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Abstract 
 
In this study, photochemical responses of cucumber (Cucumis sativus L.) cultivar, ‘Beith Alpha F1’, 

under moderate and severe heat stress (45 °C and 55 °C, 4 hours) was studied. Chlorophyll a fluorescence 
measurement and the results of the JIP test indicated that severe heat stress was more drastically affected the 
photosynthetic activity as compared to moderate heat stress in the cotyledons of cucumber plants. Severe heat 
stress, for example, led to the increased level of Fo and decreased level of Fm, Fv/Fo, and Fv/Fm, suggesting 
remarkable photoinhibition on electron transport reactions in cucumber plants. Also, severe heat stress caused 
the increased level of accumulation of inactive reaction centers, resulting in a decreased amount of trapped light 
energy and electron transport on PSII. The enhanced values of DIo/RC and φDo in the cotyledons of cucumber 
plants indicated that the trapped energy cannot be used for photochemical reactions and lost as heat. 
Consequently, the reduction of the plastoquinone pool was partly inhibited due to the decreased yield of 
photochemistry. As a result, it may be concluded that severe heat stress inhibited PSII activity in several points 
and decreased photosynthetic yield in the cotyledons of cucumber plants.  
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Introduction 
 
Rising temperature due to climate change poses a serious threat to agricultural yields worldwide (Wang 

et al., 2018). It has been estimated that the temperature will increase by 0.2 °C every ten years until the year 
2100 (Sehgal et al., 2016). Heat stress is generally defined as prevailing temperature conditions above a certain 
threshold value for a period sufficient to cause irreversible damage to plant growth and development (Wahid 
et al., 2007). The growing need for food and agricultural yield losses due to global warming show that food 
security needs to be improved urgently (Abdelrahman et al., 2017). For this reason, it is very important to 
investigate the physiological, biochemical, and molecular responses of plants against heat stress. 

The effect of heat stress on plant metabolism varies depending on the temperature, the exposure time, 
and the rate of increase in temperature (Wahid et al., 2007). Due to the disruption of the cellular organization 
at extremely high temperatures, significant metabolic damages and even cell death may occur in a short period 
(Schöffl et al., 1999). At lower temperatures, the exposure time of the plant must be longer for cellular damage 
or death to occur. The direct effects of heat stress on plants include protein denaturation and aggregation, 
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inhibition of protein synthesis and enzyme activity, increased membrane fluidity, and disruption of membrane 
integrity. These damages result in inhibition of photosynthesis and growth, the formation of various toxic 
compounds, and active oxygen species (Schöffl et al., 1999). 

Photosynthesis is the most important process that enables the conversion of light energy to biological 
energy in plants. The temperatures 10-15 °C above the value considered optimum for plant growth and 
development generally cause heat stress and cause a reduction in photosynthetic activity (Allakhverdiev et al., 
2008). It has been well known that photosynthesis is highly sensitive to heat stress. This is mainly due to 
structural deformations in thylakoid membranes and consequently inhibition of redox reactions in chloroplasts 
(Biswal et al., 2011). Chen et al. (2017) reported that chloroplasts are organelles that enable cellular signalling 
events to be activated against heat stress. Both abiotic and biotic stress factors that reduce photosynthetic 
activity also reduce the growth rate of plants.  Therefore, it is essential to examine the changes in photosynthetic 
activity in plants under stress. Today, chlorophyll a fluorescence has been reported to be the most modern and 
reliable technique for measuring photosynthetic activity (Maxwell and Johnson, 2000; Doğru, 2019; Doğru 
and Çakırlar, 2020a, b). The basic principle of chlorophyll a fluorescence kinetics is the redox state of quinone 
A (QA), which is the primary electron acceptor of photosystem II (PSII).  Accordingly, the fluorescence yield 
is low when the QA is in the oxidized state, and the fluorescence yield is high when it is reduced. In this case, 
fluorescence yield is directly related to the net concentration of QA

- (Govindjee, 2004). Also, at the minimum 
fluorescence (Fo), that is, at the “O” point, all QA molecules are in an oxidized state, the reaction centers of PSII 
are open, and primary photochemical processes are at maximum level. However, at the maximum fluorescence 
(Fm), that is, at the “P” point, all QA molecules are reduced, the reaction centers of PSII are closed and primary 
photochemical processes are at a minimum level (Govindjee, 2004). If the chlorophyll a fluorescence signals are 
plotted versus the logarithm of time, the “OJIP” curve is obtained. The basic principle of the OJIP curve can 
be explained as follows:  When light is applied to the surface of a leaf adapted to the dark, the fluorescence of 
chlorophyll a increases from the minimum level (“O”) to the “J” level (Fj) within 2 ms due to reduction of QA 
molecules.  It then rises to the “I” point (Fı) in about 30 ms due to the reduction of the entire plastoquinone 
pool. In the last stage, chlorophyll a fluorescence increases form the “I” point to the maximum level (“P” or Fm) 
due to the higher electron density in the acceptor side of photosystem I (PSI) (Govindjee, 2004). The technique 
that enables chlorophyll a fluorescence signals to examine the changes exhibited at “J”, “I”, and “P” points of 
the OJIP curve and the interactions between these changes is called the JIP test (Strasser et al., 2004). JIP test 
is used in the field of plant biology and agriculture to understand the reactions of the photosynthetic apparatus 
under many different environmental conditions (Yusuf et al., 2010). JIP test is based on energy flow theories 
in thylakoid membranes (Force et al., 2003). This test allows the investigation of the energy flow entering and 
leaving the PSII through parameters (Table 1) directly measured and calculated with the help of some 
equations. 

Accordingly, this study aims to examine the physiological changes caused by the moderate and severe 
heat stress in cucumber plants by chlorophyll a fluorescence technique and JIP test. 

 
 

Materials and Methods 
 
Plant material, growth conditions, and experimental design 
In this study, a cucumber (Cucumis sativus L.) genotype, ‘Beith Alpha F1’, was used. The seeds were 

first surface-sterilized with 5% sodium hypochlorite solution for 30 min. Then they were washed three times 
and imbibed in distilled water for 24 h. After imbibition, seeds were sown in plastic pots containing perlite and 
watered with half-strength Hoagland solution. Plants were grown in a growth chamber at 27/22 °C day/night 
temperature, 16-h photoperiod, the irradiance of 200 µmol m-2 s-1, and 40-45 % relative humidity. On the 10th 
day of growth, moderate (45 °C) and severe (55 °C) heat stress and treatment were applied to seedlings for 4 
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hours, which was determined based on the previous studies. After 24 hours of heat stress application, 
chlorophyll a fluorescence measurement was done on the intact plants.  

 
Table 1. Identification of some chlorophyll a fluorescence and JIP test parameters (Kalaji et al., 2011) 

Parameters  

Fo Chlorophyll a fluorescence intensity measured when all PSII reaction centers are assumed to be open 

Fm Maximum chlorophyll a fluorescence intensity measured when all PSII reaction centers are closed 

Fv Variable chlorophyll a fluorescence (Fm-Fo) 

Fv/Fm Maximum quantum efficiency of PSII 

Fv/Fo 
A value that is proportional to the activity of the water-splitting complex on the donor side of PSII (the 

efficiency of Hill reaction or photolysis 
ABS/RC Light absorption flux per reaction center 

ETo/RC Maximum electron transport flux further than QA
- per PSII reaction centers 

TRo/RC Trapped energy flux leading to the reduction of QA per reaction centers 

DIo/RC Dissipation energy flux per PSII reaction centers 

RC/ABS Density of active reaction centers per PSII antenna chlorophyll 

∆V/∆to The rate of accumulation of closed reaction centers 

N The number indicating how many times QA is reduced while fluorescence reaches its maximal value 

PIABS Performance index 

SFIABS An indicator of PSII “structure and functioning” 

SM The energy necessary for the closure of all reaction centers 

Ψ0 The efficiency of a trapped exiton to move an electron from QA to the electron transport system 

φDo Thermal dissipation quantum yield 

φEo Electron transport quantum yield 

 
 
Chlorophyll a fluorescence measurement 
Chlorophyll a fluorescence measurement was done by plant efficiency analyser (Handy PEA 

fluorimeter, Hansatech Instruments Ltd., Pentney, Kings Lynn, Norfolk, England).  Cucumber seedlings were 
pre-darkened for 45-60 min at room temperature. Chlorophyll a fluorescence induction transient was 
measured on the cotyledons when they were exposed to a strong light pulse (3500 µmol photons m-2 s-1). The 
data were analysed and the JIP test was conducted using Biolyzer software (Strasser et al., 2000). Measurements 
of chlorophyll a fluorescence were done on 10 plants from each treatment and using 3 replicates for each plant 
(n=30). 

 
Statistical analysis 
Experiments were a randomized complete block design with three independent replicates. Analysis of 

variance (ANOVA) was performed using SPSS 20.0 statistical software for Windows. To separate significant 
differences between means, Duncan (least significant difference) test was used at P ≤ 0.05. 

 
 
Results and Discussion 
 
Photosynthesis has long been recognized as one of the most heat-sensitive metabolic processes in plants 

(Zhang and Sharkey, 2009). It has also been reported that photosystems (mainly photosystem II with its 
oxygen-evolving system), ATP generation and carbon fixation reactions are three major heat-sensitive sites in 
the photosynthetic apparatus (Allakhverdiev et al., 2008). It has been proposed that heat stress alters the redox 
balance of photosynthetic electron transport reactions (Zhang and Sharkey, 2009). Therefore, in this study, 
chlorophyll a fluorescence measurement was used to investigate the performance of the photosynthetic 
apparatus in cucumber cotyledons under moderate and severe heat stress. The maximum quantum efficiency 
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of PSII (as indicated by the Fv/Fm) in the cucumber cotyledons was not affected by moderate heat stress (45 
°C), but severe heat stress (55 °C) significantly reduced Fv/Fm (Table 2). The lowest Fv/Fm value in the severe-
stressed cotyledons of cucumber plants clearly showed that a large extent of photoinhibition has occurred in 
PSII units. Similarly, moderate heat stress did not affect minimum fluorescence (Fo) and maximum 
fluorescence (Fm) significantly as compared to the respective controls (Table 2).  

 
Table 2. Effect of moderate (45 °C) and severe heat stress (55 °C) on some chlorophyll a fluorescence 
parameter on cucumber cotyledons 

Parameters Control 45 °C 55 °C 
Fo 420±13b* (100)** 402±17b (96) 585±50a (139) 
Fm 2361±111a (100) 2559±109a (108) 787±89b (33) 

Fv/Fm 0.821±0.005a (100) 0.843±0.001a (103) 0.259±0.05b (32) 
Fv/Fo 3.39±0.13b (100) 4.04±0.04a (119) 0.33±0.07c (10) 

*Different letters in the same lines indicate significant difference at the level of P≤0.05. 
** Numbers in the parenthesis indicate % change from controls. 

 
However, Fo was increased while Fm was decreased by severe heat stress remarkably in comparison with 

controls. It has been reported that several stress factors could be responsible for the increase in Fo (Maxwell 
and Johnson, 2000). Meravi and Prajapati (2018), for example, claimed that a higher level of Fo may be 
attributed to an increase in the fraction of PSII reaction centers that are in inactivated state. Kalaji et al. (2011) 
have shown that the reason for the higher Fo values is the slowing down of the transport of electrons from QA 
to QB and/or the decrease in the efficiency of PSII to capture light energy. Accordingly, the results of this study 
showed that severe heat stress resulted in damage to PSII reaction centers and decrease the quantum yield of 
electron transport (φEo) in the cotyledons of cucumber plants, as confirmed by higher ABS/RC and lower 
RC/ABS values in this study (Table 3). The results of this study also suggest that the accumulation of inactive 
reaction centers is associated with the increased efficiency of dissipation of absorbed light energy as heat in the 
cotyledons of cucumber plants under severe heat stress, as shown by the remarkably higher values of those 
parameters indicating the efficiency of non-photochemical quenching processes (DIo/RC and φDo) (Table 3) 
(Kalaji et al., 2011). Also, severe heat stress led to the increased level of the accumulation of the closed reaction 
centers, as confirmed by higher ∆V/∆to and lower SM and TRo/RC values in the cotyledons of cucumber 
(Table 3). 

 
Table 3. Effect of moderate (45 °C) and severe heat stress (55 °C) on some JIP test parameters on cucumber 
cotyledons 

Parameters Control 45 °C 55 °C 

∆V/∆to 1.14±0.07ab* (100) 0.93±0.03b (81) 1.29±0.11a (112) 

φPo 0.772±0.007a (100) 0.801±0.001a (104) 0.241±0.038b (31) 

Ψo 0.476±0.021a (100) 0.546±0.003a (115) 0.326±0.038b (69) 

φEo 0.368±0.019b (100) 0.437±0.003a (119) 0.084±0.021c (23) 

φDo 0.228±0.007b (100) 0.199±0.001b (87) 0.759±0.038a (333) 
SM 19.81±1.61ab (100) 24.08±0.37a (122) 12.09±4.10b (61) 
N 42.81±2.85a (100) 49.33±1.75a (115) 22.32±7.09b (52) 

ABS/RC 2.82±0.082b (100) 2.56±0.078b (91) 8.83±1.52a (313) 
TRo/RC 2.18±0.047a (100) 2.05±0.058ab (94) 1.90±0.074b (87) 
ETo/RC 1.03±0.033a (100) 1.12±0.030a (108) 0.61±0.062b (59) 
DIo/RC 0.65±0.04b (100) 0.51±0.02b (79) 6.93±1.51a (1074) 

SFIABS 1.31±0.098b (100) 1.72±0.056a (131) 0.13±0.052c (10) 
RC/ABS 3.56±0.097a (100) 3.93±0.110a (110) 1.29±0.235b (36) 

PI 11.35±1.48b (100) 19.06±0.81a (168) 0.30±0.15c (3) 
*Different letters in the same lines indicate significant difference at the level of P≤0.05. 
** Numbers in the parenthesis indicate % change from controls. 
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These results indicate that intact reaction centers cannot be easily oxidized as a result of severe heat 

stress. Consequently, electron movement into QA is slowed down and the reduction/oxidation cycle of QA is 
inhibited by severe heat stress, as shown by a lower level of N (Table 3). Under these circumstances, 
photosynthetic electron transport reactions further than QA are inhibited as well and hence both ETo/RC 
and Ψ0 were decreased by severe heat stress. The lower level of Fm value in the cotyledons of cucumber plants, 
on the other hand, suggested that restrictive effect of severe heat stress on the photosynthetic electron transport 
reactions in PSII acceptor side appeared, as indicated by Georgieva and Lichtenthaler (1999) and Doğru and 
Çakırlar (2020a and b). Besides, the results of this study indicated that the decline in Fv/Fm ratio in the severe 
heat-stressed cotyledons of cucumber plants was mostly due to a decrease in Fm, suggesting a higher level of 
sensitivity of PSII acceptor side. The efficiency of the Hill reaction or water splitting complex on the donor 
side of PSII (as indicated by Fv/Fo) was enhanced in the cotyledons of cucumber under moderate heat stress, 
but it was significantly reduced by severe heat stress (Table 2). A higher level of Fv/Fo in the cotyledons of 
cucumber plants under moderate heat stress showed an accelerated rate of photosynthetic electron transport. 
In contrast, reduced Fv/Fo value may be the assumption that a lower number of electrons were transported 
from the oxygen-evolving complex (OEC) to the plastoquinone pool, which could be a result of damages in 
OEC (Zhao et al., 2008). As a result of these changes in the photosynthetic electron transport, lower PIABS and 
SFIABS showed that structural damage and functioning failure occurred in PSII. 

 
 
Conclusions 
 
To sum up, the results of this study indicated that electron movements on PSII were entirely affected by 

heat stress applications in the cotyledons of cucumber plants. In general, severe heat stress had more destructive 
effects on photosynthetic electron transport reactions in cucumber plants in comparison with moderate heat 
stress. Severe heat stress led to the increased level of the accumulation of the inactive reaction centers and 
decreases the efficiency of PSII to capture light energy. Also, severe heat stress inhibited primary 
photochemistry and stimulated non-photochemical reactions. Consequently, the absorbed light energy could 
not be used to drive photochemical reactions and excess energy was quenched non-photochemically as heat.  
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