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Abstract: To investigate the effects of low temperature (LT) and weak light (WL) on tomato (Solanum lycopersicum L., cv.) 

during flowering and fruit-setting periods, a controlled experiment was conducted. Two levels of day/night temperature and PAR 

were set: S1 (18/8°C, 200 µmol m
-2

 s
-1

), S2 (12/2°C, 200 µmol m
-2

 s
-1

), S3 (18/8°C, 80 µmol m
-2 

s
-1

), and S4 (12/2°C, 80 µmol m
-2

 

s
-1

), taking 28/18°C and 600 µmol m
-2

 s
-1

 as control (CK). The results showed that during stress stage, the Chlorophyll (Chl) a, 

photosynthetic rate at irradiation saturation (Pmax), light saturation point, stomatal conductance, stomatal limitation value, 

maximal photochemical efficiency of PSII (Fv/Fm), electron transport rate of PSII, and catalase activity of S1, S2, S3, and S4 

were lower than that of CK, while the Chl b, carotenoid, light compensation point, superoxide dismutase (SOD), and 

malondialdehyde (MDA) were opposite. Vitamin C, soluble solid, soluble protein, and lycopene were lower than that of CK, 

while organic acid was opposite. Plant height and stem diameter significantly correlated with Chl and Pmax. After 25 d of 

recovery, the Fv/Fm, SOD, and MDA for S1 and S2 almost could recover to CK level, but the values for S3 and S4 could not 

recover to CK level.  
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1. Introduction 

Tomato (Solanum lycopersicum L., cv.) is one of the most 

important protected-cultivation horticultural crops in northern 

China, and it is widely cultivated in single-slope solar 

greenhouse during winter and spring [1].  

Temperature and light have been proven to be two 

important environmental factors affecting plant growth [2], 

photosynthesis [3], and fruit growth and development [4]. 

Temperature limits plants growth and distribution [5], light 

intensity affects plants characteristics [6]. The morphology [7], 

chlorophyll (Chl) content [8], biochemistry [9], and other 

physiological parameters [10-12] were affected by light. The 

combination of low temperature (LT) and weak light (WL) 

affected tomato cultivation severely. LT and WL reduced 

photosynthetic efficiency, inhibited biomass production, and 

increased reactive oxygen species (ROS) and membrane lipid 

peroxidation [13-14]. LT and WL also resulted in a dramatic 

drop in net photosynthetic rate (PN) of Prunus armeniaca, 

further caused a damage to PSII [15].  

Tomato is sensitive to temperature and light, the optimal 

day/night temperature for tomato growth is 25/16°C to 28/18°C, 

and the optimal light intensity is about 600µmol m
-2

 s
-1

 [16-17]. 

However, in winter of northern China, tomato cultivation is 

frequently subjected to LT [below 20 /10°C] and WL [below 

400µmol m-2 s-1], due to clouds, rain, fog and haze [1]. Previous 

studies just focused on the effects of LT and WL on tomato 

seedlings, but less about the interaction of LT and WL in 

flowering and fruits-setting stages. Therefore, we examined the 

effects of combined LT and WL on growth, photosynthesis, Chl 

fluorescence, and antioxidants enzyme in tomato leaves, as well 

as vitamin C (Vc), soluble solid, soluble protein, lycopene, and 

organic acid in tomato fruits in flowering and fruit-setting stages. 

The objective in this study was to provide information for 

improving greenhouse tomato production. 
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2. Materials and Methods  

2.1. Plant Materials and Stress Treatments 

The experiment was conducted from 16th November to 7th 

April in 2015 at Nanjing University of Information Science & 

Technology, China. Tomato (Solanum lycopersicum L., cv. 

Jinfen 5) seeds were germinated on filter paper containing 

distilled water in the dark at 29°C for 2 days. Two germinated 

seedlings were transferred individually to each pot (25 × 20 

cm, diameter × height) containing 1:1 sand: peat by volume 

and grown in a glass greenhouse at 28/18°C D/N, and the 

relative humidity (RH) ranged from 60% to 70%. The plants 

were watered as needed, N, Ca, and K fertilization in the form 

of urea, calcium dihydrogen phosphate monohydrate (Ca 

(H2PO4) 2·H2O), and potassium chloride (KCl) at the rate 

equivalent to 0.78, 0.64 and 1.11 g pot-1 according to Yang 

[18]. 

The LT and WL treatments were started when plants 

height were approximately about 25 cm and flower buds of 

the first inflorescence appeared. Plants at the first 

inflorescence stage were transferred to five identical growth 

chambers (A1000, Conviron, Winnipeg, Canada) to begin the 

stress treatments, and each treatment had 3 pots. 

Temperature and RH inside the chambers were controlled 

automatically to reach the set points according to real-time 

monitoring results of sensors. The fluctuations were less than 

0.5°C and 3% of reading for air temperature and RH inside 

the chambers, respectively. The photoperiod was set to 12/12 

h D/N (07:00–19:00). Chambers RH maintained at 75%. 

Two D/N temperature regimes (18/8 and 12/2°C) were 

combined with two photosynthetic active radiation (PAR) 

levels (200 and 80 µmol·m
-2

·s
-1

). Control (CK) plants were 

maintained at 28/18°C D/N, 600 µmol·m
-2

·s
-1

 PAR, and 

12/12 h D/N photoperiod. Stress treatments were lasted for 

10 days and then all plants were recovered for 25 days (Table 

1). Plants were watered with tap water manually throughout 

the experiment to achieve the optimum soil moisture (31–33% 

soil volumetric moisture content) by soil moisture meter 

(DSMM500, General, USA). 

Table 1. Day/night temperature and light intensity during stress and recovery stage. 

Treatment 
Stress Recovery 

day/night temperature (°C) light (µmol m-2 s-1) day/night temperature (°C) light (µmol m-2 s-1) 

CK 28/18 600 28/18 600 

S1 18/8 200 28/18 600 

S2 12/2 200 28/18 600 

S3 18/8 80 28/18 600 

S4 12/2 80 28/18 600 

 

2.2. Plant Growth Measurements 

Plant height and stem diameter were measured using a ruler 

and a Vernier caliper, respectively, and leaf area was measured 

using digital camera [19]. Three repetitions were measured for 

each treatment once every two and four days during the stress 

period. 

2.3. Chlorophyll (Chl) Measurements  

The 5th–8th leaves from the top of plants were placed in a 

glass tube with 4.5:4.5:1 acetone: ethanol: water by volume 

for 48 hours. Absorbance was measured using 

spectrophotometry (Cary 50 conc UV-VIS, Varian, Victoria, 

Australia) at 663 nm, 646 nm, and 470 nm. The Chl a, Chl b, 

and Car content were calculated according to Wellburn [20]. 

Three repetitions were measured for each treatment once 

every two and four days during the stress period. 

2.4. Photosynthetic Parameters Measurements 

The PN, stomatal conductance (gs), intercellular CO2 

concentration (Ci), and ambient CO2 concentration (Ca) were 

measured between 09:00 and 11:00 am using a portable 

photosynthesis measurement system (LI-6400, LI-COR 

Bioscience, Lincoln, NE, USA). Three repetitions were 

measured for each treatment once every two and four days 

during the stress and every five days during the recovery 

period. Stomatal limitation value (Ls) was calculated: Ls = 1 – 

Ci/Ca [21]. Light response curves were determined using a 

photosynthetic active radiation gradient: 2000, 1800, 1500, 

1200, 1000, 800, 500, 200, 100, 50, 20, and 0 µmol m
-2

 s
-1

. The 

leaf chamber temperature was 25°C, and the CO2 

concentration was 390 µmol (CO2) mol
-1

. The photosynthetic 

rate was measured automatically at each irradiation level after 

3–5 min light exposure. PN/PPFD curves were modeled by 

fitting nonrectangular hyperbola to data [22] 

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 

(dimensionless), and RD is the dark respiration rate [µmol 

(photon) m
-2 

s
-1

]. 

2.5. Chlorophyll Fluorescence Measurements 

The second fully expanded leaf from the bottom of each 

plant was used to measure chlorophyll fluorescence 

parameters by portable fluorimeter (FMS-2, Hansatech, 

Norfolk, U.K.) once every two and four days during the stress 

and every five days during the recovery periods. The 

irradiation adaptation fluorescence parameters, Fm', Fo', and 
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Fs were determined under actinic irradiation of 600 µmol 

(photon) m
-2

 s
-1

. And then, the dark-adaptation fluorescence 

parameters, Fm and Fo were determined after the leaves were 

dark-adapted for 30 min, measurements were repeated three 

times for each treatment. The Fv/Fm and electron transport 

rate (ETR) were calculated according to Zhang and Gao [23].  

2.6. Antioxidant Enzyme Measurements 

The same leaves as those used in photosynthesis 

measurements were sampled and immediately frozen in liquid 

nitrogen and stored at –40°C for further enzyme analyses [24]. 

Superoxide dismutase (SOD, EC 1.15.1.1) activity was 

measured using extracts obtained from 300 mg of fresh leaf. 

The fresh leaf was homogenized in an extraction buffer 

containing 50 mM phosphate buffer (pH 7.8), 0.1 % (w/v) 

ascorbate, and 0.05 % (w/v) β-mercap-toethanol. The 3 mL 

assay mixture contained 50 mM phosphate buffer (pH 7.8), 

9.9 mM methionine, 0.025% (w/v) nitroblue tetrazolium 

chloride (NBT), and 0.0044 % (w/v) riboflavin. Catalase (CAT, 

EC 1.11.1.6) activity was determined as the decrease in 

absorbance at 240 nm and the reaction mixture containing 1.5 

mL 50 mM phosphate buffer (pH 7.8), 0.3 mL 100 mM H2O2, 

and 0.2 mL enzyme extract [25]. One unit of the CAT activity 

was defined as the reduction in absorbance at 240 nm per min. 

The extinction coefficient was 36 mm
-1

 cm
-1

. SOD and CAT 

activities were expressed as unit g
-1

 (FM). Three repetitions 

were measured for each treatment once every two and four 

days during the stress and every five days during the recovery 

period. 

2.7. Lipid Peroxidation Measurement 

Lipid peroxidation was estimated in terms of 

malondialdehyde (MDA) content. The MDA content was 

determined according to Zhao [26]. Fresh leaves (1.0 g) were 

ground in 10% trichloroacetic acid and then centrifuged at 

3000 g for 10 min. Two mL of the supernatant was mixed with 

2 mL of 0.6% thiobarbituric acid (TBA) and incubated for 30 

min at 100°C to form a MDA-TBA2 adduct. The mixture was 

cooled rapidly in an ice bath. After centrifugation at 5000 g for 

10 min, the absorbance was measured at 450 nm, 532 nm, and 

600 nm. Lipid peroxidation was expressed as µmol g
-1

 (FM) 

using the following formula: MDA [µmol g-1 (FM)] = 6.45 

(A532 – A600) – 0.56A450, where A532, A600, and A450 are 

absorbance measured at 532 nm, 600 nm, and 450 nm. Three 

repetitions were measured for each treatment once every two 

and four days during the stress and every five days during the 

recovery period. 

2.8. Fruits Quality Determination 

All marketable tomato fruits from each treatment were cut 

into small slices after 25 d of recovery, and mixed together. 

Samples were pressed through cheese cloth to extract the juice, 

which was analyzed for fruit quality. 

Vitamin C (ascorbic acid + dehydroascorbic acid) was 

determined by HPLC [27]. Forty mL of tomato juice were 

homogenized with 25 mL of extraction solution (30 g L
-1

 

metaphosphoric acid and 80 g L-1 acetic acid). The resulting 

mixture was centrifuged at 10000 g for 10 min at 4°C, and the 

supernatant was filtered and adjusted to 75 mL with distilled 

water. Samples were filtered through a 0.45 µm membrane 

filter and duplicate aliquots of 20 µL for each extract were 

analyzed by HPLC. Results were expressed as milligrams of 

ascorbic acid per liter of tomato juice. 

Fruit soluble solids were measured with a portable Sper 

Scientific 300003 refractometer (Sper Scientific Ltd., 

Scottsdale, AZ, USA) standardized with distilled water [28]. 

Soluble protein was assayed by dye-binding [29]. The 

homogenates were centrifuged at 15000 g for 15 min. All 

steps were performed at 4°C. The protein concentration was 

determined by a UV/VIS spectrophotometer (Hitachi U-2000, 

Tokyo, Japan) at 595 nm. 

Lycopene content was measured according to the improved 

national standard method. Added 0.1–0.2g samples into 

100µL methanol, stirred thoroughly with a glass rod to extract 

the yellow pigments, and then centrifuged to the colorless 

filtrate. The lycopene was extracted with toluene repeatedly, 

filtered to filtrate colorless in 50 mL brown volumetric flask. 

The absorbance for lycopene was determined by a visible 

spectrophotometer (Model 722, Shanghai, China) at 485 nm. 

Organic acid was estimated by enzymatic procedures, 

employing malate dehydrogenase (EC 1.1.1.37) and 

glutamic-oxaloacetic transaminase (EC 2.6.1.1) with NAD 

reduction for malate, and citrate lyase (EC 4.1.3.6), malate 

dehydrogenase, and lactate dehydrogenase (EC 1.1.1.27) with 

NADH oxidation for citrate [30]. 

Statistical analysis. Statistical analyses were performed 

using SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, 

USA). Significant differences among different plant 

treatments reported at P < 0.05, if not indicated otherwise. The 

reported data were the mean ± standard deviation (SD) of 

three biological replications. 

3. Results  

3.1. Plant Growh  

The plant height and stem diameter increased gradually 

with an increase of stress days, but plant height and stem 

diameter declined with a decrease of temperature and light 

(Table 2). Plant height at 10 d after treatment (dat) under CK, 

S1, S2, S3, and S4 was significant difference with that at 0 d. 

Compared with CK, the stem diameter for S1, S2, S3, and S4 

decreased by 3.3%, 5.4%, 11.6%, and 21.7% at 10 dat, but 

there was no significant difference. However, alterations in 

leaf area were contrary to plant height and stem diameter, the 

leaf area under S1, S2, S3, and S4 was larger than that under 

CK. 
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Table 2. Effects of low temperature and weak light on tomato growth. 

 Treatment 
Days under stress 

0 2 6 10 

 CK 35.11 ± 1.34c 39.75 ± 1.86bc 44.39 ± 2.69ab 46.07 ± 3.14a 

Plant height (cm) 

S1 33.36 ± 2.76c 37.33 ± 1.79bc 40.86 ± 2.99ab 43.71 ± 01.40a 

S2 32.11 ± 2.47b 34.18 ± 3.01ab 36.63 ± 3.41ab 40.84 ± 3.07a 

S3 30.50 ± 2.38b 33.62 ± 1.53b 35.18 ± 1.73ab 38.63 ± 2.31a 

S4 30.20 ± 1.63c 30.49 ± 2.06bc 34.35 ± 2.57ab 36.47 ± 2.53a 

 CK 6.42 ± 0.31a 7.01 ± 0.33a 7.06 ± 0.45a 7.19 ± 0.43a 

Stem diameter (mm) 

S1 6.45 ± 0.18a 6.69 ± 0.30a 6.75 ± 0.29a 6.96 ± 0.12a 

S2 6.38 ± 0.30a 6.57 ± 0.28a 6.65 ± 0.33a 6.82 ± 0.35a 

S3 5.95 ± 0.27a 6.12 ± 0.20a 6.38 ± 0.23a 6.44 ± 0.23a 

S4 5.62 ± 0.24a 5.76 ± 0.34a 5.84 ± 0.32a 5.91 ± 0.47a 

 CK 5.06 ± 0.41a 5.15 ± 0.38a 5.25 ± 0.41a 5.30 ± 0.43a 

Leaf area (cm2) 

S1 5.38 ± 0.25b 5.54 ± 0.34ab 6.09 ± 0.30ab 6.27 ± 0.33a 

S2 5.26 ± 0.33a 5.35 ± 0.35a 5.50 ± 0.29a 5.64 ± 0.30a 

S3 6.02 ± 0.26a 6.12 ± 0.27a 6.43 ± 0.31a 6.65 ± 0.37a 

S4 5.85 ± 0.29a 6.03 ± 0.39a 6.19 ± 0.37a 6.49 ± 0.39a 

Note: Small letters indicate significance of P < 0.05 by Duncan's test within each row. Results are presented as mean ± SD (n = 3). CK, control; S1, 18/8°C D/N 

and 200 µmol m-2 s-1 PAR; S2, 12/2°C D/N and 200 µmol m-2 s-1 PAR; S3, 18/8°C D/N and 80 µmol m-2 s-1 PAR; S4, 12/2°C D/N and 80 µmol m-2 s-1 PAR. 

3.2. Chl Content 

The Chl a content for S1, S2, S3, and S4 declined 

significantly from 0 to 10 dat (Table 3). The Chl a content at 

10 dat significantly decreased by 54.3%, 25.8%, 20.6%, and 

18.1% under S1, S2, S3, and S4, compared with CK. The Chl 

b content for S1, S2, S3, and S4 decreased, compared to that of 

control. Meanwhile, there was significant difference between 

CK and S1, S2, S3, and S4, except for that at 10 dat. With an 

increase of treatment duration (6 and 10 dat), the Car content 

from S1 to S4 increased gradually. The Car content for S1, S2, 

S3, and S4 was significantly different from that of CK at 10 

dat. 

Table 3. Effects of low temperature and weak light on chlorophyll content in tomato leaves.  

 Treatment 
Days under stress 

0 2 6 10 

 CK 2.46 ± 0.11c 2.62 ± 0.10bc 2.87 ± 0.05b 3.26 ± 0.19a 

Chl a content [mg g-1 (FM)] 

S1 2.44 ± 0.28a 1.99 ± 0.19b 1.71 ± 0.15bc 1.49 ± 0.10c 

S2 2.38 ± 0.15a 1.33±0.12b 1.16 ± 0.11b 0.84 ± 0.10c 

S3 2.17 ± 0.11a 1.21 ± 0.06b 0.73 ± 0.04c 0.67 ± 0.05c 

S4 2.08 ± 0.19a 1.15 ± 0.15b 0.67 ± 0.07c 0.59 ± 0.05c 

 CK 6.42 ± 0.31a 7.01 ± 0.33a 7.06 ± 0.45a 7.19 ± 0.43a 

Chl b content [mg g-1 (FM)] 

S1 0.15 ± 0.02b 0.19 ± 0.03b 0.20 ± 0.04b 0.70 ± 0.03a 

S2 0.22 ± 0.04b 0.29 ± 0.03b 0.39 ± 0.04a 0.43 ± 0.03a 

S3 0.16 ± 0.02b 0.22 ± 0.03b 0.23 ± 0.03b 0.52 ± 0.05a 

S4 0.22 ± 0.03c 0.23 ± 0.04c 0.37 ± 0.03b 0.51 ± 0.05a 

 CK 0.23 ± 0.02a 0.22 ± 0.01a 0.19 ± 0.03ab 0.17 ± 0.01b 

Car content [mg g-1 (FM)] 

S1 0.26 ± 0.03a 0.25 ± 0.02a 0.22 ± 0.02a 0.20 ± 0.02a 

S2 0.14 ± 0.02b 0.21 ± 0.02a 0.24 ± 0.02a 0.28 ± 0.04a 

S3 0.16 ± 0.02c 0.19 ± 0.2c 0.25 ± 0.02b 0.34 ± 0.02a 

S4 0.15 ± 0.02c 0.21 ± 0.02bc 0.28 ± 0.04ab 0.42 ± 0.04a 

Note: Small letters indicate significance of P < 0.05 by Duncan's test within each row. Results are presented as mean ± SD (n = 3). Car, carotenoids; Chl, 

chlorophyll. CK, control; S1, 18/8°C D/N and 200 µmol m-2 s-1 PAR; S2, 12/2°C D/N and 200 µmol m-2 s-1 PAR; S3, 18/8°C D/N and 80 µmol m-2 s-1 PAR; S4, 

12/2°C D/N and 80 µmol m-2 s-1 PAR. 

3.3. Photosynthetic Parameters 

Tomato Pmax declined during stress treatments, while it 

increased after plants were recovered for 25 d (Figure 1). The 

Pmax decreased slightly in the first 2 dat and significantly at 6 

and 10 dat. When plants were treated for 10 d, the Pmax for S1, 

S2, S3, and S4 significantly decreased compared to that of 

control. After 25 d of recovery, The Pmax for S1 almost 

reached to that at 0 dat, the S2 was 74.5% of that at 0 dat, S3 

and S4 were 57.8% and 47.2% of that at 0 dat. There was a 

significant difference between 25 and 0 d of recovery. 

 



20 Fang Xiaoa et al.:  Low Temperature and Weak Light Affect Greenhouse Tomato Growth and Fruit Quality  

 

 

Figure 1. Photosynthetic rate at irradiation saturation (Pmax) in tomato leaves during the stress and recovery stage. Small letters indicate significance of P < 

0.05 by Duncan's test. Error bars represent SD, n = 3. CK, control; S1, 18/8°C D/N and 200 µmol m-2 s-1 PAR; S2, 12/2°C D/N and 200 µmol m-2 s-1 PAR; S3, 

18/8°C D/N and 80 µmol m-2 s-1 PAR; S4, 12/2°C D/N and 80 µmol m-2 s-1 PAR. 

 

Figure 2. Stomatal conductance (Gs) (A), stomatal limitation value (Ls) (B), light saturation point (LSP) (C), and light compensation point (LCP) (D) in tomato 

leaves during the stress and recovery stage. Small letters indicate significance of P < 0.05 by Duncan's test. Error bars represent SD, n = 3. CK, control; S1, 18/8°C 

D/N and 200 µmol m-2 s-1 PAR; S2, 12/2°C D/N and 200 µmol m-2 s-1 PAR; S3, 18/8°C D/N and 80 µmol m-2 s-1 PAR; S4, 12/2°C D/N and 80 µmol m-2 s-1 PAR. 

As shown in Figure 2, tomato gs, Ls, and light saturation 

point (LSP) reduced during the stress stage, and increased at 25 

d after recovery (dar); while the changes of light compensation 

point (LCP) were opposite. The gs for S1, S2, S3, and S4 

significantly decreased compared with that of control at 10 dat; 

the gs for S1 could recover more than half of control, while the 

S2, S3, and S4 recovered 41.1%, 35.6%, and 27.4% of control 

at 25 dar (Figure 2A). The Ls declined slightly at 2 and 6 dat, 

and reduced significantly at 10 dat. During the treatments, the 

Ls for S4 was only 11.4% of control at 10 dat, but it recovered to 
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43.4% of control at 25 dar (Figure 2B). The LSP of all 

treatments was lower than that of control; the S1, S2, S3, and S4 

significantly reduced at 10 dat, S1 and S2 could recover more 

than half of control at 25 dar (Figure 2C). It was contrast to LSP, 

the LCP of all treatments was higher than that of control. The 

LCP increased slightly at 2 dat and significantly at 6 and 10 dat. 

With an increase of recovery time, the LCP of all treatments 

declined; the value for S1, S2, S3, and S4 at 25 dar was 

significantly different from that at 0 dar (Figure 2D). 

3.4. Chl Fluorescence Parameters 

Both Fv/Fm and ETR decreased during stress stage, and 

increased during recovery stage (Figure 3). Fv/Fm of tomato 

leaves under different LT and WL treatments was lower than 

that of control, and there was significant difference between 0 

and 10 dat. Fv/Fm of S1 and S2 almost recovered to CK level 

after 20–25 d of recovery treatment, while that of S3 and S4 

decreased to 84.9% and 72.1%, respectively, compared with 

control at 25 dar (Figure 3A). 

The changes of ETR were consistent with that of Fv/Fm, the 

value of S1, S2, S3, and S4 decreased which compared with 

CK at 10 dat. After 25 d of recovery, the ETR of S1, S2, S3, 

and S4 was 80.7%, 73.0%, 70.3%, and 51.4% of control, 

respectively (Figure 3B). 

 

Figure 3. Maximal quantum yield of PSII photochemistry (Fv/Fm) (A) and electron transport rate (ETR) (B) in tomato leaves during the stress and recovery 

stage. Small letters indicate significance of P < 0.05 by Duncan's test. Error bars represent SD, n = 3. CK, control; S1, 18/8°C D/N and 200 µmol m-2 s-1 PAR; S2, 

12/2°C D/N and 200 µmol m-2 s-1 PAR; S3, 18/8°C D/N and 80 µmol m-2 s-1 PAR; S4, 12/2°C D/N and 80 µmol m-2 s-1 PAR. 

 

Figure 4. Malondialdehyde (MDA) content (A), Superoxide dismutase (SOD) activity (B), and catalase (CAT) activity (C) in tomato leaves during the stress and 

recovery phase. Small letters indicate significance of P < 0.05 by Duncan's test. Error bars represent SD, n = 3. CK, control; S1, 18/8°C D/N and 200 µmol m-2 

s-1 PAR; S2, 12/2°C D/N and 200 µmol m-2 s-1 PAR; S3, 18/8°C D/N and 80 µmol m-2 s-1 PAR; S4, 12/2°C D/N and 80 µmol m-2 s-1 PAR. 
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3.5. Antioxidant Enzyme and MDA 

The MDA content and SOD activity of tomato leaves 

increased under stress treatments and decreased under 

recovery treatments, while the CAT activity was opposite to 

the SOD and MDA (Figure 4). 

The MDA under different LT and WL significantly 

increased during the 10 d stress treatments. After 25 d of 

recovery, the MDA of S1 and S2 almost recovered to CK level, 

while S3 and S4 were 2.5 and 4.3 times of CK, and there was a 

significant difference between 25 dar and 0 dar (Figure 4A). 

The SOD for all LT and WL was higher than that of control 

under stress treatments. The SOD of S1, S2, S3, and S4 could 

obviously recover to control level at 25 dar (Figure 4B). The 

CAT decreased under stress treatments, and it could not reach 

control level at 25 dar, but there was significant difference 

between 25 dar and 0 dar. (Figure 4C). 

3.6. Fruit Quality 

After 25 d of recovery, the Vc, soluble solid, soluble protein, 

and lycopene of tomato fruits less than that of CK, while the 

organic acid was opposite (Table 4). With a decline of 

temperature and light, the Vc, soluble solid, soluble protein, 

and lycopene of S1, S2, S3, and S4 significantly decreased 

compared with CK, except lycopene under S1. However, the 

organic acid for S1, S2, S3, and S4 increased significantly 

compared to that of CK. 

Table 4. Effects of low temperature and weak light on tomato fruit quality. 

Treatment Vc [mg g-1(FM)] Organic acid [mg g-1(FM)] Soluble solid (%) Soluble protein [mg g-1(FM)] Lycopene [µg g-1(FM)] 

CK 22.40 ± 2.23a 0.19 ± 0.02d 8.10 ± 0.57a 46.19 ± 3.15a 2.33 ± 0.16a 

S1 14.90 ± 1.31b 0.27 ± 0.03c 7.10 ± 0.41b 42.01 ± 2.71a 2.21 ± 0.14a 

S2 12.40 ± 1.15bc 0.34 ± 0.03b 6.93 ± 0.49b 41.00 ± 2.01a 1.74 ± 0.16b 

S3 11.37 ± 1.07c 0.37 ± 0.03b 5.87 ± 0.41c 34.42 ± 2.35b 1.62 ± 0.14b 

S4 10.03 ± 1.02c 0.44 ± 0.04a 5.40 ± 0.29c 32.76 ± 2.04b 1.56 ± 0.13b 

Note: Small letters indicate significance of P < 0.05 by Duncan's test within each column. Results are presented as mean ± SD (n = 3). Vc, Vitamin C. CK, control; 

S1, 18/8°C D/N and 200 µmol m-2 s-1 PAR; S2, 12/2°C D/N and 200 µmol m-2 s-1 PAR; S3, 18/8°C D/N and 80 µmol m-2 s-1 PAR; S4, 12/2°C D/N and 80 µmol m-2 

s-1 PAR. 

3.7. Correlation Analysis 

We undertook a correlated analysis between morphological 

and physiological and quality indexes for tomato under 

different LT and WL (Table 5). The results showed that there 

was a highly significant positive correlation between plant 

height and Chl, soluble solid, and lycopene (P < 0.01). There 

was an extremely significant negative correlation between 

plant height and MDA, organic acid (P < 0.01). Stem diameter 

and MDA, organic acid had a highly significant negative 

correlation (P < 0.01), while stem diameter and soluble solid, 

soluble protein had an extremely significant positive 

correlation (P < 0.01). There was no significant correlation 

between leaf area and other indexes. 

Table 5. Correlation coefficient between morphological and physiological and quality indexes. 

 Chl Pmax SOD CAT MDA Vc Organic acid Soluble solid Soluble protein Lycopene 

Plant height 0.971** 0.919* -0.929* 0.953* -0.994** 0.938* -0.998** 0.968** 0.956* 0.970** 

Stem diameter 0.843 0.789 -0.805 0.870 -0.970** 0.811 -0.941** 0.966** 0.965** 0.860 

Leaf area -0.236 -0.456 0.434 -0.326 0.003 -0.415 0.104 -0.061 0.001 -0.064 

Note: * Mean significantly correlated at 0.05 level; ** mean significantly correlated at 0.01 level. Chl, chlorophyll; Pmax, photosynthetic rate at irradiation 

saturation; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; Vc, vitamin C.

4. Discussion 

LT and WL limit tomato production in most single-slope 

solar greenhouses in northern China. The Chl contents are 

basic materials of photosynthesis, and photosynthesis is an 

important physiological process in plants, which can 

synthesize organic matter and generate energy [31-33] In the 

present study, the Chl a significantly decreased under LT and 

WL, Chl b and Car fluctuated at early stage, but showed an 

increasing trend in later stage under LT and WL. The Pmax 

decreased with an increase of stress duration under LT and WL 

(Figure 1). Meanwhile, the plant height and stem diameter 

changed consistently with that of Pmax, while leaf area was 

opposite with that of Pmax (Table 2). The reason was that 

photosynthesis was inhibited and the respiration increased 

after 10 d of LT and WL stress treatments, which resulting in 

lower growth rate and larger leaves, these results had been 

confirmed [34-35]. The decrease of Pmax may be determined 

by changes in gs [36]. Ls decreased with reduce of Pmax, 

which indicated that the decrease of photosynthetic rate was 

not caused by stomatal conductance, but by non-stomatal 

factors. LSP also decreased, while LCP increased during the 

stress treatments. During the growth, all species should make 

photosynthetic and respiratory adjustments to LT and WL 

[37]. 

Chl fluorescence parameters are important indicators of 

plant photosystem activity [38]. The Fv/Fm and ETR declined 

under LT and WL treatments, which consistent with findings 

of Li et al. [32], who suggested that LT and WL reduced 

Fv/Fm and ETR of cut-flower chrysanthemum. Decrease of 

ETR showed that photosynthetic electron transport was 

inhibited. 
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Antioxidant system can prevent plants from negative effects 

of ROS. The antioxidant enzymes SOD and CAT play an 

important role in scavenging destructive oxidant species. High 

antioxidant enzymes levels have been found in response to 

heat, cold, and oxidative stress [39-40]. This study showed 

that LT and WL significantly enhanced the SOD activity and 

MDA content, and reduced CAT activity. The SOD increased 

significantly during the whole stress stage, mainly because the 

plants started self-protection mechanisms to adapt to external 

environment through regulation of antioxidant enzyme 

activities [41]. The reason might be that metabolic disorders 

caused by LT and WL resulted in an increase of ROS [1]. The 

CAT declined with the prolonged duration of LT and WL 

treatments, suggesting that the enzyme activity reduced 

dramatically. The reason maybe that severe stress treatments 

could cause the loss of CAT activity, and activated the Mehler 

reaction enzymes [30]. 

Lipid peroxidation has often been used to monitor ROS 

damage, it reflects a basic cell membrane reactive damage 

under abiotic stress [39, 42-43]. In this study, the MDA 

content increased greatly during long term LT and WL stress 

treatments (more than 6 d), which implied that the cell 

membrane system of plants suffered more serious cell 

damage. 

Fruit quality of tomato includes the Vc, organic acid, 

soluble solid, soluble protein, and lycopene [44]. In this study, 

the Vc, soluble solid, soluble protein, and lycopene decreased 

with a decline of temperature and light, while the organic acid 

increased with a decrease of temperature and light. At the 

same light intensity conditions, the changes in Vc, organic 

acid, soluble solid, soluble protein, and lycopene were 

consistent with the results of Zhao et al. [26]. 

After 25 d of recovery, the Pmax, gs, Ls, LSP, and LCP for 

S1, S2, S3, and S4 could not recover to CK level (except the 

LCP for S1), but they could recover to 0 d stress level. The 

reason may be that photosynthetic parameters of higher plants 

are sensitive to temperature and light, and it is difficult to 

recover to normal level once the photosynthetic machinery is 

damaged. The Fv/Fm for S1 and S2 could be equal to that of 

CK, but ETR for all treatments could not reach the CK level, 

which indicated that LT and WL caused an irreversible 

damage to PSII reaction centers [37]. SOD activity and MDA 

content were higher than those of CK, while CAT activity was 

lower than that of CK after 25 d of recovery, which in 

agreement with Yang et al. [18]. 

5. Conclusion 

In all, the results suggested that temperature and light play an 

important role in tomato growth and development. The Fv/Fm, as 

a key fluorescence parameter, will not be affected by species and 

environmental factors under normal growth conditions. In this 

study, the Fv/Fm for S1 and S2 almost recovered to normal level 

after 25 d of recovery, that is, we should adopt measures to 

increase temperature and light once light intensity is 80 

µmol·m
-2

·s
-1
 and D/N temperature is lower than 18/8°C. The aim 

was to reduce economic losses caused by LT and WL. 
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