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Abstract 
 
We investigated the effect of large isoform of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBPCO) activase 
(RuBPCO-A) on photosynthesis and constructed two plant expression vectors and introduced them into rice cultivars 
(Oryza sativa f. japonica cv. Nipponbare) through Agrobacterium tumefaciens-mediated transformation. Plasmid 
pCBrbcSRca contained the cDNA of RuBPCO-A large isoform (rca) controlled by RuBPCO small subunit gene pro-
moter (rbcS), and plasmid pCBUbi-antirca contained a reversed rca sequence driven by maize ubiquitin promoter. 
Transformants were screened by polymerase chain reaction (PCR), Southern and Western blot analysis. Compared to the 
control rice plants, RuBPCO activity was improved in the pCBrbcSRca rice plants, which is opposite to RuBPCO activ-
ity in the pCBUbi-antirca rice plants. Net photosynthetic rate, quantum yield of electron transport in photosystem 2, and 
steady state photochemical fluorescence quenching increased in the pCBrbcSRca plants, but decreased in the pCBUbi-
antirca plants as compared to the controls. The pCBrbcSRca plants had heavier grains and accelerated development, 
while the pCBUbi-antirca plants showed reverse changes. Thus RuBPCO-A large isoform exerts considerable effect on 
photosynthesis and is a promising target for plant breeding to improve rice crop yield. 
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Introduction 
 
In the long history of rice culture, two great break-
throughs for rice yield have been observed: one is a high-
yielding semi-dwarf cultivar, IR8 announcing the first 
green revolution at the end of 1950s; the other is the first 
hybrid cultivar, which was the signal of the second green 
revolution at the end of 1970 (Yuan et al. 1994, 
Devanand et al. 2000, Peng et al. 2000). Since then, yield 
of rice has been improved slowly. Improving photosyn-
thesis is crucial for the third breakthrough (Ishi 1998, 
Horton 2000, Xu and Shen 2001). 

In higher plants, CO2 assimilation catalyzed by ribulo-
se-1,5-bisphosphate carboxylase/oxygenase (RuBPCO, 
EC 4.1.1.39) is the rate-limiting step in photosynthesis 
(Hartman and Harpel 1994). RuBPCO has eight large and 
eight small subunits. The expression of small subunit 
gene is organ-specific, developmentally regulated, light-
inducible, and controls the constitutive expression of 
large subunit at the level of translation (Khrebtukova and 
Spreitzer 1996, Rodermel et al. 1996). Experiments show 
that photosynthesis improvement is difficult to accomp- 
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lish by a direct modulation of RuBPCO (Kostov and 
McFadden 1995, Spreitzer et al. 1995, Spreitzer 1999, 
Satagopan and Spreitzer 2004). 

RuBPCO activase (RuBPCO-A), a chloroplast pro-
tein, keeps RuBPCO in an activation state by dissociation 
of any inhibitory sugar phosphates from RuBPCO active 
site and promotion of RuBPCO catalysis at the cost of 
adenosine 5'-triphosphate (ATP) hydrolyzation during the 
process of RuBPCO activation (Somerville et al. 1982, 
Liu et al. 1996, Portis 2003). The expression of 
RuBPCO-A genes, similar to the expression of RuBPCO 
small subunit gene, is organ-specific, developmentally 
regulated, and light-inducible (Zhang and Komatsu 
2000). Most species, including rice, contain two forms of 
RuBPCO-A produced by alternative splicing of its 
mRNA (Werneke et al. 1989). The large isoform re-
gulates the activity of RuBPCO in response to irradiance 

via redox changes in chloroplast stroma (Zhang and Potis 
1999). In contrast, the small isoform itself is not re-
gulated by irradiance. Interestingly, when both isoforms 
are present together, the changes in the activity of the 
large isoform induced by irradiation are sufficient to 
regulate the activity of the small one (Zhang et al. 2002). 

As the large isoform of RuBPCO-A regulates the 
activity of RuBPCO in response to irradiance (Zhang  
et al. 2002), the effect of the increasing/decreasing amount 
of large isoform of RuBPCO-A on photosynthesis  
was investigated in our experiments. For more levels of 
RuBPCO-A large isoform, promoter of RuBPCO small 
subunit gene (rbcS) was chosen to control the cDNA of 
rice RuBPCO-A large isoform (rca) in order to confer the 
regulation specificity of the rca. To decrease the enzyme 
contents, reversed rca sequence under control of maize 
ubiquitin promoter was introduced into rice plants. 

 
Materials and methods 
 
Construction of vectors: A 1.6-kb cDNA fragment of 
rca (Genbank accession No. OSU74321) was isolated 
from rice by PCR amplification. The binary plasmid 
pCBrbcSRca was constructed by inserting a HindIII- 
EcoRI fragment containing rca sequence under the 
control of rbcS promoter into the plasmid pCAMBIA 
1301 between the sites of HindIII and EcoRI (Fig. 1). The 
plasmid pGRN73 including rbcS promoter was provided 
by Prof. Wu Ray, Cornell University, USA. A reversed 
rca fragment controlled by maize ubiquitin promoter was 
introduced into plasmid pCAMBIA 1301 between the 
sites of HindIII and EcoRI to generate plasmid pCBUbi-
antirca (Fig. 1). Both constructed plasmids (pCBrbcSRca 
and pCBUbi-antirca) contained hygromycin phospho-
transferase gene, and were transferred into Agrobacte-
rium tumefaciens strain LBA4404 via tri-parental mating  
 

method (Ditta et al. 1980). 
 
Transformation and growth processes: Seeds of rice 
cultivar Oryza sativa f. japonica cv. Nipponbare, which 
were obtained from the Institute of Genetics and Deve-
lopmental Biology, Chinese Academy of Sciences, were 
germinated on NB medium (Rance et al. 1994) for calli 
induction at 25 °C under 16/8 h (light/dark) photoperiod. 
After that, global calli were infected with the A. tume-
faciens stain LBA4404 for 3 d at 25 °C under dark on NB 
medium plus 0.1 mM acetosyringone, and were trans-
ferred to selection medium which was composed of NB 
medium and 50 g m−3 hygromycin at 25 °C under dark. 
Four weeks later, vigorously compacted calli were 
selected for rice regeneration on NB medium plus 2 g m−3 

kinetin, 0.2 g m−3 α-naphthaleneacetic acid, 30 kg m−3 

 
 
Fig. 1. Construction of pCBrbcSRca and pCBUbi-antirca plant expression vectors. The cDNA of RuBPCO-A large isoform of Oryza 
sativa (rca) was inserted into pCAMBIA 1301 under the control of RuBPCO small subunit gene (rbcS) promoter and termination of 
35S CaMV polyadenylation sequence (3’nos) in plasmid pCBrbcSRca. The expression cassette including maize ubiquitin promoter, 
rca sequence with reversed direction, 3’nos was inserted into pCAMBIA 1301 in plasmid pCBUbi-antirca. The EcoRI and HindIII 
sites were used during the construction of both plasmids. 
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sorbital, and 30 g m−3 hygromycin at 28 °C under a 16/8 h 
(light/dark) photoperiod. Lastly, the recovered young 
plantlets were transferred to soil in pots in a greenhouse 
at 30/25 °C under a 16/8 h (light/dark) photoperiod. 
Seeds were harvested from these plants. 

T1 transgenic rice seeds were germinated in the 
presence of hygromycin. Ten young plantlets of the 
pCBrbcSRca (or pCBUbi-antirca) transformed rice plants 
were transplanted to soil in a greenhouse at 30/25 °C 
under a 16/8 h (light/dark) photoperiod. Plant height as 
well as leaf number of each plant were recorded at the 
same time from the transplanting. The mass of one 
thousand grains was determined. 

 
Molecular analysis of the transformants: Genomic 
DNA for polymerase chain reaction (PCR) and Southern 
blot analysis was isolated according to the SDS method 
(Pich and Schubert 1993). The pair of primers used to 
amplify the 1.6-kb rca cDNA were 5’-ATC ATC GAC 
TTT CAG CAA ATT AAG A-3’ and 5’-CTT GTC ATG 
CCC AGC TAT GG-3’. Twenty mm3 PCR reaction was 
performed in a touchgene thermocycler (UK) as follows: 
initiation at 94 °C for 3 min, followed by 35 cycles  
at 94 °C for 0.5 min, 58 °C for 1 min, 72 °C for 1.5 min, 
and extension at 72 °C for 10 min for terminal. The 
primers used to generate a 687-bp rca cDNA fragment as 
probe for Southern blot analysis were 5’-ACC GTG AGG 
CGG CAG ACA T-3’ and 5’-CTT GCC CGT AGA 
AGG AAC CA-3’. About 15 μg genomic DNA was 
digested by HindIII, separated on 0.8 % agarose gel in 
1×TAE buffer at 4 v/cm3, and transferred to a nylon+ 
membrane. The membrane was washed with 6×SSC 
buffer, pre-hybridized and hybridized with rca probe 
labelled by 32P-dCTP (Sambrook et al. 1989). 

For Western blotting, leaf tissue was ground in liquid 
nitrogen followed by protein extraction buffer (0.1 mM 
Tris-HCl, 10 mM MgCl2, 1.0 mM Na2EDTA, 20 mM mer-
captoethanol, 20 kg m−3 polyvinylpyrrolidone, pH 7.8). 
According to Sambrook et al. (1989), 15 μg total soluble 
protein was separated by 15 % SDS polyacrylamide gel 
electrophoresis, transferred onto a nitrocellulose mem-
brane, and hybridized with anti RuBPCO-A antiserum 
(provided by Prof. Daquan Xu and Liren Li, Institute of 
Plant Physiology and Ecology, Chinese Academy of 
Science). 

 
Net photosynthetic rate (PN): An infrared gas analyzer 
(Ciras-1, PP Systems, UK) was used to determine PN of 
the attached 2nd upright leaves of T1 rice when flag leaves 
had already emerged but were not yet fully expanded. 
Five replications were made. The linear slope of the PN to 
photon flux density from irradiance-response curve was 
calculated as apparent quantum yield at 25 °C, 
360 μmol(CO2) mol−1 concentration, irradiance below 
200 μmol m−2 s−1. The linear slope of PN to intercellular 
CO2 concentration from CO2-response curve was cal-
culated as carboxylation efficiency in low Ci at saturation 

irradiance of 1 000 μmol m−2 s−1, 25 °C, 80 % relative 
humidity, and a series of CO2 concentrations (Tenhunen 
et al. 1984). 

 
Chlorophyll (Chl) fluorescence: According to Genty  
et al. (1989), Chl fluorescence was measured on the 
detached 2nd upright leaves of T1 rice at 25 °C with five 
replications using a portable fluorometer (PAM-2000, 
H. Walz, Effeltrich, Germany). Leaves were dark adapted 
for 30 min before measurement. Fluorescence parameters 
were calculated: (a) maximum photochemical efficiency 
of photosystem 2 (PS2): Fv/Fm = (Fm − F0)/Fm, (b) quan-
tum yield of electron transport of PS2: ΦPS2 =  (F′m − Fs)/ 
F′m, (c) efficiency of excitation energy capture by open 
PS2 reaction centres (RCs): F′v/F′m = (F′m − F′0)/F′m, (d) 
photochemical quenching coefficient: qp = (F′m − Fs)/ 
(F′m − F′0), (e) the non-photochemical quenching 
coefficient: qN = 1 − (F′m − F′0)/(Fm − F0). Fluorescence 
nomenclature was used according to van Kooten and Snel 
(1990). 

 
Pigment contents, activities of RuBPCO and PEPC: 
For pigment analysis, leaf samples were extracted in 
80 % acetone. Measurement was carried out by spectro-
photometric method (UV8500, Shanghai, China) at the 
wavelengths 663, 645, and 470 nm. Contents of Chl a, 
Chl b, xanthophyll (Xan), and carotene (Car) were 
calculated using the equations of Arnon (1949). 

About 1 g leaf tissue was ground in 10 cm3 extraction 
buffers (0.1 mM Tris-HCl, 10 mM MgCl2, 1.0 mM 
Na2EDTA, 20 mM mercaptoethanol, 20 kg m−3 polyvi-
nylpyrrolidone, pH 7.8) at 0 °C with the help of quartz 
granules. The mixture was then centrifuged at 11 000×g 
for 10 min. For RuBPCO initial activity analysis, 20 mm3 
supernatant were added into 930 mm3 of reaction buffer 
[100 mM Tris-HCl (pH 7.8), 10 mM NaHCO3, 20 mM 
MgCl2, 10 mM dithiothreitol, 0.75 mM reduced nicotin-
amide adenine dinucleotide (NADH), 5 mM ATP, 
10 mM phosphocreatine, 60 units per cm3 of 3-phospho-
glycerate kinase, 300 units per cm3 of triose-phosphate 
isomerase, 30 units per cm3 of creatine phosphokinase, 
glyceraldehyde-3-phosphate dehydrogenase, and gly-
cerol-3-phosphate dehydrogenase] at 25 °C. After that, 
50 mm3 of 40 mM RuBP was added into the mixture. 
Absorbance of NADH at the wavelength of 340 nm was 
measured immediately (Larson et al. 1997). For RuBPCO 
total activity analysis, 20 mm3 supernatant were also 
mixed with 930 mm3 of reaction buffer. However, the 
mixture was placed at 25 °C for 20 min. After that, 
50 mm3 of 40 mM RuBP was added into the mixture and 
the absorbance of NADH was measured immediately. 

Phosphoenolpyruvate carboxylase (PEPC) activity 
was measured according to the enzyme’s activity of 
malate dehydrogenase-catalysed NADH oxidation (De 
Nisi and Zocchi 2000). About 0.2 g leaf tissue was 
ground in 1 cm3 extraction buffer, which contained 
50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 1.0 mM 

196 



OVER- AND ANTI-SENSE EXPRESSIONS OF THE LARGE ISOFORM OF RuBPCO ACTIVASE GENE 

Na2EDTA, 100 kg m−3 glycerol, 14 mM mercaptoethanol, 
1.0 mM phenylmethylsulphonylfluoride, and 10 kg m−3 
leupeptin. The mixture was centrifuged at 13 000×g for 
15 min and 100 000×g for 30 min. At room temperature, 
100 mm3 of soluble mixture was put into 900 mm3 of 
buffer [100 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 
2.5 mM PEP, 0.2 mM NADH, 10 mM NaHCO3, and 

15 kg m−3 malate dehydrogenase]. NADH oxidation was 
determined at the wavelength of 340 nm. 

 
Statistical analysis: Statistics Package for Social Science 
(SPSS) 9.0 for Windows was used for correlation 
analyses. 

 
Results 
 
PCR, Southern and Western blot analysis of the 
transformed rice plants: In our experiments, more than 
30 T0 plants transformed, respectively, by pCBrbcSRca 
and pCBUbi-antirca with different copies and inserted 
sizes of foreign DNA were obtained (data not shown). 
Among them, 6 ones were selected for T1 generation ana-
lyses. Each T1 generation line had 10 replicates, which 
were used to do all the analyses. 

PCR reaction showed that 52 out of 71 pCBrbcSRca 
and 45 out of 57 pCBUbi-antirca transgenic rice plants 
had the 1.6-kb rca fragment (Fig. 2A). From Southern 
blot analysis, one rca band in the genomic DNA of the 
control plants, two rca bands in the genomic DNA of 
pCBUbi-antirca plants, and three rca bands in the 
genomic DNA of pCBrbcSRca plants were detected 
(Fig. 2B). Western blot analysis showed that the levels of 
47 kDa large isoform of RuBPCO-A were almost equal 
to that of 43 kDa small one in the control rice plants, the 
levels of 47 kDa isoform were obviously reduced in 
pCBUbi-antirca plants, and the levels of 47 kDa isoform 
significantly increased in pCBrbcSRca plants (Fig. 2C). 
These results implied that the expression of inserted rca 
in the transgenic rice plants alters the RuBPCO-A 
contents. 

 
Activities of RuBPCO and PEPC: RuBPCO initial 
activity was decreased down to near one-quarter of the 
control in the pCBUbi-antirca plants, and increased up to 
2-fold of the control in the pCBrbcSRca plants (Table 1). 
However, RuBPCO total activity and PEPC activity of 
the both transgenic rice plants did not differ from those of 
the control (Table 1).  
 
PN response to irradiance and CO2: Irradiance- and 
CO2-response curves showed that PN of pCBUbi-antirca 
plants was lower than in the control while PN of 
pCBrbcSRca plants was higher than in the control. For an 
example, under saturation irradiance (1 000 μmol m−2 s−1) 
and atmospheric CO2 concentration, PN was 9.5, 5.2, and 
13.8 μmol (CO2) m−2 s−1 in the control, pCBUbi-antirca, 
and pCBrbcSRca rice plants, respectively. 

Apparent quantum efficiency, the ability of leaves to 
use photons under low irradiance, was 0.025 mol(CO2) 
mol−1(photon) in the pCBrbcSRca rice plant, similar to 
0.020 mol(CO2) mol−1(photon) of the control, but 
significantly higher than 0.013 mol(CO2) mol−1(photon) 
of the pCBUbi-antirca plants (Fig. 3A). Carboxylation 

efficiency representing the activity of RuBPCO was 
calculated at low CO2 concentrations (less than 200 μmol 
mol−1). As shown in Fig. 3B, the carboxylation efficiency 
was 0.018 μmol(CO2) m−2 s−1 Pa−1 for the control, 
0.016 μmol(CO2) m−2 s−1 Pa−1 for the pCBUbi-antirca, 
and 0.036 μmol(CO2) m−2 s−1 Pa−1 for the pCBrbcSRca 
 

 
 
Fig. 2. Molecular analyses of the pCBrbcSRca and pCBUbi-
antirca transgenic rice plants. (A) Polymerase chain reaction 
(PCR) for amplification of 1.6 kb rca fragment. M – DL-15 000 
DNA size marker (Takara); C, the control rice; lanes 1−4, PCR 
products from different pCBrbcSRca transgenic rice plants; 
lanes 5−7, PCR products from different pCBUbi-antirca 
transgenic rice plants. (B) Southern blot analysis of the 
transgenic plants. Fifteen µg of genomic DNA was digested by 
HindIII and hybridized with 687 bp rca probe. M – DL-15 000 
DNA size marker (Takara); lane 1, the control rice; lane 2, the 
pCBUbi-antirca transgenic rice plant; lane 3, the pCBrbcSRca 
transgenic rice plant. (C) Western blot analysis of the transgenic 
plants. Ten µg of total soluble protein was separated by 15 % 
SDS-PAGE in each lane. Lane 1, the control rice; lane 2, the 
pCBUbi-antirca transgenic rice plant; lane 3, the pCBrbcSRca 
transgenic rice plant. 
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Fig. 3. Apparent quantum yield (A) and carboxylation efficiency 
(B) of the pCBrbcSRca, pCBUbi-antirca, and control rice 
plants. 
 
rice plants. CO2 compensation concentration (Γ) is CO2 
concentration when photosynthetic rate equals to photo-
respiration plus respiration. Γ was 54.5±1.8, 58.9±1.5, 
and 49.8±1.2 μmol(CO2) mol−1 in the control, pCBUbi-
antirca, and pCBrbcSRca rice plants, respectively. 
 

Different changes of Chl fluorescence in the two 
transgenic rice plants (Table 2): Both transgenic and 
control rice plants showed no difference in Fv/Fm. ΦPS2, 
which represents the efficiency of transfer of absorbed 
photons to the RC of PS2, was 9.45 % higher in the 
pCBrbcSRca plants, but 41.54 % lower in the pCBUbi-
antirca plants as compared with the controls. F′v/F′m of the 
pCBrbcSRca plants was almost equal to that of the 
control, but in the pCBUbi-antirca plants it was reduced 
to 75.86 % of that of the control. Compared to the 
control, qP was increased by 6.62 % in the pCBrbcSRca 
plants, but decreased by 23.02 % in the pCBUbi-antirca 
plants. qN of the pCBrbcSRca plants was similar to that of 
the control while qN of the pCBUbi-antirca plants was 
16.62 % higher than the control. These results imply that 
more energy participates in CO2 fixation in the 
pCBrbcSRca rice plants. However, in term of the 
pCBUbi-antirca rice plants, less energy is captured by 
RCs of PS2 and utilized for CO2 fixation, and more 
energy dissipates as thermal energy. 

Table 1. RuBPCO and PEPC activities [mmol(CO2) kg−1(protein) s−1] of transgenic and control rice plants. Means±SE of 5−7 leaves. 
 

Enzyme activities Control pCBUbi-antirca pCBrbcSRca 

RuBPCO initial activity 14.17±0.24   3.83±0.19 27.33±0.47 
R
P

uBPCO total activity 33.50±0.52 32.47±0.44 34.66±0.69 
EPC activity 48.68±1.33 50.51±1.83 40.84±0.17 

 
Table 2. The pa l esc hed lea genic and control rice plants. 

5 l ni  d een c a ated by * for p<0.05, ** for 
rameters of ch orophyll fluor ence in detac  2nd upright ves of the trans

Means±SE of eaves. The sig ficant levels of ifference betw  the transgeni nd control are indic
p<0.01. 
 

Plant Fv/Fm ΦPS2 F′v/F′m qP qN

Control 0.843±0.005 0.402±0.020 0.580±0.019 0.695±0.023 0.746±0.013 
pCBrbcSRca 0.846±0.004 0.440±0.008 0.593±0.015 0.741±0.007 0.734±0.023 
pCBUbi-antirca 0.837±0.002 0.235±0.015

** *

** 0.440±0.015** 0.535±0.017** 0.870±0.003**

 
Tab . Pigment contents [mg kgle 3 −1] and chlorophyll (Chl) a/b ratios in the transgenic and control rice plants. 
 

Plant Chl a Chl b Xan+Car Chl a+b Chl a/b 

Control 2 579.95±91.24 655.78±52.77 552.55±66.54 3 235.73±144.02 3.93±0.11 
pCBrbcSRca 2 808.49±115.92 710.63±68.60 616.15±34.8 3 519.12±184.52 3.95±0.21 
pCBUbi-antirca 2 414.92±89.34 695.74±65.40 548.86±61.68 3 110.67±154.74 3.47±0.16 

3 

 
Pigment composition: As Table 3 shows, contents of from those of the control ones. Thus the contents of  
Chl a, Ch a
transgenic rice p

 affect p omposition. 

 
Modifica
plants: 
both the two types of transgenic plants showed no 
difference in appearance including the number of leaves, 
the number of tillers, leaf area, and plant height (data not 

t leaves appeared, 
 and the pCBUbi-

antirca plants became shorter than the control. When flag 
leaves fully expanded, the average heights of the 
pCBrbcSRca, pCBUbi-antirca transgenic, and control rice 

l b, Xan+Car, Chl a+b, and Chl /b ratio in both RuB
lants were not significantly different 

PCO-A did not igment c

tion of growth process of the transgenic rice shown). H
During the greater part of the growth process, the pCBr

owever, after the 3rd uprigh
bcSRca plants became taller
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plants were 0.99, 0.87, and 0.94 m, respectively 
(Table 4). The heading time of pCBrbcSRca plants was 
112 d after transplanting into the soil, 7 d ahead of the 
control, and 15 d ahead of the pCBUbi-antirca plants 

accordingly. One of the pCBUbi-antirca transgenic plants 
started to tiller at 109 d, flower at 145 d, and set seeds at 
185 d. One thousand grain masses of 

(Table 4). Time for flowering and seed-setting of each 
ice plant were ahead or postponed 

the pCBrbcSRca, 
pCBUbi-antirca transgenic, and control rice plants were 
22.97, 17.50, and 19.40 g, respectively. 

Mate et al. 1993, Jiang et al. 1994, Eckardt et al. 1997, 
rm 

synthesis stimulated photosynthesis and plant growth, 
ion of this synthesis had reverse effects. 

Tab antir
 

bi

transgenic r
 
Discussion 
 
We investigated the effect of the large isoform of 
RuBPCO-A on photosynthesis with a strategy of 
increasing or decreasing its content in rice. Previous 
research of the rca mutants with reduced contents of 
RuBPCO-A of Arabidopsis and tobacco showed reduced 
RuBPCO activity, impaired CO2 assimilation rate, and 
delayed plant development (Robinson and Portis 1988, 

RuBPCO-A large isoforms determines the activities of 
both isoforms in response to irradiance. In our 
experiments, the pCBrbcSRca transgenic rice plants with 
increased contents of RuBPCO-A large isoform and 
pCBUbi-antirca transgenic rice plants with decreased 
contents of RuBPCO-A large isoform were generated. 
Hence the promotion of the RuBPCO-A large isofo

He et al. 1997). Recent reports showed that the activity of and the detent
 
le 4. Growth characteristics of the pCBrbcSRca and pCBUbi-

Traits Control pCBrbcSRca pCBU

ca rice plants. 

-antirca 

Plant height [m]     0.94±0.01     0.99±0.02     0.87±0.01 
Heading time [d] 119±1 112±1 127±2
Mass of 1 000 grains [g]   19.40±0.09   22.97±0.72   17

 
.50±0.37 

 
RuBPCO activity was improved in the pCBrbcSRca 

plants, but decreased in the pCBUbi-antirca plants. 
Carboxylation efficiency and RuBPCO initial activity 
representing the activity of RuBPCO were increased to a 
similar extent in pCBrbcSRca plants. However, in 
pCBUbi-antirca plants both the parameters were de-
creased with the RuBPCO initial activity depression to an 
even greater extent. Considering Γ in all examined plants, 
the carboxylation/oxygenation specificities of RuBPCO 
were not altered in both transgenic rice plants with either 
more or less amount of RuBPCO-A. RuBPCO total 
activity and PEPC activity in both tran genic plants wers e 
close to those of the control. Thus the contents of 
RuBPCO-A did not affect the amount or specificity of 
RuBPCO, but affected its activity directly under satura-
tion irradiance. This is consistent with the studies of rca 
mutants that RuBPCO-A inhibition had no impact on the 
accumulation of RuBPCO (Jiang et al. 1994) but affected 
its activity (Eckardt et al. 1997, Hammond et al. 1998). 

In the pCBrbcSRca rice plants PN was enhanced, 
which was opposite to the situation in the pCBUbi-antirca 

assimilated. However, in the pCBUbi-antirca rice plants, 
Φ

rice plants. Φ 2 and qP, parameters of Chl fluorescence, 
reflect to tent the irradi endent
of photo arameters were eleva
pCBrbcS mpar tr
implying f
more exci
more energy is used for photochemical reaction, the 
electron transport is propelled to form more ATP and 
NADPH (Khoo et al. 1997), and more CO2 can be 

The promotion of photosynthetic capacity stimulates 
p  vice versa. Saccharides produced by 
p  provide material for plant growth. Thus, it 
w r antisense rbcS tobacco that the relation 
b  growth rate and RuBPCO activity is 
p  et al. 1991, Krapp et al. 1994). In our 
experiments, the improved photosynthetic capacity in the 
pCBrbcSRca rice plants was associated with higher plant 
height, heavier grains, and accelerated development. In 

PS
 some ex ance-dep  reactions 
synthesis. Both p ted in the 

ts, Rca plants as co ed to the con ol plan
 a greater percentage o
tation energy captured 

f open RCs o
by PS2 RCs. The

 PS2 and 
refore, 

PS2 and qP were decreased. Analyses of F′v/F′m, qN, and 
apparent quantum efficiency showed that the pCBUbi-
antirca plants were characterized by the decreased 
efficiency of excitation energy capture by open PS2 RCs, 
the reduced ability of leaves to make use of photon 
energy under low irradiance, and the increased capacity 
of PS2 to dissipate excessive energy. No such changes 
were observed in the pCBrbcSRca plants. Pigment 
compositions of antenna in both transgenic plants were 
not altered (Table 3). Consistent with the changes of 
RuBPCO activity, PN in the pCBrbcSRca plants was 
increased up to 45.26 % of control plants, but decreased 
to a similar extent in the pCBUbi-antirca plants at 
saturating irradiance. These results support the hypothesis 
that dark reactions (such as RuBPCO catalyzing CO2 
assimilation) and light reactions (such as excitation 
energy captured by PS2 RCs) cooperate together and 
provide the evidence that RuBPCO-A exerts considerable 
control on photosynthesis under a series of conditions 
(Quick et al. 1991, Stitt et al. 1991). 

lant growth, and
hotosynthesis

rted foas repo
etween plant
ositive (Quick
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contrast, the reduced PN in the pCBUbi-antirca rice plants 
led to lower plant height, lighter grains, and retarded 
development, which is close to the phenomena observed 
in antisense rca mutants of Arabidopsis or tobacco. 
Mechanism for those phenomena remains elusive, but 
decreased growth may be attributed to reduced relative 
growth rates (Gifford and Jenkins 1982). Under long-
term CO2 enrichment, the activity of RuBPCO and photo-
synthetic rate decrease, but an increased accumulation of 
the saccharide complex occurs so as to form larger leaf 
numbers, leaf area index, and number of effective tillers 
(Koch et al. 1986, Baker et al. 1990, Stitt 1991, Long and 
Drake 1992, Bowes 1993, Cheng et al. 1998). Further-

more, the days of vegetative growth are reduced (Baker  
et al. 1990, Wittwer 1995). So, we speculate that the 
higher saccharide accumulation from the promoted PN in 
the pCBrbcSRca rice plants accounts for the promotion of 
plant growth. However, more experiments are necessary 
to test it. 

In conclusion, we observed that improving the 
contents 
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