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Abstract 
 
Super-rice hybrids are two-line hybrid rice cultivars with 15 to 20 % higher yields than the traditional three-line hybrid 
rice cultivars. Response of photosynthetic functions to midday photoinhibition was compared between seedlings of the 
traditional hybrid rice (Oryza sativa L.) Shanyou63 and two super-rice hybrids, Hua-an3 and Liangyoupeijiu. Under 
strong midday sunlight, in comparison with Shanyou63, the two super-rice hybrids were less photoinhibited, as indicated 
by the lower loss of the net photosynthetic rate (PN), the quantum yield of photosystem 2 (ΦPS2), and the maximum and 
effective quantum yield of PS2 photochemistry (Fv/Fm and Fv’/Fm’). They also had a much higher transpiration rate. 
Hence the super-rice hybrids could protect themselves against midday photoinhibition at the cost of water. The 
photoprotective de-epoxidized xanthophyll cycle components, antheraxanthin (A) and zeaxanthin (Z), were accumulated 
more in Hua-an3 and Liangyoupeijiu than in Shanyou63, but the size of xanthophyll cycle pool of the seedlings was not 
affected by midday photoinhibition. Compared to Shanyou63, the super-rice hybrids were better photoprotected under 
natural high irradiance stress and the accumulation of Z and A, not the size of the xanthophyll pool protected the rice hy-
brids against photoinhibition. 
 
Additional key words: chlorophyll fluorescence; cultivar differences; net photosynthetic rate; Oryza; photosystem 2; quantum yield; 
transpiration rate; xanthophyll cycle. 
 
—— 
 
From the 1960s till now world grain harvest yields have 
continued to rise, however, the increase in rice yield 
levelled off in the 1990s. While the population continues 
to grow, per capita production has flattened (Mann 
1999). To solve the problem of the plateau of growth of 
grain yields and feed the growing population, China has 
further tapped the imperfectly understood heterosis (first 
generation of hybrid plants is typically more vigorous and 
productive than either parent) and developed the super-
rice, whose yield is elevated on average by 15 to 20 %, 
comparing with the traditional hybrid rice. The theory of 
the breed system is based on morphological characters of 
long, narrow, and very erect top leaves. Prof. Longping 
Yuan (director of China's National Hybrid Rice Research 
and Development Center in Changsha, Hunan Province) 

believes that this configuration captures sunlight more ef-
fectively. Most of the current research carried out on hy-
brid rice was mainly done by the Chinese and focused on 
the properties of heterosis and morphology (Khan et al. 
1997, 1998). During the past several years, Ji and Jiao 
published a series of papers on photosynthesis and photo-
inhibition of the hybrid rice varieties and argued that 
japonica rice cultivars are better protected from photoin-
hibition than the indica ones (Ji et al. 1994, 2000, Jiao  
et al. 1994, Ji and Jiao 1999, 2001, Jiao and Ji 2001). We 
studied the photosynthetic characteristics of super-rice 
cultivars (Wang et al. 2000). But no work related to 
photoinhibition and photoprotection of these super-rice 
hybrids has been done yet. In this article we describe their 
midday photoinhibition under field conditions. 

 
——— 
Received 17 May 2004, accepted 7 October 2004. 
***Corresponding author; fax: 86-10-62595516, e-mail: zhangqide@ibcad.ac.cn 
Abbreviations: A, antheraxanthin; DES, de-epoxidation state; E, transpiration rate; F0 and F0’, minimal fluorescence with all PS2 reac-
tion centres open in the dark- and light-adapted state, respectively; Fm and Fm’, maximal fluorescence with all PS2 reaction centres 
closed in the dark- and light-adapted state, respectively; Fv/Fm, maximum quantum yield of PS2 photochemistry; Fv’/Fm’, effective 
quantum yield of PS2 photochemistry; PN, net photosynthetic rate; PS, photosystem; WUE, water use efficiency; Z, zeaxanthin;  
ΦPS2 quantum yield of PS2 electron transport. 



Q.A. WANG et al. 

278 

Photosynthesis cannot proceed in the absence of pho-
tons, but no leaf can utilize all of those absorbed by an-
tenna systems during exposure to full sunlight. Excessive 
photons are dangerous to plants because they can inhibit 
photosynthesis and may lead to photooxidative destruc-
tion of the photosynthetic apparatus (photoinhibition) 
(Baker and Bowyer 1994, Foyer and Noctor 2000). Pho-
toinhibition can occur in the field under natural con-
ditions (Powles 1984, Demmig-Adams and Adams 1992, 
1996b, Long et al. 1994, Anderson et al. 1997, Murchie 
et al. 1999). Leaves have developed various mechanisms 
to deal with excess photon energy (Demmig-Adams 
1990, Barber and Andersson 1992, Demmig-Adams and 
Adams 1992, Chow 1994, Horton et al. 1994, Anderson 
et al. 1997, Niyogi 1999). 

As photosynthesis is the basis of crop yields, photoin-
hibition has an adverse effect on photosynthesis and the 
accumulation of dry biomass, which can lead to a carbon 
assimilation decrease of about 10 % (Long et al. 1994). 
The ability to disperse excessive photon energy, i.e. resis-
tance to photoinhibition of crops, will significantly affect 
the grain yield. 

The main objective of our study was to investigate the 
responses of photosynthetic functions of the super-rice to 
photoinhibition under field conditions. For this purpose, 
we studied net photosynthetic rate (PN), chlorophyll (Chl) 
fluorescence, and the xanthophyll cycle of two super-rice 
hybrids, Hua-an3 and Liangyoupeijiu (both have a yield 
of more than 10 500 kg per ha), and the traditional hybrid 
rice, Shanyou63 (with a yield of about 7 500~8 250 kg 
per ha). 

Seeds of Hua-an3 (X07S×Zihui100, indica), Liang-
youpeijiu (Peiai64S×93-11, indica-japonica hybrid), and 
Shanyou63 (Zhenshan97A×Minghui63, indica) were pre-
soaked in a water bath at 30 °C over night and then co-
vered with wet gauze cloth for germination at 25 oC in an 
irradiated incubator (Guangdong China) with an irra-
diance of 40 µmol(photon) m-2 s-1. The germinated seeds 
were planted in 30-cm high pots with a diameter of 25 cm 
and grown outdoors under natural conditions. The seed-
lings were about 20 cm in height after 30 d. The second 
leaf counted down from the top was used for experiments 
and all the parameters were measured with at least five 
repetitions. 

Photoinhibition experiments on the three rice hybrids 
were carried out at 14:00. Plants received around 
1 800 µmol(photon) m-2 s-1 (35 oC); field photoinhibition 
was at its most serious point during the day. In contrast, 
all controlled parameters were measured predawn, unless 
otherwise specified. PN and transpiration rate, E were 
measured using an open-system portable CO2/H2O ana-
lyzer (Ciras-1, PP-Systems, UK). Water use efficiency 
(WUE) was estimated as PN/E. Chl fluorescence was 
measured on intact leaves by using a portable fluorometer 
PAM-2000 (Walz, Effeltrich, Germany) with a notebook 
computer and the data collection software DA-2000 
according to Genty et al. (1989). First, a very low 

[<0.1 µmol(photon) m-2 s-1] modulated measuring radia-
tion was applied to the dark-adapted (20 min) leaf to de-
termine the minimal fluorescence level (F0). This was fol-
lowed by a 0.8-s saturating pulse at 8 000 µmol(photon) 
m-2 s-1 to determine the maximal fluorescence level (Fm). 
Then, the leaf was continuously irradiated with “actinic 
light” of 200 µmol(photon) m-2 s-1 using a halogen lamp 
until the steady-state fluorescence (Fs) was reached. A 
second saturating pulse with the same properties as the 
former one was applied to the leaf to determine the maxi-
mal fluorescence level in the light-adapted state (Fm’). 
The “actinic light” was then turned off and the minimal 
fluorescence level in the light-adapted state (F0’) was de-
termined by irradiating the leaf for 3 s with far-red radia-
tion. The maximal and effective quantum yield of photo-
system 2 (PS2) photochemistry (Fv/Fm Fv’/Fm’) and the 
quantum yield of PS2 electron transport (ΦPS2) were cal-
culated as Fv/Fm = (Fm – F0)/Fm, Fv’/Fm’ = (Fm’ – F0’)/ 
Fm’, and ΦPS2 = (Fm’ – Fs)/Fm’, respectively, according to 
Genty et al. (1989). 

For pigment analysis, leaf segments were quickly 
frozen in liquid nitrogen and then stored at –80 oC until 
analyzed. Pigments were extracted in 100 % acetone, and 
the extracts were filtered through a 0.45 µm membrane 
filter before HPLC injection. Photosynthetic pigments 
were separated and quantified by HPLC (Waters600, 
Japan) following the protocol of Xu et al. (1999). De-
epoxidation state (DES) was calculated as (zeaxanthin,  
Z + 1/2 antheraxanthin, A)/(Z + A + violaxanthin, V). 

Under midday strong sunlight, E of the two super-
rices increased by 5 and 12 %, respectively (Fig. 1A), 
while that of Shanyou63 decreased by 23 %. PN of the 
two super-rices decreased by 15 and 19 %, respectively, 
compared with their highest value of the day (at 10:00), 
and that of Shanyou63 decreased by 26 % (Fig. 1B). 
WUE (Fig. 1C) of Liangyoupeijiu and Hua-an3 dropped 
significantly (by 19 and 28 %, respectively), while in 
Shanyou63 it slightly decreased (by 4 %). The Fv/Fm 
(Fig. 1D), Fv’/Fm’ (Fig. 1E), and ΦPS2 (Fig. 1F) values of 
all three rice hybrids decreased significantly, but a greater 
decrease was observed in Shanyou63. 

When midday photoinhibition occurred, the content of 
V (Fig. 2A) decreased significantly and was de-epoxid-
ased to A (Fig. 2B) and Z (Fig. 2C) through the so-called 
xanthophyll cycle, while the total xanthophyll cycle pool 
(V+A+Z, Fig. 2D) was not affected. The increase in A 
and Z contents of the two super-rices was greater than in 
Shanyou63, and the overall content of the photoprotective 
xanthophylls (A+Z, Fig. 2F) was much higher than in 
Shanyou63. Further, the increasing degree of de-epoxid-
ation state (DES) in Liangyoupeijiu and Hua-an3 was 
higher than in Shanyou63 (Fig. 2E). This agrees with the 
results obtained for other high-yielding rice mutants (Dai 
et al. 2003, Lin et al. 2003a,b). 

Elevated E is one protective way in which plants re-
spond to strong midday irradiation. In this way, plants 
can dissipate part of the excess energy absorbed by leaves 
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and lower the leaf surface temperature, thus protecting 
from strong irradiance and high environmental tempera-
ture. When subjected to strong sunlight at midday, E of 
Liangyoupeijiu and Hua-an3 increased by 5 and 12 %, re-
spectively, while that of Shanyou63 decreased by 23 %. 
At the same time, PN of super-rice decreased a little, 
while that of Shanyou63 decreased significantly. Elevated 
E was taken as one protective response of plants when 
subjected to strong sunlight and high temperature, but 

what led to the decrease of E of Shanyou63 under midday 
strong irradiance? We suggest that Shanyou63 is seri-
ously photoinhibited under strong midday sunlight and 
high temperature, the stomata partly close, and this leads 
to the decrease in E. The super-rice hybrids, however, are 
well protected at the cost of water. Their increased E 
under the strong midday sunlight indicates relatively open 
stomata which may keep a relatively high PN. 

 

 
 
Fig. 1. Response of gas exchange and chlorophyll fluorescence characteristics to midday photoinhibition: (A) transpiration rate, E; (B) 
net photosynthetic rate, PN; (C) water use efficiency, WUE; (D) Fv/Fm; (E) Fv’/Fm’, and (F) ΦPS2. Controls were measured at 10:00 
when the photosynthetic apparatus was most active during the day and were set as 100 for contrast. Means ± S.D. of five replicates. 
The 100 values of E, PN, WUE, Fv/Fm, Fv’/Fm’, and ΦPS2 for Shanyou63 were 11.14±1.65 mmol(H2O) m-2 s-1, 13.39±0.23 µmol(CO2) 
m-2 s-1, 1.20±0.02 mmol(CO2) mol-1(H2O), 0.816±0.012, 0.595±0.012, and 0.359±0.012, respectively. Values for Liangyoupeijiu and 
Hua-an3 were in the error range of ±2–5 % (gas exchange) or ±3 % (fluorescence) different from those of Shanyou63. 

 
Fv/Fm represents the maximum quantum yield of PS2 

photochemistry (Kitajima and Butler 1975) and is often 
used as a characteristic of potential yield of PS2 photo-
chemical reactions (Krause and Weis 1991). Without 
stress, the maximum value of Fv/Fm is almost constant for 
many different plant species and ecotypes (Björkman and 
Demmig 1987), but is remarkably reduced when subjec-
ted to stresses, thus was often used for estimating the ex-
tent of photoinhibition and other stresses (Schreiber and 
Bilger 1987, van Kooten and Snel 1990). The reversible 
midday depression of Fv/Fm is termed dynamic photoin-
hibition (Dodd et al. 1998). The dynamic photoinhibition 
of Shanyou63 was more seriously affected than that of 
Liangyoupeijiu and Hua-an3 (Fig. 1). Furthermore, the 

decrease in Fv’/Fm’ and ΦPS2 was higher in Shanyou63 
than in the super-rices. From these findings together with 
the results of gas exchange we conclude that Shanyou63 
seedlings were more photoinhibited than both super-
hybrids. This was consistent with results obtained with 
flag leaves (Wang et al. 2000). 

The xanthophyll cycle is important in photoprotection 
(Horton et al. 1996, Niyogi 1999, Müller et al. 2001). 
When exposed to continuous high irradiance, the excess 
excitation of PS2 generates a high ∆pH across the 
thylakoid membrane and activates the inter-conversion in 
the xanthophyll cycle (Horton et al. 1996, Niyogi 1999, 
2000) resulting in a relative increase in Z content on ex-
pense of V. The xanthophyll cycle pool of the three rice 
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hybrids remained unchanged under midday photoin-
hibition (Fig. 2), while the contents of de-epoxidized 
components Z and even A increased significantly, sug-
gesting that not the total xanthophyll pool, but the accu-
mulation of its Z and A are effective in photoprotection 
of rice under midday photoinhibition. As discussed 
above, the decreased E in Shanyou63 was a result of 

closed stomata and subsequently inhibited its CO2 fixa-
tion, which should lead to a higher ∆pH and conversion 
of V to A and Z. Fig. 2 shows that much more A and Z 
accumulated in Liangyoupeijiu and Hua-an3, hence the 
xanthophyll cycle worked more efficiently in the two su-
per-rice hybrids, and thus made them better photo-
protected. 

 

 
 
Fig. 2. Response of xanthophyll cycle to midday photoinhibition. (A) violaxanthin, V; (B) antheraxanthin, A; (C) zeaxanthin, Z; (D) 
xanthophyll cycle pool (V+A+Z); (E) de-epoxidation state (DES), and (F) overall content of the de-epoxidized xanthophyll cycle 
components (A+Z). Controls were measured predawn and were set as 100. Means ± S.D. of five replicates. 100 of V, A, and Z for 
Shanyou63 were 6.650±0.245, 0.433±0.039, and 1.120±0.068 µmol m-2(leaf area). Those for Liangyoupeijiu and Hua-an3 were in the 
error range of less than ±7–11 % different from Shanyou63. 
 

When subjected to midday sunlight stronger than the 
saturation irradiance, photoinhibition appeared in all three 
cultivars, but the two super-rice hybrids were better pho-
toprotected by the expense of water and the more effi-
ciently working xanthophyll cycle. This feature will sure-
ly contribute to their higher yield. For instance, in China, 

Liangyoupeijiu had a yield by 18.2~32.1 % higher than 
Shanyou63 in the 121 experimental units of 13 provinces 
in 1998, while Hua-an3 had a 23.4~33.8 % higher yield. 
Comparing with Liangyoupeijiu, Hua-an3 has a relatively 
higher yield which might relate to the better performance 
of its xanthophyll cycle. 
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