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Abstract 
 
The effects of chilling treatment (4 °C) under low irradiance, LI (100 µmol m-2 s-1) and in the dark on subsequent reco-
very of photosynthesis in chilling-sensitive sweet pepper leaves were investigated by comparing the ratio of quantum 
yields of photosystem (PS) 2 and CO2 assimilation, ΦPS2/ΦCO2, measured in normal air (21 % O2, NA) and low O2-air 
(2% O2, LOA), and by analyzing chlorophyll (Chl) a fluorescence parameters. Chilling treatment in the dark had little 
effect on Fv/Fm and ΦPS2/ΦCO2, but it caused the decrease of net photosynthetic rate (PN) under saturating irradiance after 
6-h chilling treatment, indicating that short-term chilling alone did not induce PS2 photoinhibition. Furthermore, photo-
respiration and Mehler reaction also did not obviously change during subsequent recovery after chilling stress in the 
dark. During chilling treatment under LI, there were obvious changes in Fv/Fm and ΦPS2/ΦCO2, determined in NA or 
LOA. Fv/Fm could recover fully in 4 h at 25 °C, and ΦPS2/ΦCO2 increased at the end of the treatment, as determined in 
both NA and LOA. During subsequent recovery, ΦPS2/ΦCO2 in LOA decreased faster than in NA. Thus the Mehler re-
action might play an important role during chilling treatment under LI, and photorespiration was an important process 
during the subsequent recovery. The recovery of PN under saturating irradiance determined in NA and LOA took about 
50 h, implying that there were some factors besides CO2 assimilation limiting the recovery of photosynthesis. From the 
progress of reduced P700 and the increase of the Mehler reaction during chilling under LI we propose that active oxygen 
species were the factors inducing PS1 photoinhibition, which prevented the recovery of photosynthesis in optimal condi-
tions because of the slow recovery of the oxidizable P700. 
 
Additional key words: Capsicum; chilling; chlorophyll fluorescence; Mehler reaction; P700; photoinhibition; photorespiration; photo-
system 2. 
 
Introduction 
 
Many tropical and subtropical plants are sensitive to chil-
ling. Chilling stress leads to a marked reduction of photo-
synthesis (Wise and Naylor 1987). Chilling under irradia-
tion is harmful to plants, because CO2 assimilation is re-
tarded to a larger extent than energy absorption and elec-
tron flow, and the balance between energy absorption and 
utilization is disturbed (Wise 1995, Huner et al. 1998). 
The effects of chilling stress on photosynthesis mostly 
come from the results of chilling treatment accompanied 

by strong irradiance, and photosystem (PS) 2 reaction 
centres are commonly damaged, inducing extreme PS2 
photoinhibition (Martin et al. 1981, Eamus 1987, Aro  
et al. 1993, Barber 1995). In contrast, in chilling-sensitive 
plants such as cucumber and tomato, PS1 rather than PS2 
was proposed to be the primary target for photoinhibition 
both in vitro (Baba et al. 1995, 1996, Tjus et al. 1998) 
and in vivo (Havaux and Davaud 1994, Terashima et al. 
1994, Sonoike et al. 1995) during chilling stress under  
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irradiation. Some reports suggested that the primary tar-
get of chilling stress was the thylakoid membrane 
(Kratsch and Wise 2000) or some enzymes involved in 
the Calvin cycle (Krause 1994, Kingston-Smith et al. 
1997, Huner et al. 1998). This implies that the effects of 
chilling stress on photosynthetic organelles were related 
to many factors. It is difficult to deduce which factor 
alone caused the decline of photosynthesis upon exposure 
to chilling. After chilling stress, factors limiting photo-
synthetic recovery under optimal conditions might exact-
ly reflect the damage site and the damage extent in chlo-
roplast. 

On one hand, plants can use oxygen as a terminal 
electron acceptor in both photorespiration and in Mehler 
reaction to protect the chloroplasts from photodamage 
(Osmond and Grace 1995, Li et al. 2003). On the other 
hand, the production of active oxygen species might be 
related to injury during chilling under irradiance 
(Terashima et al. 1998, Aroca et al. 2001, Li et al. 2003). 
Active oxygen species are produced during chilling stress 
because enzyme activity in the Calvin cycle is slowed 
down, and the NADP+ supplement to accept electrons 

from the electron transport chain is restricted, leading to 
excess energy absorption by oxygen. There are three 
main approaches to diminish photooxidation during chil-
ling stress: avoiding production of active oxygen species 
by diminishing electron transport, dissipating excess 
energy as heat via violaxanthin de-epoxidation (Liu et al. 
2001), and scavenging active oxygen species (Wise 
1995). 

Although there have been several attempts to compare 
the chilling effect under irradiation with the chilling ef-
fect in the dark (Peeler and Naylor 1988), in most cases 
chilling treatment has been applied either in the dark or 
under strong irradiance. The aim of this study was to elu-
cidate factors limiting the subsequent recovery of photo-
synthesis in chilling-sensitive sweet pepper after short-
term chilling treatment under a weak irradiance of  
100 µmol m-2 s-1 photon flux density (PFD) compared 
with dark treatment. After chilling treatment under irra-
diance, the oxidizable P700 required a long time to re-
cover. The Mehler reaction and photorespiration seemed 
to have different roles in different stages. 

 
Materials and methods 
 
Plants: Sweet pepper (Capsicum annuum L., line 156) 
plants were grown at 25–30/15–20 °C (day/night) under 
14-h photoperiod (300–400 µmol m-2 s-1 PFD) in a green-
house. Seeds were first germinated between moistened 
filter paper at 25 ºC for 3 d. Sprouted burgeons were then 
planted in 13.5 cm-diameter plastic pots (one plant per 
pot) filled with sterilized soil. When the fifth leaf was ful-
ly developed, the plants were used for the experiment. 

 
Chilling treatment in the dark was applied by incubating 
the plants in a growth chamber maintained at 4 °C for the 
desired time. For the chilling stress under irradiation, 
fluorescent lamps provided 100 µmol m-2 s-1 PFD (LI) at 
4 ºC. Values of PFD were measured at leaf level using 
the photometer Li-188B (Li-Cor, USA). Attached leaves 
were used to monitor the subsequent recovery. 

 
Chlorophyll (Chl) fluorescence and photosynthesis: 
Recovery of photosynthetic parameters after 6-h chilling 
treatment was monitored at 25 °C under irradiance of  
100 µmol m-2 s-1. Before determination, photosynthesis of 
the chilling-treated plants was induced by LI at 25 °C for 
about 30 min, and then induced by irradiance of  
 

400 µmol m-2 s-1 PFD for 15 min. Chl fluorescence and 
net photosynthetic rate (PN) were measured simultaneous-
ly using a pulse-amplitude modulated fluorometer FMS2 
(Hansatech, England) and a portable CO2 analyzer 
CIRAS-1 (PP System, England). Minimum florescence 
(F0) was recorded after dark adaptation for more than 2 h. 
Maximum fluorescence (Fm) was obtained by applying a 
0.8-s saturating pulse (6 000 µmol m-2 s-1 PFD). The ma-
ximum quantum yield of PS2 photochemistry was cal-
culated as Fv/Fm = (Fm – F0)/Fm. The relative quantum ef-
ficiency of PS2 electron transport (ΦPS2) and the quantum 
efficiency of CO2 assimilation (ΦCO2) were measured 
according to the methods of Genty et al. (1989) and Fryer 
et al. (1998). 

In order to analyze change in photorespiration during 
the recovery period, PN was measured both in normal air 
(NA) and in 2 % O2 air (LOA) according to Farquhar and 
Sharkey (1982). 

 
P700 in vivo: The absorption change around 820 nm due 
to P700 oxidation in vivo was measured using a pulse-
modulated system (PAM 101/102; Walz, Effeltrich, 
Germany) (Endo et al. 1999). 

Results 
 
Effect of chilling on PS2 photoinhibition: Fv/Fm in 
sweet pepper leaves decreased gradually during 6 h of 
chilling treatment under LI and recovered completely 
within 4 h when plants were transferred to optimal condi-
tions (25 °C and 100 µmol m-2 s-1 PFD) (Fig. 1), which 

indicated that short-term chilling under LI did not cause 
severe PS2 photoinhibition. Fv/Fm of sweet pepper treated 
at 4 °C in the dark did not show much change, which 
implied that low temperatures per se did not deteriorate 
PS2. 
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Effect of chilling on oxidizable P700: The redox state of 
P700 can be reflected by absorbance at 820 nm (Endo  
et al. 1999, Eichelmann and Laisk 2000). During chilling 
under LI, the amount of oxidizable P700 in sweet pepper 
leaves was obviously affected (Fig. 2). At the end of the 
6-h chilling, the oxidizable P700 content decreased by 
about 59 %. The oxidizable P700 took about 50 h to re-
cover completely under optimal conditions. However, 
chilling in the dark had little effect on oxidizable P700 
and its recovery (Fig. 2). 

 
Recovery of photosynthesis after chilling: PN decreased 
obviously after 6 h of chilling treatment under LI, and its 
recovery took about 50 h (Fig. 3B). However, PN 
 

 
 

Fig. 1. Responses of Fv/Fm to chilling treatment and subsequent 
recovery. Subsequent recovery was conducted under 25 °C and 
100 µmol m-2 s-1 PFD. ▲, chilling treatment under low irradi-
ance; ∆, chilling treatment in the dark. Means ± SD of 5 
measurements on separate leaves. 

decreased less after chilling in the dark than under LI; its 
recovery only took about 8 h (Fig. 4B). This implies that 
chilling stress might inhibit the activity of some enzymes 
involved in the Calvin cycle (Krause 1994, Leegood and 
Edwards 1996, Huner et al. 1998), and these enzymes 
required about 8 h to recover their activity. In addition, 
after chilling treatment under LI there might be some 
other factors limiting the recovery of photosynthesis 
besides enzyme activity since photosynthesis requires a 
long time to recover. 
 
Change of Mehler reaction and photorespiration: In 
order to study the changes of Mehler reaction and photo- 
 

 
 
Fig. 2. Effect of chilling treatment (4 °C) under an irradiance of 
100 µmol m-2 s-1 on the amount of oxidizable P700 in sweet 
pepper leaves. ▲, chilling treatment under irradiance; ∆, chil-
ling treatment in the dark. Leaves were dark adapted for 15 min 
prior to measurement. Means ± SD of 3 measurements on separ    
ate leaves. 

 

 
 
Fig. 3. Responses of the relationship between ΦPS2 and ΦCO2 and PN–PFD curves to chilling treatment under irradiance and 
subsequent recovery. Both chlorophyll a and PN were measured under 25 °C. Subsequent recovery was conducted at 25 °C under 100 
µmol m-2 s-1 PFD. (A) The relationship between ΦPS2 and ΦCO2 determined in NA. (B) PN–PFD curves determined in NA. (C) The 
relationship between ΦPS2 and ΦCO2 determined in LOA. (D) PN–PFD curves determined in LOA. ▲, CK; ∆, post-treatment; ■, 
recovery for 8 h; □, recovery for 32 h; ◊, recovery for 49 h. 
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respiration during the subsequent recovery, ΦPS2/ΦCO2 
was measured in normal air (21 % O2, NA) and in low 
oxygen air (2 % O2, LOA). After chilling under LI, 
ΦPS2/ΦCO2 measured in both NA and LOA increased sig-
nificantly after chilling stress under LI (Fig. 3A,C). How-
ever, the complete recovery of the ratio in LOA took 
more than 8 h, which was shorter than in NA, where it re-
quired about 50 h. The difference in ratio between NA 

and LOA did not change obviously during chilling under 
irradiation (Fig. 3A,C), but it increased greatly in the first 
8 h of subsequent recovery, and it took less than 40 h to 
recover completely. In contrast, chilling treatment in the 
dark induced no change of ΦPS2/ΦCO2 determined in NA 
and LOA, even during subsequent recovery (Fig. 4A,C). 
After chilling treatment in the dark, the response curve of 
PN to PFD recovered completely in 8 h (Fig. 4B,D). 

 
Discussion 
 
Photoinhibition of PS1 and PS2 under chilling stress: 
Upon exposure to chilling temperature, LI induced slight 
PS2 photoinhibition of sweet pepper without damage to 
PS2 reaction centres (Li et al. 2003) (Fig. 1). 

In cucumber leaves, PS2 is less sensitive to chilling 
under LI than under high irradiance (Terashima et al. 
1994, 1998, Li et al. 2003). Chilling treatment under LI 
caused an accumulation of reducing power on the ac-
ceptor side of PS1 (Havaux and Davaud 1994, Terashima 
et al. 1994, Sonoike 1996, Li et al. 2003) in sweet pepper 
leaves (Fig. 2). Since CO2 assimilation was inhibited 
(Fig. 3B), the limited electron acceptors caused the in-
crease of stromal over-reduction, which would contribute 
to the accumulation of active oxygen species and electron 
recombination of P700 (Li et al. 2003). Under optimal 
conditions, slower recovery of oxidizable P700, which re-
quired about 50 h, suggests that stromal over-reduction 
was not the main factor limiting its recovery, and PS1 
might be severely damaged. This could be related to the 
damage of FeS centres as has been suggested by Sonoike 
et al. (1995), Sonoike (1996), and Tjus et al. (1998). 

 
Limitations of photosynthetic recovery: Some reports 
showed that the main effect of chilling temperatures on 
plants was to increase their sensitivity to photoinhibition, 
primarily due to restricted photosynthetic energy utili-
zation through limiting the activity of the enzymes in-
volved in carbon metabolism (Krause 1994, Leegood and 
Edwards 1996, Huner et al. 1998). Decreases in photo-
synthesis after chilling under irradiation and in the dark 
have been attributed to a loss of ribulose-1,5-bis-
phosphate carboxylase/oxygenase (RuBPCO) activity 
(Kingston-Smith et al. 1997). The decrease of PN after 
chilling treatment (Fig. 4B) implied that some Calvin 
cycle enzymes might be the primary factors affecting 
photosynthesis recovery in sweet pepper leaves. These 
enzymes could completely recover their activity within  
8 h under optimal conditions (Fig. 4B). These enzymes 
recovered their activity faster relative to that of PN via 
chilling treatment under irradiation. This suggests that the 
recovery of PN was limited by some other factors besides 
Calvin cycle enzymes (Fig. 3B); the most likely candidate 
was photoinhibition of PS1 (Fig. 2) (Baba et al. 1996, 
Sonoike 1996, Terashima et al. 1998, Tjus et al. 1998). 
 

The roles of Mehler reaction and photorespiration: 
Our results show that the Calvin cycle was inhibited 
under chilling treatment. This implies that more electrons 
are transported to some pathways other than those for 
CO2 assimilation such as pathways for Mehler reactions 
and photorespiration. 

 

 
 

Fig. 4. Responses of the relationship between ΦPS2 and ΦCO2 
and PN–PFD curves to chilling treatment in the dark and 
subsequent recovery. Both chlorophyll fluorescence and the 
photosynthesis rate were measured at 25 °C. Subsequent 
recovery was conducted at 25 °C and 100 µmol m-2 s-1 PFD. (A) 
The relationship between ΦPS2 and ΦCO2 determined in NA. (B) 
PN–PFD curves determined in NA. (C) The relationship 
between ΦPS2 and ΦCO2 determined in LOA. (D) PN–PFD 
curves determined in LOA. ▲, CK; ∆, post-treatment; □, 
recovery for 8 h. 

 
At the end of chilling treatment under LI, the increase 

of ΦPS2/ΦCO2 in NA (Fig. 3A) suggests that Mehler re-
action occurred. The Mehler reaction might alleviate the 
sensitivity to photoinhibition (Savitch et al. 2000) during 
chilling treatment under irradiation, and it had a minor ef-
fect on subsequent recovery (Fig. 3C). During chilling 
under irradiation, on one hand, Mehler reaction consumed 
excess photon energy; on the other hand, the Mehler 
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reaction might cause accumulation of active oxygen 
species since the NADP+ supplement to accept electrons 
from the electron transport chain was restricted. Hence 
active oxygen species have the potential to damage PS1 
and induce PS1 photoinhibition (Fig. 2) (Asada 1996, 
Terashima et al. 1998, Li et al. 2003). 

Although sweet pepper is a C3 plant, the protection of 
photorespiration was ineffective to chill-induced photoin-
hibition in sweet pepper leaves (Fig. 3A,C) during 6-h 
chilling under LI. This might be related to the concurrent 
loss of RuBPCO carboxylase activity mirrored by a de-
cline in oxygenase activity and therefore a reduction in 
the photorespiration sink for electrons (Kozaki and 
Takeba 1996, Kingston-Smith et al. 1997, Osmond and 
Grace 1997, Streb et al. 1998, Allen and Ort 2001). Thus 
photorespiration might act as an effective electron sink to 
distribute the electrons flowing to CO2 during subsequent 
recovery (Fig. 3A,C). In this way, photorespiration could 
reduce the excited pressure on PS2 and/or PS1 to protect 
them from photoinhibition or damage. 

Our prior results (Li et al. 2003) showed that the re-
duction of oxidizable P700 is mainly caused by the stro-
mal over-reduction in sweet pepper leaves upon exposure 
to chilling under LI. During the recovery, with the 

recovery of RuBP carboxylase activity the activity of 
RuBP oxygenase might also recover to shunt the elec-
trons which flow to CO2. Under such conditions, photo-
respiration rate was high during the primary stage of the 
recovery. However, when the RuBP carboxylase activity 
completely recovered, photorespiration declined to its 
normal rate. The higher activity of photorespiration does 
not last as long as the photosynthesis recovery. This 
shows that the main factor limiting the photosynthesis re-
covery was not photorespiration, but the damage of the 
PS1 reaction centres. The repair of PS1 reaction centres 
was a slow process. However, short-term chilling treat-
ment in the dark seems to have little effect on Mehler re-
action and photorespiration during both chilling treatment 
and subsequent recovery. 

In conclusion, we propose that CO2 assimilation was 
the main limiting factor during subsequent recovery of 
photosynthesis after chilling in the dark, and PS1 photo-
inhibition was the main factor limiting the subsequent re-
covery after chilling treatment under irradiation. It can 
also be deduced that the Mehler reaction played an im-
portant role during chilling under irradiation and photo-
respiration played an important role during the sub-
sequent recovery. 
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