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Abstract

:

Low temperatures are a substantial limitation in the geographic distribution of warm-season crops such as cucumber (Cucumis sativus L.). Tolerance to low temperatures varies among different plant species and genotypes when changes in environmental cues occur. Therefore, biochemical and biophysical events should be coordinated to form a physiological response and cope with low temperatures. We examined how light intensity influences the effects of low temperature on photosynthesis and some biochemical traits. We used chlorophyll fluorescence imaging and polyphasic fluorescence transient to analyze cold stress damage by 4 °C. Photosynthetic Photon Flux Densities (PPFDs) of 0, 300, and 600 μmol m−2 s−1, in four accessions of cucumber, were investigated. The results show that the negative effects of cold stress are PPFD-dependent. The adverse effect of cold stress on the electron transport chain is more pronounced in plants exposed to 600 μmol m−2 s−1 than the control and dark-exposed plants, indicated by a disturbance in the electron transport chain and higher energy dissipation. Moreover, biochemical traits, including the H2O2 content, ascorbate peroxidase activity, electrolyte leakage, and water-soluble carbohydrate, increased under low temperature by increasing the PPFD. In contrast, chlorophyll and carotenoid contents decreased under low temperature through PPFD elevation. Low temperature induced a H2O2 accumulation via suppressing ascorbate peroxidase activity in a PPFD-dependent manner. In conclusion, high PPFDs exacerbate the adverse effects of low temperature on the cucumber seedlings.
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1. Introduction


Cucumber is a warm-season crop that belongs to the Cucurbitaceae family. Therefore, its growing season and geographical distribution are restricted by an ambient temperature [1,2]. To overcome multiple environmental stresses, plants have evolved complicated mechanisms at the cellular and molecular levels through evolution, enabling them to survive multiple stresses which exist in ever-changing environments [3,4,5]. Moreover, plants are sometimes deliberately exposed to cold environments by growers such as when seedling producers are forced to cold-store seedlings to reach a proper time for land cultivation. They prefer cold over normal temperatures to prevent the seedlings from over-growing in the seedling trays. However, the intensity of light they have to use during this storage period should not be very low as to deplete the plant’s carbohydrate supplies, nor very high as to cause photoinhibition in the seedlings. As another example, the transplant/explant producers usually acclimatize their products to the situation of the natural environment with a lower (sometimes higher) temperature and higher light intensities than their production units in the greenhouse or in vitro. Therefore, understanding the underlying stress tolerance mechanisms is an essential step for not only the development of stress-tolerant cultivars, but also to facilitate assisting commercial growers. Although the processes behind a plant’s response to the cool-light condition are not fully clarified, it has been known that a series of integrated events involving anatomical, morphological, biochemical, and molecular factors result in stress tolerance [6].



Plants respond to different aspects of light, including the intensity, duration, wavelength, and direction [7,8]. In general, their response differs according to other environmental cues, genotype, season, cultivation practices, and many others [9]. Light is the only energy source for photosynthesis; however, it can simultaneously act as a stress agent. Under high-light stress or when plants are exposed to other abiotic stresses (e.g., cold conditions), the supply from the electron transport chain (ETC) (including ATP and NADPH) is more than the demand of Calvin-Benson reactions [10]; thus, in such conditions, the exorbitant light energy directly defects electron transfer machinery, especially photosystem II (PSII) [11]. PSII impairment induces the production of reactive oxygen species (ROS), thereby resulting in the impairment of the D1 protein and also the prevention of its repair known as photoinhibition [12,13]. Cold tolerance in plants underlies their ability to keep their primary quinone acceptor of PSII oxidized, and are known to be less sensitive to cold stress, a phenomenon that seems to be correlated with the maximum freezing tolerance of plants [14]. Energy inequality between photochemical processes, electron transport, and the metabolism is aggravated under conditions of either high photosynthetic photon flux densities (PPFDs) or cold stress, leading to an advanced excitation force in PSII. To make up for the exposure to an increased PSII excitation force, plants seek to diminish energy transfer to PSII. This is usually performed either by dissipating surplus energy as heat through nonphotochemical fluorescence quenching (NPQ) or by redirecting energy from PSII to Photosystem I (PSI) [15]. Wanner and Junttila [16] suggest that the cue for the inauguration of freezing tolerance is developed not by over-reduction within PSII, but by electron transport through QB or the downstream of QB. This is suitable as additionally explicit proof for the preliminary role of the photosynthetic electron processes in specifying the level of freezing. Further, the Calvin-Benson cycle reactions of photosynthesis are halted due to a disturbance in the enzymatic activity and structural destruction, resulting in a dead-end for products of light reaction to reach their downstream target. Therefore, the reductive power leads to the production of ROS, further disturbing the ETC machinery [13,17,18]. Through this circumstance, abiotic stresses target photosynthesis and cause a reduction in its efficiency. The maximum quantum efficiency of PSII, FV/FM, has been introduced as a valuable index for detecting low- and high-temperature damage to components of photosynthesis. Thus, tolerant genotypes of faba bean to temperature stress could be identified [19].



Chlorophyll fluorescence has widely been used as an easily-applicable method for assessing the adverse effects of environmental stresses on plants [3,7,20,21] as well as an index for the screening of the genotype for cold tolerance [22,23,24]. This may suggest that chlorophyll fluorescence, which reflects energy excitation in PSII, can be used as an index for studying stress tolerance in plants. The merits of this index are its stability under changing climates and its fast and easy application [25,26,27]. Furthermore, the parameters reflected by chlorophyll fluorescence indicate the overall photochemical status of the leaf, but not the short-term status [25].



The rapid fluorescence induction kinetics (OJIP transient) is a quick and non-destructive method that has been used in many studies to assess photosynthetic functionality under different stress conditions [28,29,30,31,32,33]. OJIP transient reflects details about energy flow through the thylakoid membrane, specifically in PSII components [34], and provides information about the physiological state of PSII [35].



The response of plants to cold is always concomitant with exposure to different PPFDs. Several studies reported the important role of PPFDs on cold stress acclimation and plants’ overall health. However, there are some challenges within those studies. For instance, firstly, those investigations were mostly conducted on model plants such as Arabidopsis thaliana. Secondly, mainly dark, low, and normal light intensities have been used together with cold stress, and/or high light has been applied at a normal temperature [36,37,38]. For example, Prerostova et al. [37] subjected A. thaliana to darkness, 20 μmol m−2 s−1 as low light, and 150 μmol m−2 s−1 as normal light under cold stress, and Szalai et al. [36] studied 20 μmol m−2 s−1 and 250 μmol m−2 s−1 under cold conditions and also 500 μmol m−2 s−1 as high light in normal temperature on wheat plants [36,38].



Light affects cold-exposed plants in two opposing ways; although it is essential for the development of freezing tolerance by increasing the expression of genes encoding various light-harvesting complex proteins which are involved in cold acclimation [39], it induces photoinhibition especially at high PPFDs [38]. Yet, the mechanism underlying photoinhibition in cold-exposed plants is not clearly understood. To address this, the present study takes a further step by evaluating the combinational effects of relatively higher PPFDs (i.e., 300 and 600 μmol m−2 s−1) and cold stress on the cucumber as a subtropical horticultural crop (not a model plant) by assessing biochemical traits and photosynthesis functionality via chlorophyll fluorescence imaging and an OJIP analysis.



We hypothesize that plants’ biophysical and biochemical responses might alter in response to cold conditions, and the alternations might vary under different PPFDs. In addition, investigating the interaction between cold temperature and PPFD can advance our knowledge about the integrated effects of light and temperature as two vital requisites for plant growth and potential stressors in non-optimal ranges.




2. Materials and Methods


2.1. Plant Materials and Growth Condition


Seeds of four cucumber (Cucumis sativus L.) accessions were provided by the gene bank of the Seed and Plant Improvement Institute of Iran. Including two commercial hybrids, Nunhems Gouhar (N) and Super Sultan (S), as well as two domesticated cultivars, Tabriz (T) and T–141, which, respectively, originated from Tabriz and Shiraz provinces of Iran.After seeds’ surface sterilization for 1 min in a 3% sodium hypochlorite (NaOCI) solution, seeds were planted in pots containing a mixture of cocopeat (i.e., coconut coir) and perlite (1:1 v/v). Seedlings were planted in the greenhouse under temperatures 27/18 ± 2 °C (day/night) and 50 ± 5% RH. After the emergence of true leaves, the seedlings were irrigated with half-strength Hoagland solution two times a week. This irrigation round was chosen based on air temperature and RH, pot volume, substrate water-holding capacity, and seedlings’ above-ground biomass to fulfill seedlings’ water requirements without causing excessive runoff or water deficit.




2.2. Light Treatments under Cold Condition


After the four-leaf stage, cucumber seedlings were transferred to growth chambers and were exposed to either cold conditions (4 °C) or optimum temperature (24 °C) at 50% RH for 15 h. In the cold conditions, seedlings were exposed to different PPFDs (0, 300, and 600 μmol m−2 s−1) supplied by white LED modules (Iran Grow Light, Tehran, Iran; see spectral distribution in Figure 1) under 4 °C. One set of plants was also exposed to 300 μmol m−2 s−1 under 24 °C as the control. After the application of treatments, plants were immediately transferred to the laboratory for further investigations.




2.3. Chlorophyll Fluorescence Imaging and OJIP Test Measurements


Chlorophyll fluorescence imaging was performed in leaves detached from plants of each treatment. For this purpose, biophysical measurements were performed after plants were placed in darkness for 20 min. The temperature for these measurements was the same as the temperature of the experiment (i.e., 4 °C for cold stress treatments and 24 °C for control). The petioles of young leaves were placed into falcons containing distilled water and immediately subjected to Fv/FM assessment using a fluorometer equipped with an imager (Handy FluorCam FC 1000–H, Photon Systems Instruments, Drásov, Czech Republic). The calculation of FV/FM was based on a custom-made protocol [40,41,42].



The fluorescence transient, plotted on a logarithmic time scale, typically included the following phases: O to J, J to I, and I to P. Overall, F0 represented the so-called “open” (O) state of the OJIP transient, and was the fluorescence intensity when all PSII reaction centers (RCs) were open. FM, on the other hand, came from the reduction-oxidation state of the primary quinone electron acceptor of PSII (QA) and denoted the maximal chlorophyll fluorescence intensity when all PSII reaction centers were closed. FV stands for the variable chlorophyll fluorescence (FV = FM − F0), and, finally, FV/FM (also known as TR0/ABS; see equation in Table 1) is the maximum photochemical efficiency of PSII, also known as the maximum quantum yield of the primary photochemistry. The highest Fv/Fm value was around 0.84 for horticultural plants, while decreasing its value is often considered as a hallmark of stress [20,33,34].



A polyphasic chlorophyll fluorescence induction curve (OJIP transient) was also obtained in intact leaves attached to the plants. FluorPen FP 100-MAX (Photon Systems Instruments, Drásov, Czech Republic) was used to obtain the parameters of polyphasic chlorophyll a fluorescence (OJIP) transients. The OJIP test investigated different biophysical and phenomenological parameters related to PSII status [34] according to the protocol described by [31]. Parameters derived from the OJIP test provided information on the energy fluxes of light absorption (ABS) and trapping (TR0) of the excitation energy and electron transport (ET0) per reaction center (RC), which are described in Table 1.




2.4. Photosynthetic Pigments’ Measurements


The light regimes as well as temperature effects on photosynthetic pigments (chlorophyll a, b, and carotenoids) content were assessed. For the determination of chlorophyll a, chlorophyll b, and carotenoid contents, the protocol described by Lichtenthaler and Wellburn [43] was applied. The absorbance of supernatants was spectrophotometrically (Lambda 25 UV/VIS) recorded at 645, 663, and 470 nm, and Chl (a + b) and carotenoids were calculated according to Lichtenthaler and Wellburn [43]. The entire process was conducted in low-light conditions, and the results were expressed as mg g−1 on a fresh weight basis.




2.5. Ascorbate Peroxidase (APX) Activity


For the determination of ascorbate peroxidase (APX) activity, the method described by Nakano and Asada [44] was used with minor modifications. APX activity was determined by oxidation of ascorbic acid (AA) at 265 nm (ε = 13.7 mM−1cm−1). The reaction mixture contained the enzyme extract, 50 mM potassium phosphate buffer (pH 7.0), 5 mM AA, and 0.5 mM H2O2. The reaction was started by adding H2O2. The rates were corrected for the non-enzymatic oxidation of AA by the inclusion of a reaction mixture without the enzyme extract (blind sample). The enzyme activity was expressed in AA μmol−1 min−1 per g of fresh weight [44].




2.6. Hydrogen Peroxide (H2O2) Content


For the measurement of H2O2, the method described by Patterson et al. [45] was applied. Measurement started by reaction of the sample with potassium iodide (KI). The reaction mixture contained 0.5 mL of trichloroacetic acid (TCA; 0.1%), leaf extract supernatant, 0.5 mL of K-phosphate buffer (100 mm), and 2 mL reagent (1 M KI (w/v) in fresh double-distilled H2O). Absorbance was measured at 390 nm after the development of the reaction for 1 h in darkness. A standard curve prepared with known concentrations of H2O2 as described by Patterson et al. [45] was used for the calculation of H2O2 content in the supernatant.




2.7. Electrolyte Leakage (EL)


Cell membrane stability was estimated in plant tissue by measurement of EL. Ten leaf discs (0.5 cm diameter) from the young fully developed leaves were taken using a cork borer. Leaf disc samples were washed with deionized water to remove surface-adhered electrolytes and immersed in 10 mL deionized water in closed vials at room temperature for 24 h. Then, the electrical conductivity (EC) of the samples was recorded as primary leakage (PL) and after one hour of boiling of the samples in a bain-marie (100 °C), the secondary leakage (SL) was recorded. EL was calculated using the following equation [44,46].


  E L = 1 −  (    P L   S L    )  ∗ 100  



(1)








2.8. Water-Soluble Carbohydrates (WSC)


Total WSC in cucumber leaves was determined by the anthrone colorimetric reagent as described by Yemm and Willi [47]. Five mL of ethanol (80%) was added to 0.5 g fresh leaves three times. They were centrifuged for 15 min at 1500× g. Then, 100 μL of the extract was added to 3 mL of 0.2% anthrone reagent. The solution mixture was boiled at 95 °C for 10 min. Subsequently, the reaction was terminated quickly in an ice bath. The absorbance of the samples was recorded spectrophotometrically at 620 nm using glucose as the standard and expressed as mg soluble carbohydrates g−1 fresh weight [47].




2.9. Statistical Analysis


The experiment was conducted in randomized block design with three levels of light intensity (0, 300, and 600 μmol m−2 s−1), four accessions (N, S, T, T141), and two temperatures (24 and 4 °C) with five replications. The statistical analysis was performed by SAS® software (version 9.4).





3. Results


3.1. Biophysical Response of Cucumber Seedlings to Low Temperature Varies among Plants Exposed to Different PPFDs


The energy content of different PPFDs was absorbed by the chlorophyll pigments, which directly affected the ETC of the photosynthetic apparatus. Therefore, to assess the impacts of different PPFDs on the photosynthetic functionality, the OJIP test on the dark-adapted leaves of four cucumber accessions’ seedlings was analyzed. Specified energy fluxes per QA− (the reduced PSII reaction center was significantly (p > 0.05) affected by PPFD and low temperature. The light absorbance flux by the PSII antenna per reaction center (ABS/RC; Figure 2A) decreased when plants were exposed to a low-temperature condition together with darkness. Yet, except for N accession, the value of ABS/RS increased in plants exposed to 300 μmol m−2 s−1 in a low-temperature condition when compared to the control (300 μmol m−2 s−1 and optimum temperature). Accordingly, exposing a plant to 600 μmol m−2 s−1 led to an average increase of 22.5% in ABS/RC (i.e., 20.4% for N, 22.5% for S, 22.9% for T, and 24.1% for T–141). The lowest ABS/RC, on the other hand, was noted for all accessions in dark conditions (Figure 2A). The trapped energy per reaction center (TR0/RC; Figure 2B) decreased by an increase in PPFD under low temperature. TR0/RC remained relatively unchanged under darkness and 300 μmol m−2 s−1, whereas an average of an 8% decrease was detected in accessions under low temperature and 600 μmol m−2 s−1 (9% for N, 8% for S, 9% for T, and 6% for T–141) compared to the control (300 μmol m−2 s−1 and normal temperature; Figure 2B).



The electron transport flux per reaction center (ET0/RC; Figure 2C) was reduced by exposure to low temperature in a PPFD-dependent manner. Plants exposed to low temperature showed a reduced ET0/RC under darkness and 300 μmol m−2 s−1, while the highest increase was noted under 600 μmol m−2 s−1. This meant their ET0/RC increased by an average of 8% (8% for N, 6% for S, 8% for T, and 8% for T–141) compared to the control (300 μmol m−2 s−1 and normal temperature; Figure 2C). The low temperature also increased the energy flux not intercepted by an RC, but dissipated in the form of heat (DI0/RC; Figure 2D). Thus, under low temperature, the value of DI0/RC remained relatively unchanged under darkness and increased in 300 μmol m−2 s−1. This increase was more profound under 600 μmol m−2 s−1 than those of the control (300 μmol m−2 s−1 and normal temperature). Under low temperature, the increase in DI0/RC markedly increased as PPFD increased. DI0/RC was increased by an average of 77.72% (75% for N, 67% for S, 83.4% for T, and 85.4% for T–141) in all accessions when exposed to low temperature and 600 μmol m−2 s−1 compared to the plants exposed to the dark conditions (Figure 2D).



The value for FV/FM decreased due to an increase in PPFD in all four accessions (Figure 3 and Figure 4A). However, in comparison to the control (300 μmol m−2 s−1 and normal temperature), FV/FM markedly decreased by an average of 55% in the four accessions of cucumber (54% for N, 51% for S, 82% for T, and 42% for T–141) when exposed to 600 μmol m−2 s−1 and low temperature (Figure 4A).



The maximum efficiency of the water diffusion reaction on the donor side of PSII (FV/F0) was reduced drastically by low temperature, and the reduction showed a PPFD-dependent manner (Figure 4A). For example, plants exposed to low temperature and 600 μmol m−2 s−1 portrayed an average of a 31% (31% for N, 24% for S, 43.4% for T, and 26% for T–141) reduction in FV/F0 in comparison with those under control conditions (300 μmol m−2 s−1 and normal temperature; Figure 4B).



The relative value of maximal and minimum chlorophyll fluorescence (FM/F0; Figure 4C), which portrays the structural damage to PSII [48], was profoundly affected by both low temperature and PPFD. The lowest value of FM/F0 was detected in those plants placed under low temperature and simultaneously exposed to 600 μmol m−2 s−1 (67% decrease), followed by those exposed to 300 μmol m−2 s−1 and darkness, respectively.



Performance index per absorbed light (PIabs) indicated the potential for reducing intersystem electron acceptors by photons absorbed via PSII [49]. The PIabs of cold-exposed cucumber accessions was considerably lower in seedlings exposed to 300 and 600 μmol m−2 s−1 than with the PIABS of control and dark-exposed seedlings (Figure 4D). The more drastic decrease in PIabs (on average 76% compared to control) was recorded under low temperature and 600 μmol m−2 s−1 (Figure 4D).




3.2. Biophysical Response of Cucumber Seedlings to Low Temperature Varies among Plants Exposed to Different PPFDs


The levels of H2O2 showed a stepwise increase by rising in PPFD under low temperature. The highest H2O2 level was recorded under 600 μmol m−2 s−1, by an average 2.5-fold increase in the four accessions of cucumber (2.1-fold for N, 2.7-fold for S, 3.3-fold for T, and 2.4-fold for T–141) compared to the control (Figure 5A).



Ascorbate peroxidase (APX) activity decreased when plants were exposed to low temperatures, yet it was negligible under dark and profound under 300 μmol m−2 s−1 and 600 μmol m−2 s−1 compared to the control. The most noticeable decrease in APX activity occurred when plants were exposed to low temperature under 600 μmol m−2 s−1, which showed an average decrease of 28% in the four successions of cucumber (28.1% for N, 18% for S, 32% for T, and 36% for T–141) compared to the control (Figure 5B).



A negative correlation was observed between H2O2 and APX with an average of 77% for those placed in the control environment. For plants placed in low-temperature treatments, the correlation was −13.5%, −58.5%, and −78% under darkness, 300 or 600 μmol m−2 s−1, respectively (Figure 5C). This negative correlation showed the removal of H2O2 through the high activity of APX as strongly detected in the control treatment, whereas the negative correlation between the APX activity and H2O2 content under low temperature and 600 μmol m−2 s−1 indicated H2O2 accumulation at the expense of the suppression of APX activity due to low-temperature injury.



The level of EL was affected by low temperature and PPFD. Regardless of PPFD, the value for EL in all treatments was higher under low temperature than control, though with a negligible increase under darkness. Under low temperature, EL was increased stepwise by an increase in PPFD. The highest EL obtained under 600 μmol m−2 s−1 showed an average increase of 65% in the four accessions of cucumber (29% for N, 68% for S, 125% for T, and 36% for T–141) compared to control (300 μmol m−2 s−1 and normal temperature; Figure 5D).




3.3. Low Temperature Decreased the Leaf Photosynthesis Pigment Contents in a PPFD-Dependent Manner


Cold stress can damage photosynthesis pigments in plants. In the present study, both low temperature and PPFD affected the chlorophyll (a + b) of cucumber accessions. Regardless of PPFD, the chlorophyll (a + b) content reduced when plants were exposed to low temperature, and the level of reduction was more drastic under 600 μmol m−2 s−1 compared to the dark, 300 μmol m−2 s−1, and the control. Furthermore, an average decrease of 49% (30% for N, 36% for S, 77% for T, and 53% for T–141) in the chlorophyll (a + b) content was observed under 600 μmol m−2 s−1 and low temperature compared to the control condition (Figure 6A).



The carotenoid was also affected by both PPFD and low temperature. An increased PPFD observed a stepwise decrease in the carotenoid content under low temperatures. Under low temperature and 600 μmol m−2 s−1, the decrease in carotenoid was more drastic than 300 μmol m−2 s−1, dark, and the control, showing an average decrease of 64% (48% for N, 57% for S, 84% for T, and 69% for T–141) in the carotenoid content compared to the control (Figure 6B). The correlation between chlorophyll (a + b) and carotenoid with PIabs was analyzed to better understand the association between photosynthesis pigments and efficiency. Therefore, both chlorophyll (a + b) and carotenoid were negatively correlated with PIabs, and the correlation was weakened by low temperature and PPFD. The correlation between PIabs and chlorophyll (a + b) reduced from an average of 74% (72% for N, 63% for S, 88% for T, and 73% for T–141) in the control to an average of 29% (29% for N, 38% for S, 21 for T%, and 30% for T–141) for plants exposed to 600 μmol m−2 s−1 under low temperature (Figure 6C). The correlation between carotenoid and PIabs showed a stepwise decrease by increased PPFD under low temperature compared to the control. The highest correlation between PIabs and carotenoid was observed in the control (94% for N, 90% for S, 95% for T, and 99% for T–141), and the lowest correlation was obtained in plants placed in low-temperature condition and 600 μmol m−2 s−1 (59% for N, 4% for S, 10% for T, and 15% for T–141) (Figure 6D).




3.4. Water-Soluble Carbohydrate (WSC) Accumulates in Plants under Low Temperature


Both PPFD and low temperature affected WSC in the cucumber accessions. The effect of low temperature was negligible on the WSC of plants exposed to darkness, while the increase in PPFD led to a considerable increase in WSC. More accumulation of WSC was observed in seedlings placed under the low-temperature condition and 600 μmol m−2 s−1 than those placed under 300 μmol m−2 s−1 and the control, which showed an average 4.5-fold increase in the four accessions of cucumber (six-fold for N, three-fold for S, two-fold for T, and five-fold for T–141) (Figure 7A). By increasing PPFD under low temperature, a correlation between WSC and PIabs increased compared to the control (300 μmol m−2 s−1 and normal temperature). In the control condition, WSC and PIabs showed an average of 34% correlation (23% for N, 43% for S, 33% for T, and 38% for T–141), while under low temperature and 600 μmol m−2 s−1, the correlation increased to an average of 60% in the four accessions of cucumber (53% for N, 66% for S, 59% for T and 62% for T–141) (Figure 7B).





4. Discussion


The physiological impacts of cold stress on plants depend on the acclimatization, treatment, plant developmental stage, and PPFD [50]. Light intensity is one of the most important factors affecting the magnitude of perceived stress by plants. Light influences both molecular and whole-plant responses to imposed stresses [50]. In the present study, seedlings of four cucumber accessions were exposed to either low temperature (4 °C) under simultaneous different light intensities (0, 300, 600 μmol m−2 s−1) or optimum temperature (24 °C) under 300 μmol m−2 s−1 (Figure 8A). The photosynthetic performance of the cucumber plants decreased by exposure to low temperature and simultaneous higher PPFDs (Figure 2, Figure 3 and Figure 4 and Figure 8D,E). Accordingly, FV/FM decreased by co-exposure to low temperature and 600 μmol m−2 s−1 PPFD. However, the value of FV/FM in both darkness-exposed and control treatments was close to 0.8. In accordance, it has been shown that low temperature and light stress reduced the FV/FM and quantum yield of PSII in Zea maize and Pinus leucodermis [51,52]. A decrease in FV/FM due to low-temperature stress has also been reported in nine Stevia rebaudiana cultivars [53].



These results indicate that low temperature-light stress caused photoinhibition, notably when PPFD increased from 0 to 600 μmol m−2 s−1. In line with the present study’s findings, the occurrence of photoinhibition resulting from the higher rate of photodamage than repair on PSII under low temperature-light stress has been reported in a study on three Paphiopedilum species [54]. Low-temperature consequences in the depression of chemical reactions include the inhibition of the Calvin-Benson Cycle, thereby blocking the photosynthetic electron transport passway from PSII to NADP+ [55]. The results obtained from this study showed that the maximum efficiency of the water-diffusion reaction on the donor side of PSII dropped drastically under 600 μmol m−2 s−1, indicated by the lower FV/F0 when compared to that of other treatments. The maximum FV/F0 was related to dark-exposed and control seedlings, and its minimum value was observed in seedlings under low temperature and 600 μmol m−2 s−1 (Figure 4B). This is common in stress conditions, specifically light stress [56,57,58,59]. The oxygen-evolving complex (OEC) is the most sensitive link in ETC and is responsible for the transfer of electrons from water to ETC [17,34]. Therefore, our results suggested that the disruption of OEC associated with structural damage to PSII [48] was exacerbated by an increase in PPFD under low temperature, which was in line with the results of Fracheboud et al. [52].



In the current study, the reduction in ET0/RC was associated with higher PPFDs, while only a slight reduction was observed in ET0/RC of darkness-exposed and control seedlings. It should be noted that ET0/RC depends on both the energy flux produced through the transfer of a high-energy electron from QA− to the ETC acceptors [30] and the plant’s demand for the photosynthetic products. This is defined by plants’ physiological conditions, which are controlled by environmental factors, in particular, abiotic stresses. Therefore, any disturbance in light reactions in photosynthesis causes a reduction in the rate of ET0/RC [34].



The data showed that TR0/RC decreased under low temperature synergistically with an increase in PPFD. When TR0/RC decreases, not only does the oxidation of QA− to QA slow down to cessation [60], but it also causes a reduction in the rate of ET0/RC. Indeed, when TR0 is diminished, ETC is fed by the lower level of absorbed energy [60]. High QA− over-reduction due to the inhibition of ET0 to the downstream electron receptors located in ETC results in a disturbance in ETC [61] (Figure 8D).



ABS/RC increased with the rise in light intensity under low temperatures. Presumably, with the increase in PPFD, the absorption flux cannot proceed through electron acceptors in RC due to the reduced status of QA−. As a result, the energy flux dissipates as heat [60]. In accordance, our results revealed that dissipated energy in the form of DI0/RC increased with the increase in PPFD. This showed the route where absorbed light energy was directed under light stress conditions. Under stress conditions, the energy flux that was not intercepted by RC consequences in the reduced electron transport through ETC, and, as a result, the energy dissipates in the form of heat or fluorescence [34].



An increase in DI0/RC is another indicator of stress [3,28,62]. The current research obtained the maximum DI0/RC from plants exposed to 600 and 300 μmol m−2 s−1, respectively. In contrast, plants under control conditions showed the lowest DI0/RC. Results obtained from this research allowed us to claim that, in normal conditions, the share of energy that participates in photochemical work outweighs that of energy dissipated in other routes indicated by lower DI0/RC in control plants compared to that of plants under other treatments. The low temperature shifted the direction of energy to the route of dissipation. Moreover, an increase in light intensity under low temperature, as a consequence, increased the share of energy passed through the route of dissipation instead of photochemical activity.



In this research, the PIabs of leaves in all four accessions decreased under low-temperature stress (Figure 4D). They declined the following exposure to 300 and 600 μmol m−2 s−1 when compared to their value in darkness-exposed and control seedlings. A very slight reduction in PIabs was observed in low temperature- and darkness-exposed seedlings compared to PIabs of control seedlings, which confirmed the previous reports regarding the significant effect of light stress on PIabs. A reduction in PIabs underlies an increase in absorbed (ABS/RC) and dissipated (DI0/RC) energy together with the reduction in ET0/RC [28]. PIabs is the most applicable performance index (PI) [30] that states the potential for the reduction in intersystem electron acceptors by photons absorbed via PSII; more specifically, the energy flux at the onset of the absorption process up to the reduction in plastoquinone (PQ). PI is also an index for the overall vitality of PSII and is known as the most sensitive indicator in this regard [34,63].



In this study, the chlorophyll a, chlorophyll b, and carotenoid contents were measured to characterize the effect of light intensity and low-temperature stress on cucumber accessions. Chlorophylls are the most abundant pigments in plants, capturing light energy during photosynthesis. When plants face biotic or abiotic stresses, an impaired chlorophyll biosynthesis or accelerated chlorophyll degradation causes a reduction in the chlorophyll content [64]. Therefore, the investigation of photosynthetic pigments provides more evidence for the photosynthesis down-regulation under low temperatures. Both chlorophylls and carotenoids decreased in seedlings exposed to low temperatures. The highest decline was observed in plants exposed to 600 μmol m−2 s−1 compared with those exposed to 300 μmol m−2 s−1, darkness, and control. Such effects of low-temperature stress on photosynthetic pigments have also been observed in rice cultivars [65]. The correlation between PIabs with other parameters has been used to understand the way different stressors affect plants’ photosynthesis [3]. In our study, a strong correlation was detected between chlorophylls and carotenoids with PIabs in control, while the correlation was weakened by an increase in PPFD under low temperatures (Figure 6C,D). This suggests that not only chlorophylls and carotenoids degraded under low temperature, but existing chlorophylls could not efficiently contribute to improving the photosynthetic performance of the cucumber accessions under low temperature.



In our study, the H2O2 content of leaves was detected following plant exposure to low-temperature stress. The production of ROS in response to various environmental stresses has been considered a hallmark of stress [66]. The impairment of electron flow through ETC induces ROS production that further scavenges through enzymatic and non-enzymatic mechanisms [67,68]. ROS production occurs when abiotic stresses inhibit the PSII complex from being coupled with the electron transport, leading to the complete reduction in the PQ pool and blockage of the electron flow [67]. In this circumstance, H2O2 is produced when an electron from QA− is transported to an O2 molecule, which decreases the reduction in the PQ pool [69]. In this study, the increase in H2O2 was more drastic when low-temperature stress was concomitant with 600 μmol m−2 s−1, which was in agreement with the results of previous studies that have shown the H2O2 content increase in watermelon seedlings [70] and rice [71] in response to low-temperature stress.



The activity of APX reduced after exposing plants to low temperature, surging the level of this enzyme by increasing the level of light intensity from 0 to 600 μmol m−2 s−1. APX is an antioxidant enzyme that plays an essential role in removing ROS in plants via the cleavage of H2O2 into H2O and O2 [72,73]. When APX activity decreases, the accumulation of H2O2 occurs and adversely affects electron transport in the stressed plants (Figure 8C). In agreement with the results of this study, a reduction in APX activity in response to low-temperature stress in rice [74] and cassava [75] as well as under light stress in rose [28] has been previously reported.



A negative correlation was observed between H2O2 and APX, the strength of which increased in a PPFD-dependent manner under low temperature (Figure 5C). The correlation was observed in both control plants and plants exposed to simultaneous low temperature and 600 μmol m−2 s−1. However, the reasoning for a strong negative correlation differs. Considering the level of H2O2 and APX and the correlation between them in different treatments demonstrated that the strong correlation between those traits in control plants raised from the high activity of APX coupled with the minute content of H2O2. However, the strong correlation between APX and H2O2 under low-temperature parallel with 600 μmol m−2 s−1 suggested the increase in H2O2 at the expense of suppressed APX activity due to low-temperature injury.



The results of the present study revealed that low-temperature impacts on plants were trivial under darkness and profound under 600 μmol m−2 s−1. The production of ROS has a close relationship with the impairment of electron transport [67], and the fact that light is the driving force for electron production and transport allowed us to conclude that light plays a pivotal role in the occurrence and the magnitude of low-temperature stress.



In the present study, we investigated the effect of light intensity and low-temperature stress by detecting EL that reflected damage to the cell membrane. EL has been introduced as a direct stress marker for the indication of cell membrane damage from low-temperature stress [76]. In this study, the EL increased following the exposure of plants to low temperature. The increase in PPFD led to a higher EL level than that of plants exposed to control and darkness, while in the absence of light, only negligible differences were observed in EL of plants compared to control. Therefore, it can be proposed that an increase in PPFD amplifies the cellular damage caused by low temperature. The low temperature-induced EL has been reported in previous studies on tomatoes [77], cucumber [78], and wheat [79]. However, the involvement of light in low-temperature damage has not been addressed yet.



Despite the decline in PIabs and FV/FM, WSC increased under low-temperature stress. The increase in WSC under low-temperature stress has been explained as a defense mechanism to prevent cellular freezing [80]. In line with our findings, the increase in WSC in response to low temperature has been reported in different plant species [53,81,82]. Moreover, when light reactions of photosynthesis are impaired, feedback inhibition signaling prevents photosynthesis. It inhibits the foliar transport of carbohydrates [83], which was highlighted by an increase in correlation of PIabs and WSC by the rise in PPFD under low temperatures.



Comparing the cultivars regarding their response to cold-light stress discloses differences in their magnitude of response to cold-light stress. Among the four cultivars investigated in this research, the cultivar N was associated with the highest FV/FM, carotenoid, and WSC while displaying the lowest DI0/RC, APX, H2O2, and EL, which features the resilience of plants to abiotic stresses. Since the cultivar N is a commercial hybrid, the evolvement of the stress tolerance mechanisms was expected. Accordingly, the result of our study unraveled the underlying mechanism by which this cultivar extinguished the adverse effects of cold stress. The same mechanisms were shown to be adapted by the tolerant cultivar of Arabidopsis [84], tomato [85], grape [86], and rice [71] which were attributed to reduced levels of photoinhibition and oxidative damage compared with cold-sensitive genotypes [71]. Moreover, it was demonstrated that priming cucumber for cold stress has given rise to reduced photoinhibition and boosted antioxidant activities [87]. On the other hand, the cultivar T, which is a domesticated cultivar, originated from the Tabriz province of Iran, has shown a susceptible photosynthetic performance and lower level of antioxidant activity since it was attributed with the lowest FV/FM, carotenoids, and WSC, while showing the highest DI0/RC, H2O2, and EL compared to that of other cultivars.




5. Conclusions


In the present study, the analysis of plant biophysical responses through chlorophyll a fluorescence imaging and OJIP transient was used as a tool to characterize and evaluate the response of four low temperature-exposed cucumber accessions to different light intensities. OJIP parameters were altered in response to low temperature-light stress in an accession- and PPFD-specific manner, in a way that TR0/RC, ET0/RC, and the downstream signals were retarded. In addition, the share of energy dissipation outweighed that of trapped energy to be utilized for chemical work. All of the observed alternations in OJIP parameters were more pronounced when seedlings were exposed to low temperature-light stress rather than low-temperature stress alone. Moreover, besides photosynthesis pigment degradation, the activity of antioxidant enzymes such as APX was suppressed in a PPFD-dependent manner under low temperature, which led to an increase in H2O2 and the occurrence of photoinhibition. The resulting photoinhibition caused a feedback inhibition for the Calvin cycle, further resulting in WSC accumulation. Therefore, low temperatures injure plants by adversely affecting the photosynthesis machinery, and the magnitude of low-temperature stress damage closely depends on PPFD.
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Figure 1. The spectral distribution of white ((41% blue (400–500 nm), 39% green (500–600 nm), and 20% red (600–700 nm)) LED lights employed in the present study. 
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Figure 2. The absorbance flux per reaction center ((A); ABS/RC), trapped energy flux per reaction center ((B); TR0/RC), electron transport flux per reaction center ((C); ET0/RC), and dissipated-energy per reaction center ((D); DI0/RC) in four accessions of cucumber (Nunhems Gouhar (N), Super Sultan (S), Tabriz (T), and T–141) in control (room temperature + 300 μmol m−2 s−1) and low temperature (4 °C) under 0, 300, and 600 μmol m−2 s−1. Five plants per treatment were assessed, from which the mean values of five measurements are illustrated by the height of the column charts. Error bars represent the standard error of means (SEM). 
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Figure 3. Chlorophyll fluorescence images of FV/FM (equation in Table 1) exhibited by leaves sampled from four cucumber accessions (Nunhems Gouhar (N), Super Sultan (S), Tabriz (T), and T–141) and control following exposure to different PPFDs (0, 300, and 600 μmol m−2 s−1) of white light (see the spectrum in Figure 1) under 4 °C. Control plants were exposed to 300 μmol m−2 s−1 under 24 °C. As results from all five plants of each treatment were similar, representative images are shown. 
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Figure 4. Maximum quantum yield of photosystem II ((A); FV/FM), maximum efficiency of the water-splitting reaction on the donor side of PSII ((B); FV/F0), structural damage to PSII ((C); FM/F0), and performance index on absorbance basis ((D); PIabs) in four accessions of cucumber (Nunhems Gouhar (N), Super Sultan (S), Tabriz (T), and T–141) in control (room temperature + 300 μmol m−2 s−1) and low temperature under 0, 300, and 600 μmol m−2 s−1. Five plants per treatment were assessed, from which the mean values of five measurements are illustrated by the height of the column charts. Error bars represent the standard error of means (SEM). 
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Figure 5. Hydrogen peroxide content ((A); H2O2) of leaves, ascorbate peroxidase activity ((B); APX), the correlation between APX and H2O2 (C), and electrolyte leakage (D) in four accessions of cucumber (Nunhems Gouhar (N), Super Sultan (S), Tabriz (T), and T–141) in control (room temperature + 300 μmol m−2 s−1) and low temperature under 0, 300, and 600 μmol m−2 s−1. Five plants per treatment were assessed, from which the mean values of five measurements are illustrated by the height of the column charts. Error bars represent standard error of means (SEM). 
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Figure 6. Chlorophyll content ((A); Chl (a + b)), carotenoid content of leaves (B), the correlation between PIabs and Chl (a + b) (C), and the correlation between PIabs and carotenoid (D) in four accessions of cucumber (Nunhems Gouhar (N), Super Sultan (S), Tabriz (T), and T–141) in control (300 μmol m−2 s−1) and low temperature under 0, 300, and 600 μmol m−2 s−1. Five plants per treatment were assessed, from which the mean values of five measurements are illustrated by the height of the column charts. Error bars represent the standard error of means (SEM). 
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Figure 7. Water-soluble carbohydrates ((A); WSC) and the correlation between PIabs and WSC (B) in four accessions of cucumber (Nunhems Gouhar (N), Super Sultan (S), Tabriz (T) and T–141) in control (room temperature + 300 μmol m−2 s−1) and low temperature under 0, 300 and 600 μmol m−2 s−1. Five plants per treatment were assessed, from which the mean values of five measurements are illustrated by the height of the column charts. Error bars represent the standard error of means (SEM). 
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Figure 8. Effect of Photosynthetic photon flux density (PPFD) and temperature on photosynthetic apparatus of cucumber leaves (A). Negative impact of light intensity under low temperature on photosynthetic machinery and carbohydrate accumulation (B). H2O2 content and ascorbate peroxidase activity in cucumber leaves increased under low temperature by the increase in PPFD, while chlorophyll and carotenoid contents decreased under low temperature by PPFD elevation (C). Electron transport machinery disturbed and energy dissipation increased by the increase in light intensity under cold stress (D). Representative image exhibiting the negative impact of increase in PPFD under low temperature on maximum quantum yield of photosystem II (E). 
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Table 1. Abbreviations, formulas, and definitions of the OJIP parameters assessed in the current study.
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	Abbreviation
	Equation
	Definition





	FV/F0
	ϕ P0/(1 − ϕ P0)
	Maximum efficiency of the water diffusion reaction on the donor side of PSII



	FV/FM
	TR0/ABS = [1 − (F0/FM)]
	Relative maximal variable fluorescence



	FM/F0
	
	Structural damage to PSII



	ABS/RC
	M0 (1/VJ)(1/ϕP0)
	Light absorbance flux for PSII antenna chlorophylls per reaction center



	TR0/RC
	M0 (1/VJ)
	Trapped energy flux per reaction center



	ET0/RC
	M0 (1/VJ) ψ0
	Electron transport flux per reaction center



	DI0/RC
	(ABS/RC) − (TR0/RC)
	Energy flux not intercepted by an RC, dissipated in the form of heat, fluorescence, or transfer to other systems, at time t = 0



	PIabs
	(RC/ABS) × (ϕP0/(1 − ϕP0)) × (ψ0/(1 − ψ0))
	Performance index per absorbed light
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