sativa L.) is one of the most im-
portant food crops in the world. Yield potential of
modern rice cultivars in irrigated tropical areas has
been greatly increased since the first semi-dwarf
tropical indica cultivar, IR8, was released three dec-
ades ago (Khush ef al., 2001), which, to a great extent,
alleviated the pressure of food shortage caused by
increasing population. However, food security is still
a serious issue facing the world, and there is a need
for more food production to keep pace with increasing
world population. The demand for increasing rice
production is particularly urgent, because the popu-
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lation of traditional rice-producing countries will
require 70% more rice by year 2025 (IRRI, 1995;
Swaminathan, 2007). Hence, the world rice produc-
tion must increase by approximately 1% annually to
meet the growing demand (Rosegrant et al., 1995).
Recently, so-called super-rice cultivars or hybrids
have been released in China, which have shown a
markedly high yield potential when planted in the
special areas (Amano et al., 1996; Cheng and Min,
2001). However, these super-rice cultivars or hybrids
are commonly characterized by unstable yields across
environments (locations and years) (Horie et al., 1997,
Ying et al., 1998). Therefore, it is imperative to clar-
ify the responses of their growth and yield formation
to environments. Understanding of the physiological
processes associated with these responses may pro-
vide effective information for improving breeding
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and agronomy practices.

There have been some reports on determination
of the physiological traits closely linked with yield
formation. Horie et al.(1997) suggested the impor-
tance of increasing sink size and radiation use effi-
ciencies during grain filling. Ying et al.(1998) re-
ported that further improvement in rice yield potential
depended more on the ability of increasing biomass
production than on that of increasing harvest index
(HI). As a matter of fact, in the breeding programs
focused on improving plant type at IRRI (International
Rice Research Institute, Philippines), large panicle
and high biomass production are considered as the
main selection criteria (Khush ez al., 2001).

It is well known that final yield (phenotype) of a
given cultivar is dependent on both genetic factors
(genotype) and growth conditions (environment).
Much effort has been done in breeding to improve
genetic potential of rice cultivars or hybrids by opti-
mizing plant type and light utilization. However, little
research has been done in understanding the effect of
environmental factors on the performance of
physiological traits in super-rice cultivars or hybrids.
The objectives of the current experiments were to
determine the relationship between yield formation
and environments, and to clarify the physiological
traits closely linked with high yield under field con-
ditions.

MATERIALS AND METHODS

Experimental sites and soil properties

Field experiments were conducted at experi-
mental stations of Qingpu and Jinshan, Shanghai
(30°53" N, 120°08’ E, and altitude 6 m) in 2005 and
2006. The two locations, around 35 km apart, have the
same climate. Basic soil fertility in these two loca-
tions is shown in Table 1. On the whole, year 2005
had more total precipitation and lower mean tem-
perature than year 2006. A japonica hybrid Jinfeng
and a japonica cultivar 9746 were used.

Table 1 Basic soil fertility in the two experiment loca-
tions

Organic Available Available Available

Location H
C (gkg) P(mgkg) K (mgkg) N(gkg) P

Jinshan 1.14 12.39 68.27 3.55 735

Qingpu 0.65 21.23 54.42 145  5.97

Rice seeds were immersed in water for 2 d be-
fore sowing, and were sown on May 25 and trans-
planted on June 20 as single season rice (mono-
cropping), and hill space was 25 cm*20 cm with one
plant per hill. A completely random block design with
3 replications was used and plot area was 50 m”. N
fertilizer was supplied in the form of urea at a rate of
270~300 kg N/ha, with 30% of total N being applied
before seeding, 30%, 20% and 20% top-dressed at
tillering, booting and heading stages, respectively. K
fertilizer was applied in the form of potash chloride at
a rate of 370~450 kg/ha, with 70% being applied
before transplanting and 30% top-dressed at booting
stage. During growth, weeds, insects and diseases
were chemically controlled as required.

Measurements of photosynthesis, fluorescence and
SPAD value

The plant sampling and measurements were car-
ried out at mid-tillering (35 d after transplant),
booting (56 d after transplant) and heading (82 d after
transplant) stages. Net photosynthetic rate (P,),
stomatal conductance and transpiration rate were
measured with a LI-6400 portable photosynthesis
system (LI-COR, Lincoln, NE, USA) on the up-
per-most fully expanded leaves. Meanwhile, chloro-
phyll fluorescence was measured using a portable
pulse-modulated fluorometer (mini-PAM, H. Walz,
Germany) and chlorophyll content, expressed as
SPAD value, was determined using an SPAD meter
(SPAD-502, 1989 Minolta Co. Ltd., Japan). P, and
chlorophyll fluorescence were determined on 6 and
10 leaves respectively for each replication, while
SPAD measurement was done on 15 leaves.

Biomass and nutrient analysis

Fifteen plants were harvested at each sampling
stage and used for biomass and nutrient analyses. The
plants were separated into different parts, dried in an
oven at 70 °C and weighted. N concentration in plant
tissue was determined with Kjeldahl method. K con-
centration was determined by atomic absorption
spectrophotometer and P concentration by ammo-
nium-vanadomolybdate method. Nutrient accumula-
tion was calculated by product of nutrient concentra-
tion and tissue biomass (dry weight). At maturity
stage, all plants of each plot were harvested for yield
determination (expressed as grain yield with water
content of 14%).



Chen et al. / J Zhejiang Univ Sci B 2008 9(5):363-370

Statistical analysis

All data were subjected to ANOVA using sta-
tistical software SAS 8.0 for Windows, and com-
parisons between the treatments with P<0.05 were
considered significantly different.

RESULTS

Yield and its components

Table 2 shows grain yield and its components
for all the treatments. Grain yield varied between
cultivars and environments (locations and years),
ranging from 8.61~10.68 t/ha for 9746 and
7.61~10.58 t/ha for Jinfeng. There was a significant
difference in grain yield between years or locations,
with the yield in 2006 being higher than that in 2005,
and the one of Qingpu being higher than that of Jin-
shan. In addition, the higher yield of 9746 was asso-
ciated with more panicles per square meter and
greater grain weight. In contrast, higher yield of
Jinshan is attributed to more grains per panicle. Ob-
viously, the yield components showed the great
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changes between years. Thus, panicles per square
meter, the percentage of filled grains and grain weight
were greater in 2006 than in 2005, but spikelet per
panicle was just opposite. The difference in yield
components between the two locations was relatively
small.

Biomass accumulation

Stem biomass reached the maximum at heading
stage and then declined during grain filling (Table 3).
The two rice cultivars showed obvious difference in
the change of stem biomass: 9746 had little increase
after booting stage, whereas Jinfeng had a marked
increase from booting stage to heading stage. The
change of leaf biomass was basically similar for the
two cultivars, with the maximum value occurring at
heading stage and slight reduction during grain filling.
Although grain biomass was mainly accumulated
during grain filling for the two cultivars, there was a
distinct difference between the cultivars in the rela-
tive proportion of biomass accumulated during grain
filling, with the one of 9746 being much less than that
of Jinfeng.

Table 2 Yield and its components for the two cultivars under different conditions

Panicles Grai ol Percentage of filled Grain weight Yield
(m?) rains per panicie grains (%) (mg) (t/ha)
Variety 9746 243.29a 184.32b 9la 29.02a 9.97a
Jinfeng 223.48b 205.45a 92a 24.30b 9.01b
Location  Jinshan 234.11a 190.82b 9la 26.71a 9.36b
Qingpu 232.66a 199.50a 93b 26.61a 9.62a
Year 2005 221.49b 199.60a 91b 26.07b 9.10b
2006 245.28a 190.18b 93a 27.24a 9.88a
Interaction Var.xloc. NS NS NS NS NS
Var.xyear NS S NS NS NS

Means followed by different letters in the same column are significantly different at the P<0.05 level according to Turkey test. Var.:

Variety; Loc.: Location; NS: Nonsignificant; S: Significant

Table 3 Biomass accumulation (g/m?) of different plant tissues in different growth stages

MT BS HS MS

Stem Leaf Stem Leaf Stem Leaf  Panicle Stem Leaf  Panicle
Variety 9746 109.99a 107.13a 350.32a 248.41a 397.66b 263.77a 450.61a 356.68b 227.46b 742.31a
Jinfeng 103.29a 103.38a 324.07b 248.23a 498.95a 254.24a 344.63b 439.42a 253.93a 839.4la
Location  Jinshan 102.50a 98.67a 356.07a 257.58a 456.60a 260.74a 428.24a 392.26a 243.43a 847.9la
Qingpu 109.79a 110.70a 319.08b 240.28a 447.87a 256.74a 364.01b 408.58a 240.09a 739.22b
Year 2005 72.11b  82.96b 251.07b 211.30b 428.44a 229.47b 391.57a 389.60b 223.64b 758.37b
2006 140.62a 127.23a 421.13a 285.32a 476.61a 287.75a 394.83a 413.40a 259.96a 831.44a

Interaction Var.xloc. NS NS S S NS NS S NS NS NS

Var.xyear S S NS S NS S NS NS NS NS

Means followed by different letters in the same column are significantly different at the P<0.05 level according to Turkey test. MT:
Mid-tillering stage; BS: Booting stage; HS: Heading stage; MS: Maturity stage; Var.: Variety; Loc.: Location; NS: Nonsignificant; S:

Significant
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The environmental effect on the tissue biomass
accumulation varied with years and locations. For
stem biomass, little difference was found after head-
ing stage regardless of years or locations, but a sig-
nificant difference was found at mid-tillering stage
between years, with the stem biomass in 2006 being
greater than that in 2005, and at booting stage be-
tween years and locations, with the one in 2006 being
greater than that in 2005, and the one of Qingpu being
greater than that of Jinshan. For leaves, the biomass in
2006 was constantly higher than that in 2005 and no
significant difference was found between locations
through the whole growth stages, except for the leaf
biomass of Qingpu being greater than that of Jinshan
at mid-tillering stage. For panicles, the biomass of
Jinshan was higher than that of Qingpu at both
heading and maturity stages.

Photosynthetic rate, fluorescence parameter and
SPAD value

Photosynthetic rate (P,) of leaf at mid-tillering
stage was significantly higher than that at heading
stage, while for fluorescence parameter (maximum
quantum yield of PSII, F,/Fy,), the opposite was ob-
served (Table 4). However, there was no significant
difference in SPAD value between the two meas-
urements. Photosynthetic rate (P,) differed signifi-
cantly between the two cultivars at heading stage,
with P, of 9746 being higher than that of Jinfeng, and
there was a significant difference between years, with
P, in 2005 being higher than that in 2006. For F\/Fy,,
significant differences were not detected between
cultivars, locations and years at heading stage, but
were observed at mid-tillering stage. The F\/F, ratios

of 9746, Jinshan and year 2005 were significantly
higher than those of Jinfeng, Qingpu and year 2006,
respectively. For SPAD value, no significant differ-
ence was found between -cultivars or locations,
whereas the difference was significant between years,
with SPAD in 2005 being higher than that in 2006,
irrespective of growth stage.

Specific leaf area (SLA) and leaf area index (LAI)

SLA showed obvious changes with the growth
stages, and the higher changes were observed in
mid-tillering stage compared with the heading stage.
However, no significant difference was found be-
tween cultivars, locations or years, indicating that it is
a relatively stable character. For LAI, the two culti-
vars showed no significant difference at mid-tillering
stage, but at heading stage, 9746 displayed signifi-
cantly higher LAI than Jinfeng. The difference in LAI
between locations or years was found at early stage,
and became smaller at heading stage.

Nutrient concentration and accumulation

The nutrient concentrations in different plant
parts of the two rice genotypes under the two loca-
tions are shown in Table 5. N concentration in leaves
and stems of the two genotypes showed dramatic
decreases from mid-tillering stage to booting stage,
remained less changed from booting stage to heading
stage, and then declined rapidly during grain filling. N
concentration in panicles remained relatively constant
or had a slight decrease during grain filling. The dif-
ference in tissue N concentration between genotypes,
locations and years varied with growth stages. At
mid-tillering and heading stages, there was no

Table 4 Leaf photosynthetic rate (P,), fluoresence parameter (F,/F), SPAD value, specific leaf area (SLA) and leaf

area index (LAI) at mid-tillering and heading stages

P, (umol CO,/(m™s)) FFy SPAD SLA (dm*/g) LAI
MT HS MT MT HS MT HS MT HS
Variety 9746 24.63a 18.65a 0.77a  0.80a 43.93a 43.73a 2.34a 199a 2.85a 6.51a
Jinfeng 22.87a  17.11b 0.69b 0.79a 44.33a 4429a 2.25a 2.17a 2.56a 5.45b
Location  Jinshan 24.54a 19.12a 0.76a  0.79a 43.20b 44.17a 2.19a 2.09a 2.43b 6.04a
Qingpu 22.96a  16.64b 0.70b  0.80a 45.05a 43.85a 2.39a 2.07a 2.98a 59la
Year 2005 25.57a  19.21a 0.75a 0.79a 44.85a 47.52a 2.29a 2.18a 2.15b 5.74a
2006 21.93b  16.56b 0.71b  0.79a 43.40b 40.50b 2.28a 1.98a 3.25a 6.22a
Interaction Var.xloc. NS NS S NS S NS NS NS NS
Var.xyear S NS S S NS NS S S S

Means followed by different letters in the same column are significantly different at the P<0.05 level according to Turkey test. MT:
Mid-tillering stage; HS: Heading stage; Var.: Variety; Loc.: Location; NS: Nonsignificant; S: Significant
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Table 5 Nutrient concentrations of the different plant parts for 9746 and Jinfeng under different conditions

N, P, K concentrations (%)

MT BS HS MS

Stem Leaf Stem Leaf Stem Leaf  Panicle Stem Leaf  Panicle
Variety 9746 2.02a, 3.89a, 1.25a, 2.72a, 1.11la, 2.30a, 142a, 0.72a, 1.12a, 0.89b,
0.45a, 0.36a, 0.52a, 037a, 0.48a, 0.38a, 0.32a, 0.19a, 0.13a, 0.30a,

1.96b 1.32a 1.60b 1.37a 2.44a 1.28a 0.49b 1.84a 0.71b 0.24a
Jinfeng 1.79b, 3.69a, 1.18a, 2.53b, 0.89b, 2.44a, 1.34b, 0.60b, 0.87b, 0.98a,
0.41a, 0.36a, 0.53a, 0.34a, 0.43a, 0.35a, 027b, 0.14b, 0.14a, 0.29a,

2.29a 1.46a 2.02a 1.43a 2.09b 1.44a 0.55a 1.62b 0.88a 0.24a
Location Jinshan 1.91a, 3.86a, 1.22a, 2.60a, 0.96a, 2.29a, 1.42a, 0.63a, 091b, 0.80b,
0.43a, 0.36a, 047b, 0.32b, 0.44a, 0.34a, 029, 0.18a, 0.13b, 0.30a,

2.20a 1.41a 1.82a 1.49a 2.33a 1.42a 0.50b 1.67a 0.75a 0.23b
Qingpu 1.90a, 3.71a, 1.2la, 2.66a, 1.04a, 246a, 1.33b, 0.69a, 1.07a, 1.07a,
0.43a, 0.35a, 0.59a, 0.39a, 048a, 0.38a, 0.3la, 0.16b, 0.15a, 0.29a,

2.05a 1.37a 1.79a 1.31b 2.19a 1.30a 0.55a 1.80a 0.84a 0.25a
Year 2005 2.05a, 3.89a, 1.35a, 3.08a, 1.0la, 2.46a, 1.29b, 0.65a, 1.00a, 0.95a,
0.47a, 0.43a, 049, 039a, 0.38b, 0.25b, 0.24b, 0.17a, 0.13a, 0.32a,

2.21la 1.34a 2.06a 1.62a 2.41a 1.65a 0.62a 1.78a 0.87a 0.32a
2006 1.76b, 3.63a, 1.07b, 2.17b, 1.00a, 2.28a, 1.49a, 0.67a, 0.98a, 0.92a,
0.39b, 0.29b, 0.58a, 0.32b, 0.53a, 0.46a, 0.36a, 0.16a, 0.14a, 0.29b,

2.04a 1.45a 1.56b 1.19b 2.11b 1.07b 0.42b 1.68a 0.72b 0.16b

Interaction Var.xloc. S, S, NS, S, NS, S, NS, S, S, S,

S, NS, S, S, S, NS, NS, NS, NS, NS,

N NS NS NS NS S NS S N NS

Var.xyear NS, NS, NS, NS, NS, S, NS, S, S, NS,

S, NS, S, NS, S, NS, NS, NS, S, NS,

S S S S S S NS NS NS S

Means of the same nutrient followed by different letters in the same column are significantly different at the P<0.05 level according to
Turkey test. MT: Mid-tillering stage; BS: Booting stage; HS: Heading stage; MS: Maturity stage; Var.: Variety; Loc.: Location; NS:

Nonsignificant; S: Significant

significant difference in leaf N concentration be-
tween genotypes, locations and years. However, the
difference was significant between genotypes and
years at both booting and mid-tillering stages. The
9746 had constantly higher N concentration than
Jinfeng, but for panicle N concentration, the opposite
was observed.

For P concentration, there was no significant
difference between the two genotypes in leaves
through the whole growth duration and in stems be-
fore maturity stage. At maturity stage, 9746 had
higher P concentration than Jinfeng. The difference
between locations was dependent on growth stages.
At mid-tillering and heading stages, no significant
difference was detected in both leaves and stems,
while at booting and maturity stages, the difference
was significant. Relatively, the difference between
years was more obvious. Thus at heading stage, the
significant difference was found in both leaves and
stem.

For K, there is no significant difference in leaf K
concentration between the two genotypes until ma-
turity, while difference in stem K concentration be-
tween the two genotypes was significant in all growth
stages, with Jinfeng having higher values at
mid-tillering and booting stages and smaller values at
heading and maturity stages. The significant differ-
ence between the locations was only found for leaf at
booting stage and for panicle at heading stage. On the
whole, K concentration was found dramatically
higher in 2005 than that in 2006.

Table 6 shows the nutrient accumulation in dif-
ferent plant parts of the two genotypes under different
conditions. For N, the difference in stem between the
genotypes was only found at mid-tillering stage,
whereas in the leaves the difference was significant at
booting and maturity stages. It may be suggest that
more N in leaf and stem was remobilized and trans-
ferred into panicle for Jinfeng than for 9746 from
booting stage to maturity stage.
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Table 6 Nutrient accumulation of the different plant parts for 9746 and Jinfeng under different conditions

N, P, K accumulations (g/m?)

MT BS HS MS

Stem Leaf Stem Leaf Stem Leaf  Panicle Stem Leaf  Panicle
Variety 9746 2.19a, 4.14a, 4.27a, 6.66a, 4.45a, 6.08a, 6.49a, 2.58a, 2.54a, 6.58Db,
0.48a, 0.38a, 1.86a, 0.90a, 195b, 0.98a, 1.48a, 0.70a, 0.31b, 2.25a,
2.15a 1.43a 558a 34la 9.75b 342a 2.2la  6.56b 1.63b 1.78b
Jinfeng 1.80b, 3.81a, 3.75a, 6.11b, 4.54a, 6.07a, 4.65b, 2.69a, 2.25b, 8.02a,
0.43b, 0.35a, 1.80a, 0.84b, 2.2la, 0.95a, 0.98b, 0.64b, 0.35a, 2.44a,
2.26a 1.50a 6.02a 3.40a 1047a 3.43a 1.90b 7.18a 22la 1.98a
Location  Jinshan 1.92b, 3.79a, 4.29a, 6.53a, 4.38a, 6.02a, 6.17a, 247b, 2.24b, 6.97b,
0.43b, 0.34a, 1.81a, 0.81b, 2.05a, 0.93a, 1.30a, 0.73a, 0.31b, 2.57a,
2.21a 1.39a  6.05a  3.78a 10.50a 3.63a 2.12a  6.51b 1.86a 1.97a
Qingpu 2.03a, 4.1la, 3.74a, 6.22a, 4.59a, 6.12a, 4.93b, 2.79a, 2.5la, 7.68a,
0.48a, 0.38a, 1.85a, 09la, 2.13a, 1.00a, 1.14b, 0.61b, 0.35a, 2.16b,
2.21a 1.53a  5.6la 3.03b 9.8la 3.25a 1.98b 7.23a 2.0la 1.81b
Year 2005 1.49b, 3.23b, 3.42b, 6.53a, 4.27a, 5.57a, 5.13b, 2.53a, 221b, 7.13b,
0.35b, 0.36a, 1.21b, 0.83b, 1.64b, 0.59b, 0.98b, 0.67a, 0.30b, 2.47a,
1.54b 1.095 5.11b 343a 10.43a 3.73a  24la 69la 1.96a  2.46a
2006 2.46a, 4.69a, 4.57a, 6.19b, 4.72a, 6.57a, 5.86a, 2.75a, 2.55a, 7.59a,
0.56a, 0.36a, 245a, 09la, 2.55a, 1.34a, 1.44a, 0.67a, 0.37a, 2.23a,
2.88a 1.84a 6.52a 3.39a 9.84a 3.11b 1.68b  6.89a 1.92a 1.31b

Interaction Var.xloc. S, NS, S, S, NS, S, S, S, S, S,
S, S, S, S, S, NS, S, NS, S, NS,

S NS S S NS S S S S NS

Var.xyear S, S, S, NS, S, S, NS, S, NS, NS,

S, S, S, S, NS, S, NS, NS, NS, NS,

S S S NS S S NS S NS S

Means of the same nutrient followed by different letters in the same column are significantly different at the P<0.05 level according to
Turkey test. MT: Mid-tillering stage; BS: Booting stage; HS: Heading stage; MS: Maturity stage; Var.: Variety; Loc.: Location; NS:

Nonsignificant; S: Significant

For P accumulation, there was a significant dif-
ference between the two genotypes, with 9746 having
greater P accumulation at early stage, but Jinfeng
having greater P accumulation in panicles at maturity
stage. The difference between the locations varied
with growth stages. At mid-tillering and booting
stages, Qingpu had more leaf and stem P accumula-
tions, whereas at heading and maturity stages, Jinshan
had more. The significant difference was found be-
tween years, with more leaf and stem P accumulation
in 2006 than in 2005.

For K accumulation, the difference in leaves
between the two genotypes was only found at matur-
ity stage, while in the stems the difference was also
significant at heading stage. Although 9746 had more
K accumulation in the panicles than Jinfeng at head-
ing stage, the opposite was true at maturity stage.
There was no difference between locations in leaf and
stem K accumulations through the whole stage, ex-
cept for the stems in maturity stage and the leaves in
booting stage. The difference between years was quite

dominant and varied with growth stages. At early
stage, the plants in 2006 had more K accumulation
than those in 2005, whereas at later stage the case was
just opposite.

DISCUSSION

There have been a great number of studies on the
relationships between yield components and yield in
rice. Li et al.(2005) reported that there were positive
correlations between yield and harvest index (HI),
grain weight per plant, and grains per panicle. Rice
yield is mainly dependent on producing ability of dry
matter before heading (Katsura et al., 2007). It is
commonly observed in rice as well as other cereals
that fertile floret percentage and floret number per
unit area are negatively correlated (Fischer et al.,
1977; Matsushima, 1957). Matsushima (1957) pro-
posed that sink size was mainly responsible for yield
difference. Moreover, grain number, which is the



Chen et al. / J Zhejiang Univ Sci B 2008 9(5):363-370 369

major part of sink size, is positively correlated with
yield (Matsushima, 1957; Yoshida et al., 20006). In the
current study, it was found that the higher yield of
9746 was associated with more panicles per square
meter and greater grain weight, but the higher yield of
Jinfeng was mainly attributed to more grains per
panicle (Table 2). It was reported that hybrid rice
accumulated more biomass before heading than
conventional cultivars. Sarker et al.(2001) showed
that the degree of heterosis in dry matter accumula-
tion was relatively lower at the later growth stage than
at the early growth stage. Khan et a/.(1998) found that
dry matter accumulation during ripening stage would
be slightly lower in hybrid rice than in their
mid-parental varieties. In this study, two rice geno-
types showed a similar change in leaf biomass, but an
obvious difference in stem biomass; 9746 had little
increase after booting stage, while Jinfeng showed a
marked increase from booting stage to heading stage.
The results suggest that biomass accumulated before
heading has a great contribution to final yield per-
formance. Obviously, the biomass accumulated in the
stems (and leaf sheath) will be transported into de-
veloping grains during filling stage.

Murayama et al.(1987) considered that hybrid
rice had a higher photosynthetic rate due to heterosis.
However, photosynthetic rate of the same genotypes
showed the marked difference during growth stage
(Sarker et al., 2001; Tang et al., 2002). It is well
known that there was an optimum LAI for CGR (crop
growth rate) (Bunce, 1989). In this study, the photo-
synthetic rate and LAI of 9746 at heading stage were
found significantly higher than those of Jinfeng (Ta-
ble 4). However, little difference in biomass between
the two genotypes was found, indicating that photo-
synthetic rate, at least at heading stage, might not be a
main factor responsible for high grain yield in “super
rice”.

It is well documented that tillering capacity is
one of the most important characters determining
yield potential, as it is closely related with the number
of panicle per unit area (Zou et al., 1991). On the
other hand, the stem acts as an important storage
organ and affects yield formation by accumulating
biomass (Katsura et al., 2007). It has been shown that
N concentration in rice plants is an important factor
affecting tiller initiation and higher N concentration
enhances tillering and stem development (Weerakoon

et al., 1999; Zhong et al., 2003). Thus more N ac-
cumulation at mid-tillering stage means greater
tillering capacity and better stem development. It can
be assumed that N accumulation at mid-tillering stage
is one of the most important and stable traits for
determination of high yield formation.

Cooper and Somrith (1997) reported that the
interaction between genotype and environment (GxE)
played a relatively large role in the yield of rice grown
in the rain fed lowlands. It was also reported that the
physiological traits, such as photosynthesis rate (Hu
et al., 2007), nitrogen uptake (Shan et al., 2005),
floret number per unit area (Yoshida et al., 2006),
which are closely related to the yield, showed wide
variation over genotypes and environments. Fur-
thermore, the GXE interaction may be partitioned into
the interactions of genotype-by-location (GxL),
genotype-by-year (GxY) and genotype-by-location-
by-year (GXLxY). In this study, almost all the traits
examined showed the significant differences between
years or locations. On the other hand, some traits,
including SLA at mid-tillering and heading stages,
F,/F, and LAI at heading stage, stem biomass at
heading and maturity stages, and leaf N concentration
at mid-tillering and heading stages, kept little change
over years and locations, indicating that these char-
acters may be used in evaluation of yield potential or
breeding program.
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