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Abstract

Low temperature (LT) and low irradiation (LI) are common factors posing a great risk to plants. The study aimed to 
elucidate the effects of LT and LI and recovery on the photosynthetic apparatus, photoinhibition of PSII, and reactive oxygen 
metabolism of strawberry seedlings. The results showed that strawberry growth slowed down or even stopped and total 
chlorophyll content, stomatal conductance, net photosynthetic rate, and maximal quantum yield of PSII photochemistry 
decreased, while intercellular CO2 concentration increased under LI, LT, and combined stress (LL). Additionally, JIP-test 
showed that compared to LI or LT stress, LL-stressed plants had lower quantum yields and efficiencies and functional 
antenna size, and higher reaction center activity. Besides, the contents of hydrogen peroxide and malondialdehyde 
increased, while the activity of superoxide dismutase, peroxidase, and catalase were significantly inhibited compared with 
the control. After the stress was relieved, the photosynthesis of LL-stressed plants recovered poorly.
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Temperature and light have been proven to be two 
important environmental factors that affect plant growth 
and development (Allen and Ort 2001), photosynthetic 
physiological traits (Singh and Singh 2015a), and fruit 
quality (Li et al. 2010). Photosynthesis is not only the most 
basic life activity of plants, but also the fundamental source 
of organic matter and energy, and photosynthetic organs 
are cold-sensitive parts of plants (Kadir et al. 2006, Jurczyk  
et al. 2019). The authors demonstrated that low temperature 
(LT) can destroy all major components of photosynthesis, 
including thylakoid electron transport, carbon reduction 
cycles, and control of stomatal conductance (Allen and 

Introduction

Strawberry (Fragaria × ananassa Duch) is one of the 
most nutritious fruits with a large planting area in China 
(Zhang et al. 2009). The suitable growth temperature 
of strawberry seedlings is between 15 and 32ºC, and 
temperatures below 10ºC can severely limit their growth 
and development. In addition, it is widely cultivated in 
single-slope solar greenhouses during winter and spring 
seasons. Therefore, strawberry cultivation is often subjected 
to low temperature and low irradiation stresses, which 
hinders its normal growth and fruit quality.
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Ort 2001, Singh and Singh 2015b). For example, stomatal 
closure following chilling may be a direct low-temperature 
effect on the function of guard cells, or an indirect res-
ponse to an increase of intercellular CO2 concentration 
(Ci) caused by a chill-induced loss of Rubisco activity. 
Yang et al. (2016) studies show that low irradiation (LI) 
may block the transport of electrons in the photosystems, 
reduce the activity of carbon assimilation enzymes, and 
alter the activity of antioxidant enzymes. Therefore, 
low temperature and low light intensity can affect the 
performance and activity of photosynthetic apparatus. 
Chlorophyll (Chl) fluorescence is closely related to 
various reactions in photosynthesis and its measurement 
brings a lot of information on photosynthesis and effects 
of stress factors (such as low temperature, low irradiation 
or combined stress) on plant functioning (Maxwell and 
Johnson 2000, Baker 2008). 

Under adverse stress conditions, oxidative stress is 
induced by the production and accumulation of reactive 
oxygen species (ROS), which have greater toxicity poten-
tials on biomolecules, such as lipids, proteins, and nucleic 
acids (Gill and Tuteja 2010). In order to control the effects 
of ROS production inside and outside the chloroplast, plant 
cells activate photoprotective mechanisms. For instance, 
several antioxidant enzymes, such as catalase (CAT), 
peroxidase (POD), and superoxide dismutase (SOD) are 
produced in stressed plants to prevent the excess generation 
of ROS and scavenge the inevitable ROS pool (Xu et al. 
2010, Suzuki et al. 2012). If the amounts of antioxidant are 
insufficient, and the oxidation reaction therefore cannot be 
reduced, ROS are produced at a high concentration and 
maintained in time. Then, ROS can destroy the antioxidant 
defense system, leading to irreversible destruction of 
the photosynthetic apparatus including the nuclear gene 
expression machinery (Munné-Bosch and Pintó-Marijuan 
2016). Consequently, identifying the production of sus-
tained ROS and the adequate activation of antioxidant 
responses help elucidate the extent of oxidative stress in 
leaves under abiotic stresses. In addition, malondialdehyde 
(MDA) is one of the most important and widely measured 
nonenzymatic forms of lipid peroxidation and is also a 
common indicator used to measure plant oxidative stress 
(Tsikas 2017).

To our knowledge, previous studies, in general, have 
been conducted under conditions of one factor changing 
(LT or LI), while ignoring the superposition effect of the 
combined effect, which is very common in nature. In 
this paper, the ‘Benihoppe’ strawberry was used as the 
experimental material to establish a two-factor control 
experiment of LT and LI. The aim was to determinate 
the effects of chilling temperature combined with low 
irradiation on the photosynthetic performance of strawberry 
seedlings, under the hypothesis that the combined stresses 
of LT and LI can exacerbate photoinhibition, and this 
inhibition is then irreversible.

Materials and methods

Experimental materials and treatments: Cultivation 
experiments were conducted in Venlo greenhouse of 
the gricultural experimental station located in Nanjing 

University of Information Science and Technology from 
October 2018 to January 2019. The experimental straw-
berry cultivar was ‘Benihoppe’ (Fragaria × ananassa 
Duch., cv. ‘Benihoppe’) provided by the Shandong fruit 
tree planting base. Strawberry seedlings were planted in 
pots (8 cm inside diameter, 10 cm in height) filled with 
nutrient soil (peat:Meteori:Perlite at 3:1:1) and cultivated 
in an artificial climate chamber (TPG-2009, Australia). 
The illumination of the artificial climate chamber was set 
to 800 μmol(photon) m–2 s–1, the temperature was set to 
25/15°C (average day/night temperatures), the photoperiod 
was 12/12 h (day/night, day from 06:00 to 18:00 h), and 
the relative humidity was controlled at 65–75%, which 
were the most suitable conditions for seedlings growth. All 
seedlings were watered with tap water once every two days 
simultaneously. When five true leaves (> 5 cm) appeared in 
strawberry seedlings, potted plants with strong and similar 
growth were selected and transplanted into other artificial 
climate chambers for experimental treatment.

The experiment designed three treatments and one 
control, with a total of 36 plants per treatment. The 
temperature and illumination combinations were: 
18/8°C × 800 µmol(photon) m–2 s–1 (LT), 25/15°C × 200 
µmol(photon) m–2 s–1 (LI), 18/8°C × 200 µmol(photon) 
m–2 s–1 (LL), and 25/15°C × 800 µmol(photon) m–2 s–1 
(Control), respectively. The experimental photoperiod 
was 12/12 h and the relative humidity was 65–75%. 
Strawberry seedlings were stressed for 10 d in the LT, LI, 
and LL conditions, respectively, and then moved to the 
control conditions for 15-d recovery. The corresponding 
gas exchange, Chl fluorescence, and biochemical and 
physiological parameters were determined or analyzed 
after 1, 4, 7, and 10 d of the treatments and after 5, 10, 
and 15 d for the recovery. All measurements were carried 
out on the fully expanded healthy functional leaves with at 
least three replicates from each treatment.

Leaf plastochron index (PI): The determination of PI 
was based on the work of Coleman and Greyson (1976).  
PI = n + (lnLn − lnR)/(lnLn − lnL(n+1)), where R is the 
reference length (R = 10 mm), n is the number of leaves 
longer than the reference length, Ln and L(n+1) are the length 
of the nth and (n + 1)th leaves, respectively.

Photosynthetic pigments: The determination of Chl a and 
Chl b was performed using the method of Netto et al. 
(2005) with minor improvements. Fresh and chopped 
leaf samples (0.2 g) were immersed in a 25-mL test tube 
containing 95% ethanol and sealed it in the dark for 48 h 
until the Chl was completely extracted. Absorbance values 
(ABS) were measured at 663, 649, and 665 nm using  
an ultraviolet spectrophotometer (Cary50 Conc UV-VIS, 
Varian, Victoria, Australia), and then the concentrations  
of Chl a, Chl b, and total chlorophyll (ChlT) were 
calculated according to the following formula. Chl a =  
13.95 A665 − 6.88 A649, Chl b = 24.95 A649 − 7.32 A665,  
ChlT = Chl a + Chl b = 20.29 A645 – 8.05 A663. The content 
of Chl was expressed as mg g–1(FM).

Gas-exchange parameters were measured on the 5th–7th 

fully expanded functional leaves of the plants with a  
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Li-6400 open system portable photosynthesis meter  
(LI-COR Inc.) from 9:00 to 11:00 h. Leaf chamber (6 cm2) 
conditions were set at a flow rate of 500 μmol s–1 with 400 
ppm CO2, and irradiance was set at 1,000 μmol(photon) 
m–2 s–1. Before the measurement, a leaf sample was 
induced with PPFD of 1,000 μmol m–2 s–1 for 20 min (Guidi 
and Calatayud 2014). Measurements included net CO2 
assimilation rate (PN), intercellular CO2 concentration (Ci), 
stomatal conductance (gs), vapour pressure deficit (VPD), 
transpiration rate (E), which were recorded automatically 
by Li-6400. Stomatal limitation value (Ls) was calculated 
based on the following formula: Ls [%] = [(Ca – Ci)/Ca] × 
100 (Lu et al. 2017), where Ca and Ci is atmospheric and 
intercellular CO2 concentration, respectively.

Chl fluorescence parameters and JIP-test: Leaf Chl 
fluorescence (ChlF) measurements were performed on the 
5th–7th fully expanded functional leaves of the plants by 
using a Handy PEA fluorimeter (Hansatech Instruments 
Ltd., Kingꞌs Lynn, UK) after 30-min dark adaptation 
before measurement. Maximal quantum yield of PSII 
photochemistry (Fv/Fm), minimal fluorescence yield of 
the dark-adapted state (F0), maximal fluorescence yield 
of the dark-adapted state (Fm), and variable fluorescence 
(Fv ) were automatically monitored (Kalaji et al. 2018b). 
The fast acquisition kinetics of Chl a fluorescence was 
also measured by the Handy PEA fluorimeter, which 
included four phases of O, J, I, and P, where O is the initial 
fluorescence level, J (2 ms) and I (30 ms) are intermediate 
levels, and P (500 ms–1 s) is the peak level (Yusuf et al. 
2010). The ‘OJIP’ curves were analyzed by the JIP-test 
method. Based on the JIP-test, many parameters reflecting 
the photosynthetic activity of PSII were calculated (Yusuf 
et al. 2010, Lu et al. 2019): (1) performance indexes:  
PIabs = (RC/ABS)·[φPo/(1 − φPo)]·[φ0/(1 − φ0)], PItotal = 
PIabs·[RE0/(ET0 − RE0)]; (2) quantum yields and effi-
ciencies: φPo = TP0/ABS = [1− (F0/Fm)], φEo = ET0/ABS = 
[1 − (F0/Fm)]ψEo, φRo = RE0/ABS = [1 − (F0/Fm)]ψEo δRo, 
ψEo = ET0/TP0 = (1 − VJ), and δRo = RE0/ET0 = (1 − VI)/
(1 – VJ); (3) energy fluxes: ABS/RC = M0 (1/VJ)·(1/φPo), 
TP0/RC = M0 (1/VJ), ET0/RC = M0 (1/VJ)·φ0, and RE0/RC = 
M0 (1/VJ)ψEo δRo.

Antioxidant enzymes activities: Fresh leaf samples (0.5 g) 
without main leaf vein were ground using a mortar and 
pestle together with 5 mL of phosphate buffer (pH 7.8) 
placed in an ice bath. The homogenate was centrifuged 
at 4,000 rpm at 4°C for 20 min. The supernatant was 
used to analyze the activity of antioxidant enzymes. All 
measurements were slightly modified based on actual 
conditions. 

Catalase (CAT; EC 1.11.1.6) activity was measured 
by potassium permanganate titration method described by 
Aebi (1984). CAT activity was expressed as µmol(H2O2 
oxidized) min–1 mg–1(protein). Peroxidase (POD; EC 
1.11.1.7) activity was assayed by guaiacol chromogenic 
method based on the method of Kwak et al. (1995). POD 
activity was expressed as µmol(H2O2 reduced) min–1 

mg–1(protein). Superoxide dismutase (SOD; EC 1.15.1.1) 

activity was determined by nitroblue tetrazolium (NBT) 
method according to Dhindsa et al. (1981). SOD activity 
was expressed as U mg–1(protein).

Lipid peroxidation and H2O2 determination: Lipid 
peroxidation was estimated based on the content of 
malondialdehyde (MDA). MDA content was determined 
according to the method described by Hodges et al. 
(1999) with minor modifications. Leaf tissues (0.2 g) 
were homogenized in 5 ml of 50 mM sodium phosphate 
buffer (pH 6.5). The supernatant (2 ml) was mixed with 2 
mL of 0.6% thiobarbituric acid (TBA) and incubated for  
30 min at 100°C to produce the chromogen thiobarbituric 
acid-malondialdehyde (TBA-MDA). The absorbance 
was measured at 440, 532, and 600 nm by using the  
spectrophotometer (Cary 50 Conc UV-VIS, Varian, Victoria, 
Australia). Then, the content of MDA was calculated and 
expressed as nmol g–1(FM).

H2O2 content was determined using the method of 
Ansari et al. (2018). Leaf tissues (0.2 g) were homogenized 
in 5 ml of 50 mM sodium phosphate buffer (pH 6.5). 
Supernatant (3 ml) was mixed with 1 ml of 0.1% (w/v) 
titanium sulfate in 20% (v/v) H2SO4 and centrifuged for 
25 min at 4,000 × g. Absorbances of the supernatant 
were recorded at 410 nm with an spectrophotometer 
(Cary 50 Conc UV-VIS, Varian, Victoria, Australia). The 
concentration of H2O2 was expressed as μmol g–1(FM).

Data analysis: Data were presented as the mean of three 
replicates ± standard deviation (SD). Statistical analysis of 
physiological parameters was carried out by using DPS 7.5 
(Data Processing System). One-way analysis of variance 
(ANOVA) followed by Duncanꞌs multiple range test 
between the treatments was applied to evaluate significant 
differences (p<0.05). All graphs were drawn by GraphPad 
Prism 7.0 (GraphPad Prism Software Inc., San Diego, 
USA).

Results

Growth and Chl content: After treatment for 10 d under 
LL and LT, the PI value of strawberry plants was basically 
unchanged, and the growth was completely stagnant  
(Fig. 1). Meanwhile, the PI value increased under LI treat-
ment, but the increment in PI was significantly lower than 
that of the control group. After the stress was relieved, the 
PI values of the plants under low irradiance and chilling 
treatment increased rapidly, and the increase values after 
recovery for 10 d were 1.9 and 2.1, respectively, which 
were not significantly different from the increase value 
(2.2) in the control group. However, after recovery for 10 d 
after LL treatment, PI increased only by 1.1, which was 
significantly less than that after LI treatment.

With the prolongation of weak light and low temperature 
stress, the total Chl content decreased continuously, and 
gradually increased after imposing normal temperature 
and light intensity conditions (Table 1). After 14 d of 
recovery, the Chl content in strawberry leaves under LI 
and LT treatments was not significantly different from 
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that of the control group, while the Chl content under LL 
treatment was significantly different from the control.

Photosynthetic parameters: Photosynthetic performance 
of strawberry seedlings was significantly inhibited after 
exposure to adverse stress for 4 d, and with the extension 
of stress duration, the inhibition was even more obvious 
(Fig. 2). After 10 d of treatment, the PN under LL treatment 
decreased significantly by 77.2% compared to the control, 
and decreased by 48.6 and 59.1%, respectively, under LI 
and LT treatments (Fig. 2A). Meanwhile, gs and Ls decreased 
significantly with the prolongation of each stress, but Ci 
increased significantly (Fig. 2C–E). During the subsequent 
recovery process, the PN, gs, and Ls of the plants under LL 
treatment showed an upward trend, while the Ci showed 
a downward trend. The recovery rate of those parameters 
under LI treatment was significantly faster than that 
under LL treatment. In addition, the adverse stresses not 
only inhibited photosynthetic capacity, but also severely 
suppressed transpiration, i.e., all treatments caused a large 
rapid decline in E and VPD (Fig. 2B,F).

Chl fluorescence parameters: Compared with the control, 
after 10 d of LL treatment, the values of Fv/Fm, Fm, and 
Fv significantly decreased by 11.7, 24.0, and 32.9%, 
respectively, while the value of F0 markedly increased 
by 16.3% (Fig. 3). Meanwhile, LI (or LT) stress affected 
those parameters slightly and there was no significant 
difference between LI (or LT) and control samples. After 

15 d of recovery, none of above parameters recovered to 
the control level under LL treatment.

The shape of the O-J-I-P curve was influenced by 
LT, LI, and combined stress (Fig. 1S, supplement). The 
relative variable fluorescence of O–J, J–I, and I–P phases 
in the LT, LI, and LL group were significantly lower than 
those in the control group after 12-d stress. After 15 d of 
recovery, the relative variable fluorescence of the LI group 
and the LT group was not different from that of the control 
group, but the J–I and I–P phases in the LL group were still 
significantly smaller than those in the control group. JIP-
test analysis (Table 2) showed that LL stress significantly 
reduced the values of φPo, φEo, δRo, and φRo by 11.3, 15.1, 
26.8, and 33.3%, respectively, after 10 d of treatment, 
compared with the control, and those values could not 
recover to a similar level to that of control after 15 d of 
recovery. In contrast, the values of ABS/RC, DI0/RC,  
TP0/RC, ET0/RC, and RE0/RC significantly increased by 
23.0, 60.0, 20.8, 15.2, and 68.2%, respectively, under LL 
stress, while they could not return to the control level after 
15 d of recovery. In addition, strawberry plants subjected to 
LL stress had a lower PIabs and PItotal, which were reduced by 
40 and 30%, respectively, after 15 d of treatment compared 
with that in the control group, and they did not recover 
to the control level after 15 d of recovery. Similarly, the 
trends of all above parameters under LI and LT stress were 
similar to that under LL stress.

MDA and H2O2: The contents of MDA and H2O2 increased 
under each treatment, and the longer stress duration, the 
more obvious the increase was (Fig. 4). Compared with 
the control, the contents of MDA and H2O2 increased by 
49 and 72%, respectively, under LL treatment for 10 d. 
Similarly, LT and LL stress also enhanced both these 
contents after 10 d of treatment compared to that in 
control group. In addition, the contents of MDA and H2O2 
returned to the control levels when LI-treated plants were 
transferred to the suitable environment for 15 d. However, 
when the LT-treated and LL-treated plants were recovered 
for 15 d, the contents of MDA and H2O2 could not decline 
to the control levels, showing recovery rates of 85–89 and 
76–82%, respectively.

Activity of antioxidant enzymes: The activities of SOD, 
CAT, and POD increased in all treatments (Fig. 5), 
particularly by 55.4, 80.4, and 65.1%, respectively, under 
LL treatment for 10 d compared to that of nonstressed 

Fig. 1. Effects of chilling and low light intensity treatment and 
recovery on leaf plastochron index (PI). LT – low temperature; 
LI – low irradiance; LL – the combination of low temperature 
and low irradiance.

Table 1. Effects of chilling and low light intensity treatment and recovery on total chlorophyll content [mg g–1(FM)]. LT – low 
temperature; LI – low irradiance; LL – the combination of low temperature and low irradiance; FM – fresh mass. Different lowercase 
letters in same column represent significant differences at the level of 0.05 by Duncanꞌs test. Values are means ± SD, n = 15.

Treatments Control Time of treatment [d] Time of recovery [d]
4 10 5 15

Control 14.27 ± 0.15 14.28 ± 0.43a 14.68 ± 0.25a 15.41 ± 0.24a 14.88 ± 0.37a

LI - 13.93 ± 0.11a 13.48 ± 0.20b 14.01 ± 0.14b 14.75 ± 0.18a

LT - 12.81 ± 0.15b 10.97 ± 0.32c 13.93 ± 0.21b 14.24 ± 0.35a

LL - 11.82 ± 0.15c 10.09 ± 0.11c 10.53 ± 0.15c 11.23 ± 0.17b
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Fig. 2. Effects of chilling and low light intensity treatment and recovery on photosynthetic parameters. LT – low temperature;  
LI – low irradiance; LL – the combination of low temperature and low irradiance; PN – net photosynthetic rate; E – transpiration rate;  
gs – stomatal conductance; Ci – intercellular CO2 concentration; Ls – stomatal limitation value; VPD – vapor pressure deficit.

Fig. 3. Effects of chilling and low light intensity treatment and recovery on Fv/Fm (A), Fm (B), Fv (C), and F0 (D). LT – low temperature;  
LI – low irradiance; LL – the combination of low temperature and low irradiance; Fv/Fm – maximal quantum yield of PSII photochemistry; 
F0 – minimal fluorescence yield of the dark-adapted state; Fm – maximal fluorescence yield of the dark-adapted state; Fv – variable 
fluorescence.
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strawberry seedlings. After the stress was relieved, the 
activities of the three enzymes decreased significantly 
under all treatments. On the 15th day after recovery, the 
activities of the three enzymes returned to the control 
levels under the treatment of LI, but they were significantly 
different from the control under LT and LL treatments.

Discussion

Photosynthesis supplies necessary energy to form biomass 
and is one of the main determinators of plant growth and 
development (Lu et al. 2017). The change in plant growth 
rate is a comprehensive manifestation of its response to 
adverse stresses (Shu et al. 2016). In our study, chilling 
temperature and low light intensity caused a significant 
decrease in photosynthesis (Fig. 2A), which led to a slower 

or stagnant plant growth (Fig. 1). The reasons for the decline 
of photosynthesis include stomatal factors and nonstomatal 
factors (Farquhar and Sharkey 1982). The results in Fig. 2 
showed that LI, LT, and LL stresses caused the decrease in 
PN of strawberry leaves, while the Ci increased, indicating 
that under the above three adverse stresses, the decline of 
photosynthesis was not caused by a decrease in the supply 
of CO2 due to reduced gs, but was caused by nonstomatal 
limitations (such as the loss of Rubisco and photochemical 
activity) that hindered the utilization of CO2, resulting 
in the accumulation of intercellular CO2 (Allen and Ort 
2001, Gerganova et al. 2016, Liu et al. 2019). Besides, 
the contents of total Chl also decreased by LI, LT, and LL 
stresses, and after recovery for 15 d, the total Chl content 
under LI and LT stresses returned to the control level, 
while this did not happen under LL stress (Table 1). The 

Table 2. Effects of chilling and low light intensity treatment and recovery on JIP-test analysis in strawberry leaves. LT – low temperature; 
LI – low irradiance; LL – the combination of low temperature and low irradiance; ABS/RC – apparent antenna size of active PSII per 
reaction center; DI0/RC – effective dissipation of energy in active per reaction center; TR0/RC – trapped energy flux per reaction center; 
ET0/RC – electron transport flux per reaction center; RE0/RC – electron flux reducing end electron acceptors at the PSI acceptor side per 
reaction center; φPo – maximum quantum yield for primary photochemistry; φEo – quantum yield for electron transport; δRo – efficiency/
probability with which an electron from the intersystem electron carriers moves to reduce end electron acceptors at the PSI acceptor 
side; φRo – quantum yield for reduction of end electron acceptors at the PSI acceptor side; PIabs – performance index (potential) for 
energy conservation from exciton to the reduction of intersystem electron acceptors; PItotal – performance index (potential) for energy 
conservation from exciton to the reduction of PSI end acceptors. Different capital letters in the same line represent significant differences 
at the level of 0.05 by Duncanꞌs multiple range tests, different lowercase letters in the same line represent significant differences at the 
level of 0.05 by Duncanꞌs multiple range tests. Values are means ± SD, n = 15.

Parameters Control 10 d of treatment 15 d of recovery
LI LT LL LI LT LL

ABS/RC 0.87 ± 0.05dB 0.95 ± 0.03c 1.07 ± 0.02b 1.17 ± 0.09a 0.90 ± 0.09B 0.99 ± 0.04AB 1.03 ± 0.04A

DI0/RC 0.15 ± 0.03cB 0.19 ± 0.02c 0.24 ± 0.02b 0.28 ± 0.01a 0.17 ± 0.02B 0.19 ± 0.03AB 0.23 ± 0.02A

TP0/RC 0.72 ± 0.05cB 0.81 ± 0.03bc 0.87 ± 0.04b 0.96 ± 0.10a 0.75 ± 0.04B 0.80 ± 0.03AB 0.83 ± 0.04A

ET0/RC 0.46 ± 0.02cB 0.49 ±0.03bc 0.53 ± 0.03b 0.67 ± 0.02a 0.45 ± 0.04B 0.47 ± 0.03B 0.60 ± 0.01A

RE0/RC 0.19 ± 0.02dC 0.24 ± 0.02c 0.32 ± 0.01b 0.44 ± 0.02a 0.20 ± 0.02C 0.27 ± 0.03B 0.33 ± 0.01A

φPo 0.62 ± 0.01aA 0.61 ± 0.02a 0.57 ± 0.02b 0.55 ± 0.01c 0.63 ± 0.02A 0.64 ± 0.01A 0.60 ± 0.02B

φEo 0.53 ± 0.04aA 0.50 ± 0.01a 0.45 ± 0.01b 0.38 ± 0.02c 0.51 ± 0.01B 0.50 ± 0.03B 0.45 ± 0.01C

δRo 0.41 ± 0.03aA 0.38 ± 0.02a 0.35 ± 0.01b 0.30 ± 0.01c 0.41 ± 0.01A 0.38 ± 0.02A 0.37 ± 0.01B

φRo 0.24 ± 0.02aA 0.22 ± 0.01b 0.19 ± 0.02b 0.16 ± 0.01c 0.24 ± 0.02A 0.21 ± 0.02A 0.19 ± 0.03B

PIabs 10.71 ± 1.35aA 8.25 ± 0.36b 7.32 ± 0.23c 5.44 ± 0.45d 9.26 ± 0.22A 8.45 ± 0.36B 6.98 ± 1.02C

PItotal 7.52 ± 1.42aA 6.58 ± 0.18b 5.23 ± 0.13c 4.35 ± 0.33d 7.00 ± 0.21A 6.32 ± 0.31B 5.36 ± 0.22C

Fig. 4. Effects of chilling and low light intensity treatment and recovery on (A) lipid peroxidation (expressed as MDA content) and  
(B) H2O2. LT – low temperature; LI – low irradiance; LL – the combination of low temperature and low irradiance; MDA – malon-
dialdehyde; H2O2 – hydrogen peroxide.
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main reason was that the combined stress aggravated the 
oxidative stress of cells and inactivated the membrane 
system, resulting in irreversible damage (Xu et al. 2019). 

The sharp decrease of PN accompanied by a significant 
and reversible decrease of Fv/Fm, which also ruled out 
that PSII inhibition, as the main result of LI and LT, 
happened especially in the process of recovery (Fig. 3A). 
In other words, photoinhibition under LI and LT stresses 
did not lead to PSII damage, but it was a photoprotective 
mechanism. Some previous studies on low temperature 
stress reported similar results (Li et al. 2003, Xu et al. 
2019). However, the ratio of Fv/Fm under LL stress was 
not recovered to the control level after 15 d of the recovery 
process, indicating that LI stress induced irreversible 
photoinhibition of strawberry seedlings. In addition, the 
decrease of photosynthesis usually caused the accumulation 
of excessive photon energy and photoinhibition of PSII. 
According to Yamamoto et al. (2014), the inactivation 
of the PSII reaction center was divided into two types, 
namely, reversible inactivation and destruction of the 
reaction center. In our study, compared to the control, the 
value of F0 under LI stress was higher and restored to the 
control level after 15 d of recovery (Fig. 3D), implying 

that low light intensity induced reversible inactivation of 
PSII reaction center, which was consistent with the results 
of Yang et al. (2016). Whereas, the large decline in Fm 
and Fv (both were unrecoverable) demonstrated that LL 
caused the destruction of PSII reaction center (Fig. 3B,C). 
Besides, LT stress induced partly irreversible inactivation 
(F0 had not fully recovered) and reversible inactivation 
(F0 could be recovered) of the PSII reaction center of 
strawberry leaves.

A sequence of parameters (Table 2) can effectively 
describe energy conversion, i.e., absorption flux per RC 
(ABS/RC), trapping flux per RC (TP0/RC), electron trans-
port flux per RC (ET0/RC), and electron flux reducing  
end electron acceptors at the PSI acceptor side, per RC 
(RE0/RC) (Yusuf et al. 2010). Our research showed that 
energy absorption, transfer, and loss were more affected 
under combined stress than that under single stress. 
Strawberry plants subjected to LI and LT stresses better 
utilized the excitation energy and showed a higher stability 
of the energy fluxes system than that under LL stress. The 
energy fluxes per RC are functional parameters, while the 
energy fluxes per ABS are structural parameters. In our 
study, all the quantum yields decreased under stressful 
conditions, with the effect on φEo being larger than 
that on φPo and that on φRo was still larger, showing the 
efficiencies of the intermediate energy transduction. The 
performance index (PItotal) is mainly a stress indicator and 
is the most sensitive parameter for the JIP-test, which 
includes partial ‘potentials’ for energy conservation 
(Kalaji et al. 2016, Kalaji et al. 2018a). Note that a 
negative value for PItotal indicates ‘loss’ and a positive 
value indicates ‘gain’ for energy conservation (Yusuf  
et al. 2010). We observed that the PItotal of LI-treated and 
LT-treated plants exhibited the increase showing ‘gain’ 
after recovery process, while the smaller increase (not 
significant) was observed after LL-treatment showing 
plants subjected to LL stress had a poor ability for energy 
conservation.

Plants, subjected to different environmental stresses, 
are continuously producing ROS such as H2O2 (Cao et al. 
2019). Generally, these ROS are unstable and highly 
reactive molecules, presenting a challenge to plant organs. 
If left uncontrolled, ROS can cause oxidative damage by 
causing disruption of membrane lipids, denaturation of 
proteins or disruption of DNA chain reactions, ultimately 
leading to cell death (Pintó-Marijuan and Munné-Bosch 
2014). In present study, the ROS burst severely damaged 
the cell membrane integrity according to respective MDA 
values under adverse stresses (Fig. 5). However, plants 
have developed ROS-scavenging enzymes, such as POD, 
CAT, and SOD, that reduce ROS to maintain an adequate 
reduction/oxidation (redox) balance (Xu et al. 2019). In 
our experiments, all treatments increased the activity of 
the above enzymes (Fig. 4), indicating that the strawberry 
seedlings started their self-protection mechanisms, which 
enabled them to adapt to the external environment and 
reconstruct the balance between ROS production and 
scavenging by regulating the activity of ROS-scavenging 
enzymes (Das and Roychoudhury 2014, Mittler 2017). 
After 15 d of recovery, the activity of POD, CAT, and 

Fig. 5. Effects of chilling and low light intensity treatment and 
recovery on the activity of SOD (A), CAT (B), and POD (C). 
LT – low temperature; LI – low irradiance; LL – the combination 
of low temperature and low irradiance; SOD – superoxide 
dismutase; CAT – catalase; POD – peroxidase.
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SOD returned to the control level under LI stress, but 
not under LT and LL stresses, which indicated that LL 
and LT stresses broke the balance of the production and 
scavenging of ROS, and this break was irreversible. 
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