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Abstract 
 

In order to investigate the effects of low irradiation (LI) on cucumber (Cucumis sativus L. cv. Jinyou 35) during a ripening 
stage, our experiment was carried out in a climate chamber. Two levels of PAR were set for plants: normal irradiation 
[NI, 600 μmol(photon) m–2 s–1] and low irradiation [LI, 100 μmol(photon) m–2 s–1], respectively. The experiments lasted 
for 9 d; then both groups of plants were transferred under NI to recover for 16 d. The plants showed severe chlorosis 
after the LI treatment. Chlorophyll (Chl) a, initial slope, photosynthetic rate at saturating irradiation (Pmax), light 
saturation point, maximal photochemical efficiency of PSII (Fv/Fm), electron transport rate of PSII (ETR), soluble 
protein content, and catalase (CAT) activity in cucumber leaves decreased under LI stress, while Chl b, carotenoids, 
light compensation point, nonphotochemical quenching (qN), superoxide dismutase (SOD), and malondialdehyde (MDA) 
exhibited an increasing trend under LI. After 16 d of recovery, values of Pmax, Fv/Fm, ETR, qN, SOD, CAT, MDA, and 
soluble protein were close to those of the control after one, three, and five days of the LI treatment, while those kept 
under LI for 7 and 9 d could not return to the control level. Therefore, 7 d of LI stress was a meteorological disaster 
index for LI in cucumber at the fruit stage. 
 
Additional key words: chlorophyll fluorescence; lipid peroxidation; low light intensity; PN/PPFD response curve.  
 
Introduction 
 

Cucumber is a sun plant sensitive to low light during 
ripening stage. Light is the main meteorological element 
for plant growth and development (Scholes et al. 2011). 
Therefore, it can provide decision support for the 
optimization of greenhouse light management by 
studying the leaf photosynthetic characteristics, Chl 
fluorescence parameters, and antioxidant enzyme 
activities of cucumber under LI treatment. Plenty of 
studies have demonstrated that LI seriously affects crop 

physiological characteristics, growth, development, fruit 
quality, etc. (Boardman 1977, Barreiro et al. 1992, 
Tinoco-Ojanguren et al. 1992, Bailey et al. 2001, Hanba 
et al. 2002, Sui et al. 2008, Chen et al. 2014). LI may 
block optoelectronic transport in photosystems, reduce 
carbon assimilation enzyme activity, and change  
 

antioxidant enzyme activities (Allen and Ort 2001). Ren et 

al. (2002) have reported that SOD activity of tomato leaves 
decreased under LI stress. LI also reduced Fv/Fm, ETR, 
and initial fluorescence (F0) of bunchgrass, spinach, 
Riccia fluitans, Perilla, and Primula nutans (Caldwell 
et al. 1983, Ernstsen et al. 1999, Andersen and Pedersen 
2002, Miko et al. 2004, Shen et al. 2008). The study has 
reported that LI stress significantly reduced Chl contents 
in leaves of Arabidopsis thaliana (Tanaka and Tanaka 
2005), henbit genus (Haliapas et al. 2008), and rice (Yama-
zaki 2010). In addition, LI stress could increase plant 
height and leaf area, but reduce the number of plant 
shoots, leaves, flower buds, leaf thickness, and the yield 
(Schultz and Matthews 1993, Potter et al. 1999, Correll 
and Weathers 2001, Shen et al. 2002, Barisic et al. 2006,  
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Baltzer and Thomas 2007, Seidlova et al. 2009, Hou et al. 
2010).  

In our study, we aimed to investigate the effects of  
irradiation stress and recovery on the leaf photosynthetic 
characteristics, Chl fluorescence parameters, and antioxi-
dant enzyme activities of cucumber at a fruit stage. We 

analyzed the changes of various parameters during a stress 

and recovery stage with the aim to find out a meteorological 
disaster index for LI in cucumber. Two hypotheses were 

tested: (1) based on the fact that photosynthesis was ham-
pered under LI conditions, photosynthetic rate at irradiation 
saturation (Pmax) should decline with the duration of LI; 
and (2) cucumber plants, which underwent a certain time 

under the LI treatment, should recover under NI. 
 
Materials and methods 
 
Experimental design: The experiment was carried out 
from October 2013 to June 2014 in the climate chamber 
of Nanjing University of Information Science and Techno-
logy, China. In this study, irradiance of 100 μmol(photon) 
m–2 s–1 was applied as low light (LI) stress to cucumber 
according to Guo et al. (2012) and Liang et al. (2010). 
The irradiation level during the stress and recovery stage 
was as follows:  
 

Treatment LI treatment  Irradiation [μmol(photon) m–2 s–1] 
duration [d] Stress stage Recovery stage 

CK 0 600 600 
S1 1 100 600 
S3 3 100 600 
S5 5 100 600 
S7 7 100 600 
S9 9 100 600 

 
The plants of all treatments were recovering for 16 d. 
During the LI and recovery treatment, the photoperiod 
was set to 12/12 h day/night (day from 07:00–19:00 h), 
temperature of the day and night was set to 25 and 18°C, 
respectively, and the relative humidity was set at 75%. 
The plants were irrigated as needed; the application of fer-
tilizer was 80 kg(urea) ha–1, 75 kg(superphosphate) ha–1, 
and 60 kg(KCl) ha–1. 
 
Photosynthetic pigment content: The colorimetric 
method was used. The contents of Chl a, Chl b, and 

carotenoids (Car) in cucumber leaves were determined by 
the method of Abbasi et al. (2008). The 5th–8th function 
leaves from the top of a plant were collected and placed 
into the 96% ethanol for 48 h until the pigments in the 
leaves were completely extracted. The exact concen-
trations were measured using spectrophotometer (Cary 50 
UV-VIS, Varian, Victoria, Australia) at 663, 646, and 470 
nm, respectively. The Chl a, Chl b, and carotenoids were 

calculated according to Wellburn (1994). 
 
Photosynthetic parameters: The irradiation response 
curves were measured between 09:00 and 11:00 h with 
photosynthesis system LI-6400 (LI-COR Inc., USA). The 
5th–8th function leaves from the top of a plant were mea-
sured. Temperature in the leaf chamber was set at 25°C and 
CO2 concentration was controlled at 390 μmol(CO2) mol–1. 
Photosynthetic active radiation was set as 2,000; 1,800; 

1,500; 1,000; 800, 500, 200, 100, 50, 20, and 0 μmol(photon) 

m–2
 s–1, respectively, and the photosynthetic rates (PN) 

were determined under different PAR levels. Three repe-
titions were measured for each treatment once every two 
days during the LI stress and recovery period. PN/PPFD 
curves were modeled by fitting nonrectangular hyperbola 
to data as described by Prioul and Chartier (1977): 

0.5
2

  max    max      max

N D

PPFD ( PPFD ) 4 PPFD
  

2

P P k P
P R

k

  
 
 
 
 



   
  

where α is the initial slope or apparent photosynthetic 
quantum yield (PN/PPFD at low PPFD); PPFD is the 
photosynthetic photon flux density [μmol(photon) m–2

 s–1]; 
Pmax is the photosynthetic rate at irradiation saturation 
[μmol(CO2) m–2 s–1]; k is the curve convexity (dimension-
less); and RD is the dark respiration rate [μmol(photon) 
m–2 s–1].  
 
Chl fluorescence: The fully expanded penultimate leaf 
was selected and Chl fluorescence parameters were deter-
mined with a portable fluorimeter (FMS 2, Hansatech, 
UK) once every 4 d for each treatment during the recovery 
period. Fluorescence parameters represented the maximum 
quantum yield of PSII photochemistry (Fv/Fm), nonphoto-
chemical quenching coefficient (qN), and electron transport 
rate (ETR). Firstly, the irradiation adaptation fluorescence 
parameters, Fm', F0', and Fs, were determined under 
actinic irradiation of 600 μmol(photon) m–2 s–1, then the 
dark-adaptation fluorescence parameters, Fm and F0, were 
determined after the leaves were dark-adapted for 30 min. 
Measurements were repeated three times for each treat-
ment. Fv/Fm, qN, and ETR were calculated according to 
Zhang and Gao (1999).  
 
Antioxidant enzyme activities in cucumber leaves were 
determined once every 3 d for each treatment during the 
recovery period. The 5th–8th functional leaves were 
picked from the top of plants between 9:00 and 10:00 h 
and immediately frozen in liquid nitrogen, then stored in 
low temperature freezer (–40°C). SOD (EC 1.15.1.1) was 
determined according to the method of Rabinowitch and 
Sklan (1980); one unit of the SOD activity was defined as 
the amount of enzyme required to result in a 50% inhibition 
of the rate of nitroblue tetrazolium (NBT) reduction mea-
sured at 560 nm per min (UV-1800, Shimadzu, Japan). 
Activity was determined using the extinction coefficient 
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of 6.39 mM–1 cm–1 and calculated per fresh mass (FM). 
CAT (EC 1.11.1.6) activity was measured via decom-
position of H2O2 followed directly by decrease in 
absorbance at 240 nm. One unit of CAT was the amount 
of enzyme which decomposed 1 μmol H2O2 per min at 
25°C (Abei 1984). CAT activity was calculated per g of 
FM. Each result was the mean of three replications.  

Lipid peroxidation was estimated in terms of the 
MDA content. The content of MDA was determined 
according to Zhao et al. (1991). Fresh leaves (1.0 g) were 
ground in 10% trichloroacetic acid and then centrifuged 
at 3,000 × g for 10 min. Two mL of the supernatant were 
mixed with 2 mL of 0.6% thiobarbituric acid (TBA) and 
incubated for 30 min at 100°C to develop the (TBA)2-
MDA adduct. The mixture was cooled rapidly in an ice 
bath. After centrifugation at 5,000 × g for 10 min, the 
absorbance was measured (UV-1800, Shimadzu, Japan). 
Lipid peroxidation was expressed as μmol g–1(FM) by 
using the following formula: MDA = 6.45(A532 – A600) 
– 0.56A450, where A532, A600, and A450 refer to the 

absorbance measured at wavelength of 450, 532, and  
600 nm, respectively. 
 
Soluble protein: Plant tissues were ground in liquid N2, 
with 1 mL g–1 of 0.1 M sodium phosphate buffer (pH 7.0). 
The homogenates were centrifuged at 15,000 × g for 
15 min. All steps were performed at 4°C. The protein con-
centration was determined in the supernatant according to 
Bradford (1976), using a UV/VIS spectrophotometer 
(Hitachi U-2000, Japan) at 595 nm.  
 
Statistical analysis: Differences between NI and LI for 
the photosynthetic parameters, Chl fluorescence para-
meters, Chl content, antioxidant enzyme activities and 
lipid peroxidation were tested by a one-way analysis of 
variance (ANOVA) using the statistical software SPSS 
16.0 (SPSS Inc., Chicago, IL, USA); the treatment means 
were compared by using Duncan's multiple range test at 
P≤0.05.  

 
Results 
 
Photosynthetic pigment content: As shown in Table 1, 
the content of Chl a in cucumber leaves gradually declined 
during the LI treatment. Compared with the control, the 
content of Chl a decreased only slightly after the S1 and 
S3 treatments, but decreased by 10.1, 18.0, and 25.3% 
under the S5, S7, and S9 treatment, respectively. The 
contents of Chl b and Car under LI showed a trend of 
rising with the treatment duration, and those were all 
significantly higher than the control, for example, the 
contents of Chl b and Car for S9 treatment increased by 
15.7% and 30.5% respectively, compared with the 
control. The Chl a/b ratio decreased under LI gradually 
during the experiment, and varied from 2.14 to 3.02. The 
Chl a/b ratio for S1 treatment was 3.02, which was not 

significantly different from the control, while those of all 
other LI treatments were significantly lower than that of 

the control. Severe chlorosis was observed after the LI 

treatment and enhanced with the treatment duration. 
 
Photosynthetic parameters: Pmax of cucumber leaves 
declined under LI with the duration of the experiment 
(Table 2). Pmax was significantly lower at different days 
of the LI treatments compared with the control, while the 
apparent quantum efficiency (AQE) showed a declining 
trend. AQE was also significantly lower at different days 
of the LI treatments compared with the control except for 
S1. LSP of cucumber leaves was reduced under the LI 
stress with the stress duration, e.g., it was only 645.3 and 
485.6 μmol m–2 s–1 under S7 and S9 treatments, respec-
tively, which was significantly lower than that of the 
control. The change of LCP was in contrast to LSP; that 
of all LI treatments was significantly higher than that of 
the control. The change of LCP was in contrast to LSP; 
that of all LI treatments was significantly higher than that 

of the control. The LCP of S7 and S8 treatments 
enhanced the LCP of cucumber leaves by 62.8% and 
68.9%, respectively. The maximum of stomatal conduc-
tance (gsmax) also decreased, and that for all LI treatments 
were significantly higher than that of the control. 

The recovery capability for photosynthesis in cucum-
ber leaves significantly differed in dependence on the LI 
treatments (Fig. 1). Pmax for S1, S3, and S5 treatment 
reached the control level after 6, 10, and 16 d of recovery, 
respectively, while that of the S7 treatment was only 
53.0% of the control after 16 d of recovery, and that of 
the S9 treatment was only 13.8% of the control after 16 d 

of recovery, Pmax of cucumber leaves changed little with 
the duration of recovery. 
 
Chl fluorescence parameters: Fv/Fm of cucumber leaves 
under different LI treatments was lower than that of the 
control (Table 3). Fv/Fm decreased to 89.0, 79.2, 63.4, 
54.9, and 50.0% of the control under S1, S3, S5, S7, and 
S9 treatment, respectively. qN rose during the LI stress 
stage; it increased by 7.4, 37.0, 59.3, 92.5, and 107.4% 
for S1, S3, S5, S7, and S9 treatment, respectively, as 
compared with the control. ETR decreased under different 
LI with increasing time by 14.9, 31.3, 43.8, 59.4, and 
60.3%, compared with the control, under S1, S3, S5, S7, 
and S9 treatment, respectively.  

Fv/Fm of the S1, S3, and S5 treatments returned to the 
control level after 12–16 d of recovery treatment, while 
that of the S7 and S9 treatment were reduced by 27.4 and 
48.8%, respectively, compared with the control after 16 d 
of the recovery treatment. After 16 d of recovery, qN of 
the S1, S3, and S5 treatments were close to the control 
level and that of the S7 and S9 treatment were 14.8 and 
48.1% higher than that of the control, respectively. ETR  
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Table 1. Effects of low-light stress on contents of photosynthetic pigments in cucumber leaves. Small letters indicate significance of 
P<0.05 by Duncan's test. All parameters are expressed on dry mass basis, results are presented as mean ± SD (n = 3).  
Car – carotenoids; Chl – chlorophyll; CK – control. S1, S3, S5, S7, S9 – 1, 3, 5, 7, and 9 d of the low-irradiation treatment, 
respectively. 
 

Treatment Chl a  
[mg g–1(FM)] 

Chl b  
[mg g–1(FM)] 

Car [mg g–1(FM)] Chl a/b 

CK 8.75 ± 0.76a 2.80 ± 0.18c 0.72 ± 0.05c 3.05 ± 0.34a 
S1 8.61 ± 0.91a 2.89 ± 0.24b 0.79 ± 0.06b 3.02 ± 0.42a 
S3 8.38 ± 0.78a 2.92 ± 0.21b 0.82 ± 0.07b 2.86 ± 0.22b 
S5 7.86 ± 0.62b 3.02 ± 0.26a 0.88 ± 0.07a 2.60 ± 0.33b 
S7 7.17 ± 0.58b 3.11 ± 0.41a 0.91 ± 0.06a 2.33 ± 0.32c 
S9 6.54 ± 0.45c 3.24 ± 0.33a 0.94 ± 0.08a 2.14 ± 0.32c 

 
Table 2. Effects of low-light stress on photosynthetic parameters of cucumber leaves. Small letters indicate significance of P<0.05 by 
Duncan's test. All parameters are expressed on dry mass basis, results are presented as mean ± SD (n = 3). Pmax – maximum of net 
photosynthetic rate; AQE – apparent quantum efficiency; LSP – light saturation point; LCP – light compensation point;  
gsmax – maximum of stomatal conductance. CK – control. S1, S3, S5, S7, S9 – 1, 3, 5, 7, and 9 d of the low-irradiation treatment, 
respectively. 
 

Treatment Pmax [μmol m–2 s–1] AQE LSP [μmol m–2 s–1] LCP [μmol m–2 s–1] gsmax [mmol m–2 s–1] 

CK 16.9 ± 0.6a 0.051 ± 0.004a 1424.3 ± 88.6a 32.8 ± 2.7d 1.190 ± 0.031a 
S1 15.4 ± 1.2b 0.047 ± 0.004a 1232.5 ± 89.6b 38.4 ± 4.4c 0.773 ± 0.023b 
S3 13.1 ± 1.0c 0.032 ± 0.003b 1142.6 ± 78.4b 44.6 ± 3.6b 0.438 ± 0.016c 
S5   9.7 ± 0.8d 0.022 ± 0.002c   855.7 ± 67.2c 46.3 ± 4.7b 0.227 ± 0.013d 
S7   5.9 ± 0.4e 0.017 ± 0.001d   645.3 ± 54.4d 53.2 ± 5.2a 0.171 ± 0.009e 
S9   3.4 ± 0.2f 0.018 ± 0.001d   585.6 ± 43.8e 55.4 ± 6.2a 0.151 ± 0.008e 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. Photosynthetic rate at irradiation saturation
(Pmax) in cucumber leaves during the stress and 
recovery phase. Error bars represent SD, n = 3.
CK – control. S1, S3, S5, S7, S9 – 1, 3, 5, 7, and 9 d 
of the low-irradiation treatment, respectively. 

 
of the S1 treatment reached the control level after 16 d of 
the recovery, but that of S3, S5, S7, and S9 was 8.4, 12.9, 
29.2, and 60.0% lower than that of the control, 
respectively.  
 
Antioxidant enzyme activities, MDA and soluble 
protein: As shown in Fig. 2, SOD under LI increased 
first and then declined. The highest SOD activity was 
found in the S5 treatment. The activities of SOD in all LI 

treatments were significantly higher than that of the 
control. The activity of CAT was reduced under LI stress; 
it decreased by 12.4, 15.0, 23.3, 34.7, and 53.8% under 
S1, S3, S5, S7, and S9, respectively, compared with the 

control. MDA always increased under LI stress. There was 

no significant difference in the MDA content between the 
S1 and S3 treatment, but both treatments were 
significantly higher than that of the control. The contents 
of MDA in the S7 and S9 treatment were 68.9 and 98.8%  
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Table 3. Chlorophyll fluorescence parameters of cucumber at different stages under low-irradiation and recovery treatments. Small 
letters indicate significance of P<0.05 by Duncan's test. Results are presented as mean ± SD (n = 3). Fv/Fm – maximal quantum yield 
of PSII photochemistry; qN – nonphotochemical quenching coefficient; ETR – electron transport rate. CK – control. S1, S3, S5, S7, S9 
– 1, 3, 5, 7, and 9 d of the low-irradiation treatment, respectively.  
 

 Treatment Time under normal irradiation of 600 μmol(photon) m–2 s–1 [d] 
  0  4  8  12  16  

Fv/Fm CK 0.82 ± 0.05a 0.81 ± 0.04a 0.84 ± 0.04a 0.83 ± 0.04a 0.84 ± 0.05a 
 S1 0.73 ± 0.04a 0.75 ± 0.03b 0.77 ± 0.03b 0.82 ± 0.04a 0.83 ± 0.05a 

S3 0.65 ± 0.03b 0.56 ± 0.03c 0.59 ± 0.03c 0.74 ± 0.05b 0.82 ± 0.06a 
S5 0.52 ± 0.03c 0.52 ± 0.04c 0.54 ± 0.04c 0.72 ± 0.05b 0.80 ± 0.05a 
S7 0.45 ± 0.01d 0.46 ± 0.02d 0.47 ± 0.02d 0.54 ± 0.02c 0.61 ± 0.03b 
S9 0.41 ± 0.01d 0.43 ± 0.02d 0.44 ± 0.02d 0.45 ± 0.01d 0.43 ± 0.01c 

qN CK 0.27 ± 0.03c 0.25 ± 0.02c 0.25 ± 0.02c 0.26 ± 0.03c 0.27 ± 0.04b 
 S1 0.29 ± 0.05c 0.33 ± 0.03c 0.25 ± 0.03c 0.28 ± 0.01b 0.26 ± 0.04b 

S3 0.37 ± 0.02b 0.42 ± 0.05b 0.37 ± 0.05b 0.33 ± 0.02b 0.29 ± 0.02b 
S5 0.43 ± 0.05b 0.48 ± 0.07b 0.45 ± 0.07b 0.36 ± 0.03a 0.29 ± 0.05b 
S7 0.52 ± 0.05a 0.58 ± 0.05a 0.54 ± 0.05a 0.48 ± 0.05a 0.31 ± 0.04b 
S9 0.56 ± 0.02a 0.57 ± 0.08a 0.54 ± 0.08a 0.45 ± 0.04a 0.40 ± 0.05a 

ETR CK 41.6 ± 4.7a 43.9 ± 4.3a 43.9 ± 4.3a 43.3 ± 6.9a 44.8 ± 5.7a 
 S1 35.4 ± 5.7b 34.9 ± 6.2b 35.9 ± 6.2b 41.4 ± 4.8a 42.5 ± 3.6a 

S3 28.6 ± 3.5c 27.2 ± 3.2b 29.2 ± 3.2b 39.4 ± 4.1a 41.0 ± 5.3a 
S5 23.4 ± 3.7c 19.5 ± 2.8c 23.5 ± 2.8c 35.5 ± 3.6b 39.0 ± 4.4b 
S7 16.9 ± 2.2d 13.5 ± 2.6d 18.5 ± 2.6d 25.6 ± 1.7c 31.7 ± 2.2c 
S9 16.5 ± 1.7d 14.8 ± 1.8d 15.1 ± 1.8d 17.5 ± 1.4c 17.9 ± 1.8d 

 
 
Fig. 2. Superoxide dismutase (SOD) activity (A), catalase (CAT) activity (B), malondialdehyde (MDA) content (C), and soluble 
protein content (D) in cucumber leaves during the stress and the recovery phase. Error bars represent SD, n = 3. CK – control. S1, S3, 
S5, S7, S9 – 1, 3, 5, 7, and 9 d of the low-irradiation treatment, respectively. 
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higher than that of the control, respectively. The contents 
of soluble protein in cucumber leaves showed the same 
trend as that of CAT. The contents of soluble protein 
were significantly lower after the LI treatment than that 
of the control with an exception of S1. The content of 
soluble protein of the S7 and S9 treatment were 61.2 and 
67.4% lower than that of the control, respectively.  

The activities of SOD and CAT as well as the contents 
of MDA and soluble proteins of the S1and S3 treatment 
could recover to the control level (Fig. 2). For the S5 
treatment, the activity of CAT and the content of MDA 

reached the control level after 16 d of recovery, while the 
activity of SOD and soluble protein content could not 
recover completely. However, for the S7 and S9 
treatment, the activities of SOD, CAT, contents of MDA 
and soluble protein could not return to the control values. 
After 16 d of the recovery treatment, the activity of SOD 
and content of MDA was 31.6 and 66.7% higher, respec-
tively, after the S9 treatment than those of the control, 
while the activity of CAT and the content of soluble protein 
was 24.5 and 51.6% lower than those of the control, 
respectively. 

 
Discussion 
 
Photosynthesis is one of the most important physiological 
activities in plants and is a fundamental way for plant to 
synthesize organic matter and obtain energy. The photo-
synthetic process is highly sensitive to any change in the 
environment (Yin et al. 2006). Leaf Chl is an important 
component in plant physiological acclimation to different 
light intensities (Caesar 1989, Feng et al. 2004). We 
showed that the content of Chl a and the Chl a/b ratio in 
cucumber leaves became reduced, while Chl b and Car 
increased significantly under LI treatments. This was 
similar to the result of Lichtenthaler et al. (1982), who 

showed a consistent and dramatic decrease of Chl a/b with 
a decrease of growth irradiance. The primary reason may 
be that the LI stress caused disorder of chloroplast 
ultrastructure and aggravated its degradation, leading to 
reduction of the Chl content.  

Pmax, which was consistent with Chl, decreased under 
LI in accordance with Shen et al. (2008). The reason may 
be that low light availability resulted in significant reduc-
tion of a carbon gain in the plants. Parameters, such as α 
and LSP also decreased, while LCP increased during the 
LI treatment; all species made photosynthetic and respira-
tory adjustments from strong to medium or to weak light 
(Thompson et al. 1992, James et al. 2000), which resulted 
in a lower LCP, while the change of LSP was dependent 
on plant species. The stomata regulate the exchange 
between carbon and water loss through the cuticle and are 
sensitive to light intensity. The gsmax decreased during the 
LI treatment. Yu et al. (2004) also showed that gs 
decreased with the decline of light intensity. 

Fv/Fm of cucumber plant decreased under LI in accor-
dance with Li et al. (2003), indicating that the activity of 
PSII was inhibited under LI. ETR decreased, while qN 
increased, implying that plants efficiently dissipated energy 
trapped at PSII in the form of heat which protected plants 
against photoinhibition.  

Antioxidative systems play a major role in protecting 
plants from negative effects of reactive oxygen species 
(ROS). The antioxidant enzymes SOD and CAT play 
a vital role in scavenging these destructive oxidant species. 
This study showed that LI significantly enhanced the SOD 
activity and MDA content in cucumber leaves, inhibited 
CAT activity, and reduced the soluble protein content. In 

this study, in short-term (less than 7 d) LI treatments, the 
SOD activity increased, mainly because the plants started 
self-protection mechanisms in order to adapt to external 
environment and reestablish the balance between produc-
tion and scavenging of ROS through regulation of antioxi-
dant enzyme activities (Sun et al. 2003). The reason might 
be that metabolic disorders caused by LI resulted in an 
increase of ROS. The source of ROS might be the 
photosynthetic electron transport chain, photorespiration, 
and induced NADPH oxidase (Song et al. 2007). The 
chloroplast is a central switch of the plant's response to 
light stress. LI exposure in a temperature-dependent 
manner stimulates the accumulation of ROS in 
chloroplasts (Crosatti et al. 2013). The ROS then regulate 
the antioxidant enzyme activities. In order to prevent the 
harmful effects of ROS, plants have evolved a complex 
antioxidant system, e.g. the increase of SOD activity 
(Trotta et al. 2014). But in long-term LI stress treatments, 
the antioxidant enzymes were inhibited beyond the 
adaptation and self-protection capacity of plants (Scalet et 
al. 1995, Yang et al. 2002, Zhou et al. 2003). The activity 
of CAT was reduced with the prolonged duration of the 
LI treatment, indicating that the activity of enzyme 
declined dramatically. This was similar to results of Zhou 
et al. (2004). Keles and Öncel (2002) argued that severe 
stress conditions, which caused loss of CAT activity, 
could induce the activities of Mehler reaction enzymes. It is 

likely that the enhanced ROS accumulation did not keep 
pace with the rate of oxygen reduction since increased 
MDA, H2O2, and O2·− concentrations were observed 
throughout our experiment. 

Lipid peroxidation could be identified as a basic cell 
membrane reactive damage (Mohammad et al. 2005, Liu 
et al. 2006). MDA increased during LI stress implying 
that the cell membrane system of the plants under long-
term LI suffered more serious cell damage. The content 
of soluble protein in cucumber leaves decreased under LI, 
indicating that senescence of cucumber leaves aggravated 
the decrease. In fact, severe chlorosis was observed under 
the LI treatment, the leaf chlorosis was enhanced with the 
duration of LI stress. 

After 16 d of the recovery treatment under normal 
irradiation, Pmax, Fv/Fm, and ETR of the cucumber plants 
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under short-term LI stress could be equal to that of the 
control. However, after longer exposure (more than 7 d) 
to LI, Pmax tended to be stable after 16 d of normal 
irradiation. Meanwhile, Fv/Fm and ETR could not recover 
to the control level, indicating that the long-term LI 
caused irreversible damage to PSII reaction centres, 
which was consistent with the results of Sun et al. (2008) 
and Vieira et al. (2009). What is more, SOD and MDA 
were much higher under the long-term LI treatment than 
those of the control, while CAT and soluble protein were 
much lower than the control after 16 d of recovery, 
indicating that the ability of cucumber leaves to prevent 
the oxidation of cell membrane systems by ROS was 
reduced greatly, therefore leaf senescence started and the 

cell membrane system suffered serious damage. In con-
clusion, we showed that Chl a, α, Pmax, LSP, Fv/Fm, ETR, 
soluble protein content, and CAT activity in cucumber 
leaves exhibited a declining trend during LI stress, while 
Chl b, Car, LCP, qN, and MDA increased. For short-term 
(less than 7 d) LI stress, the photosynthetic capacity of 
cucumber plants could completely recover after 16 d of 
normal irradiation. But after 7 d of LI stress, the 
photosynthetic capacity decreased significantly and could 

not recover, indicating that 7 d of LI treatment caused an 
irreversible damage to photosystems that could not be 
repaired. Therefore, 7 d of LI stress treatment is a critical 
meteorological index for cucumber at the fruit stage.  
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