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Abstract

:

Extreme abiotic stresses such as drought, salinity, and temperature reduce crop productivity significantly and pose a serious threat to the area of land used for agriculture. Therefore, there is a pressing need to create crops that can thrive in these circumstances. It has been noted that plants can maintain defense mechanisms during any environmental changes and anticipate diurnal patterns correct to a circadian-based clock. Therefore, the main aim of this study was to investigate the role of circadian core oscillators in response to salinity stress in an important vegetable crop, spinach, and obtain evidence to better understand salinity stress adaptation for crop productivity. Therefore, the current study was carried out to examine the circadian clock-based (morning–evening loop) salinity stress defense mechanism in spinach (Spinacia oleracea), a leafy vegetable crop with significant economic importance and health benefits. In the presence of dawn and dusk, the circadian clock-based defense mechanism was observed using the genotypes “Delhi Green” and “Malav Jyoti.” A photoperiodic rhythm consists of 4-h intervals for 12 h (morning–evening loop) in spinach was demonstrated under the salinity stress treatments (20 mM and 50 mM). The clock-controlled a large fraction of growth parameters such as plant height, biomass, and root-shoot ratio under salinity stress. Conversely, salinity stress resulted in upregulation of antioxidative parameters such as superoxide dismutase, ascorbate peroxidase, catalase, and other stress markers such as thiobarbituric acid reactive substances, proline content, and localizations of H2O2 and O2−1 but was altered and maintained at a certain photoperiodic time interval of the circadian clock. In distinction to results observed from antioxidative measurements performed with an early and late circadian duration of salt-treated plants, 10 am and 2 pm were revealed to be the rhythmic times for controlling salinity stress. Likewise, comprehensive measurements of the photosynthetic system under salinity stress at specific photoperiodic circadian time intervals, including net-photosynthetic rate, transpiration, stomatal conductance, PSII quantum yield, and stomata structure, were made at 10 am and 2 pm. The salinity stress response was down-streamed and the clock also regulated chloroplastic protein expression. Thus, according to our findings, photoperiodic circadian rhythms, particularly the morning–evening loop, enhanced plant survival rates by modulating cellular antioxidant mechanisms and chloroplastic proteins that further helped to reduce the effects of salinity stress.
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1. Introduction


Amongst all abiotic stress conditions, salt stress is one of the most critical abiotic stresses when it comes to plant growth [1]. The major effects of salinity are poor drainage and waterlogging, which further lead to a lack of plant productivity and lower overall productivity of agricultural land [2]. The effects of salt on the soil reduce the area used for irrigated land. This has been expressed in the form of percentage with various countries facing the same issue. In India, during 2001, the reduction was about 27%, 13% in Israel, 15% in China, 20% in Australia, 28% in Pakistan, 30% in Egypt, and 50% in Iraq [3]. This indicates that the agricultural areas in India are facing a moderate increase in soil salinity that affects crop production and development. This evolving issue of salt stress on soils and crops has the potential to cause adverse effects in the near future due to certain naturally occurring variations such as the unstable climatic conditions and salt water irrigation, as well as the effects of global warming, pollution and uncontrolled or unrestricted usage of chemical or biological fertilizers and pesticides [4,5].



Excess salt concentration in plants leads to an increase in osmotic stress and formation of an ionic imbalance along with the deposition of toxic ions such as chloride (Cl−) ions [6] and, most seriously, sodium (Na+) ions [7]. Increases in the level of salinity lead to osmotic stress, an asymmetry in ions and further detrimental effects on biochemical processes, biomass, and morphological characteristics of the plants and can also lead to plant death. During unfavorable salinity stress conditions, plants assemble soluble sugars and proline, which are known to be an osmolytes (or osmo-regulators), to preserve the plant cells [8]. The increase in the salt quantity causes a conflict with transportation and uptake of nutrients; salt stress has a negative effect on the process of photosynthesis. The presence of salt content in the soil influences osmotic stress, which is a crucial factor in oxidative stress due to the disproportionate stimulation of reactive oxygen species (ROS) and the suppression role of anti-oxidants [9]. The other main processes such as lipid metabolism and protein synthesis are also affected. Hydrogen peroxide (H2O2), superoxide radicals (O2−) and singlet oxygen are harmful molecules which are known to be forms of ROS [10,11].



ROS can also cause cellular damage to almost all macro molecules present in a crop, even including DNA. The harmful effects of ROS are prevented by either enzymatic [12] or non-enzymatic [13] anti-oxidative processes such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), ascorbic acid (AsA) and phenolic compounds [14,15,16]. The increase in the ratio of Na+ or K+ reduces certain metabolic processes including PSII quantum yield, transpiration and stomatal conductance [17]. The reduction in the function of the Calvin cycle indirectly decreases the rate of net photosynthesis through a reduction in carbon dioxide intake and the limitation of photosynthetic pigments which include chlorophyll [18]. The increase in concentration of ROS inside the cells reduces the anti-oxidant properties which end up in the process of lipid peroxidation (LPO). Eventually, the degeneration of protein, nucleic acids and lipids takes place due to the formation of free radicals. The LPO (or malonaldehyde content (MDA)) has a major effect on cell permeability and cell membrane structure [18,19].



Circadian clocks are biological oscillators that run 24 h a day and enable organisms to anticipate predictable daily changes brought on by the rotation of the earth. Clocks have been found among other creatures such as cyanobacteria, fungi, insects, and mammals [20]. There is no requirement for a clock for plant viability, and arrhythmic mutants can still arise [21]. Despite this, there is strong support for the idea that plants benefit greatly from having a clock that is well-tuned to the cycles of day and night. For instance, in competition studies, plants with clocks that matched their rhythmic environment outperformed others [22]. This might be explained, at least in part, by how the clock controls how well starch is used at night to prevent famine before dawn [23,24,25,26]. Recent evidence suggests, however, that the circadian clock may contribute to plant fitness by improving its ability to withstand abiotic stress [27,28,29,30,31,32]. Therefore, the current study was designed to examine evidence that the plant circadian clock could be such a system.



Spinach (Spinacia oleracea) is a flexibly used, leafy, dark green colored, edible vegetable crop containing a good source of vitamins, such as vitamin-C, pro vitamin-A (beta-carotene) and folate [33]. It is rich in protein, minerals, iron, calcium, phosphorous, potassium, sodium and carotenoids, especially lutein. It also has anti-inflammatory properties and anti-oxidant properties along with active compounds which include flavonoids. As a result, the vegetable has high nutritional value. Freshly harvested leaves of spinach have roughly one gram of total flavonoid present per kilogram. The presence of flavonoids in spinach was first described by Weatherby and Cheng in 1943 [34]. The cultivation of spinach takes place all over the world, in almost 60 countries. The major spinach producing countries apart from India are the United States, Indonesia, Japan, Iran, China, and Turkey [35]. Generally, spinach is a directly seeded crop. It is known to be native to central Asia and has been cultivated for more than 1500 years [36]. According to a previous study [37], moderate salt stress in spinach crops suppresses photosynthesis by limiting the diffusion of carbon dioxide due to decreases in mesophyll and stomatal conductance; however, this does not affect the physiochemical and biochemical properties of spinach leaves. A drastic increase in salt level can diminish the carbon metabolism and electron transport chain in photosynthesis. The effect of salt stress can be reversed and the photosynthesis activity restored through irrigating the spinach crop in normal water (without the presence of salt) [38].



The current research is a comparative analysis on the effects of salinity stress in different concentrations (20 mM and 50 mM) on spinach crop (Spinacia oleracea) genotypes (Malav Jyoti and Delhi Green) based upon a 12 h circadian clock at time intervals of about 4 h, for instance, 6 am, 10 am, 2 pm and 6 pm on day 5 and day 10 (early and late stress days). The present study helps in the analysis of salt resistant and salt sensitive spinach genotypes with significant measurements of physiological parameters (which include the photosynthetic parameters), oxidative parameters and cytotoxic analysis, thylakoid and chloroplast proteomes. To date there are no reports on the comparative study of these spinach genotypes with these two saline concentrations. This study could further help in the investigation of plant sustainability under salt stress conditions in a field-level analysis using specific agricultural techniques. From our study we hypothesize that circadian core oscillators particularly play a critical role in mitigating salinity stress by modulating physiological parameters such as photosynthesis, antioxidative mechanisms, and the chloroplast proteome specifically at certain times in the circadian cycle (10 am and 2 pm). From this study, we also hypothesize the possible importance in further investigating the basis and significance of circadian-gated salinity stress responses under fluctuating circadian rhythmic conditions and the probable significance of exploiting an effective way to improve spinach production under salinity stress.




2. Material and Methods


2.1. Plant Materials, Growth Conditions, Treatments and Sample Storage


The genotypes of spinach (Spinacia oleracea) ‘Malav Jyoti’ and ‘Delhi Green’ were obtained from an Indian Government seed shop (Rajamanickam Agro Service-Seed Retailers). These seeds were sown in grow bags after carrying out a process of surface sterilization using a mixture containing 5% sodium hypochlorite for about 30 min and then further washing using distilled water. The soil used for sowing the seeds consisted of red soil, sand and vermi-compost in a ratio of 1:1:1. The plants were grown and maintained under polyhouse conditions in the School of Agricultural Innovations and Advanced Learning, Vellore Institute of Technology, Vellore, India. The grow bags (Bio Blooms, Coimbatore, India) had the following dimensions: 24 cm in height, 24 cm in width, and 40 cm in length). These grow bags had the capacity to accommodate 4.5 kilograms of soil mixture, but here they filled with about 3.5 kilograms of the above-mentioned soil composition, which was about three-quarters of the grow bags’ capacity. In total, 30 grow bags were filled for a set of germinations, with 15 grow bags allocated to the genotype Malav Jyoti (MJ) and the rest of the 15 grow bags allocated to the other genotype, Delhi Green (DG).



To treat the plants with salinity or salt stress, sodium chloride (NaCl) was used in two different concentrations: 20 mM and 50 mM. The above-mentioned 15 grow bags were separated into 3 groups: 5 bags for the control, 5 bags for 20 mM of NaCl, and 5 bags for the 50 mM of NaCl treatment (in each experiment, there were three biological replicates with one bag representing one replicate and the remaining two bags kept for either taking photographs or obtaining extra samples). Each grow bag had approximately 6 to 8 sown seeds, which went through a further thinning process once germination occurred; in addition, each seed was sown at a depth of about 1 cm from the upper surface of the soil in the bag. The salt treatments, consisting of a volume of about 100 mL per grow bag, were applied between 30 and 35 days, once after the seeds were sown and once before the plants reached their vegetative or mature stage. The day when the seeds were sown was considered as day 0. Similarly, the day when the plants were treated with salt stress (by soil irrigation technique) was considered as day 0, so the next consecutive day was designated as day 1 for both plant germination and treatments. The plants were observed and the photographs were taken on alternate days. Leaf samples were collected at intervals of about 4 h (on the basis of the morning–evening circadian loop), which were exactly at the times of 6 am, 10 am, 2 pm and 6 pm of both day 5 and day 10. Immediately after collection, the samples were stored at −80 °C in a deep freezer. Analytical and molecular level grade chemicals were used to perform the further experiment, and three samples were tested for each plant.




2.2. Growth Analysis


On day 5 and day 10 of the salt treatment, the plants were removed carefully from the grow bags. These plants were then used for measuring plant and root length on the same day. Photographs of the control, 20 mM NaCl and 50 mM NaCl plants were captured to show plant height with a scale provided alongside.




2.3. Biomass and Relative Water Content (RWC)


The whole plant samples were collected from grow bags, and the root was washed gently with distilled water. The fresh biomass was noted by weighing the samples using a digital weighing balance. The same samples were kept in hot air oven for exactly 2 days under 65–70 °C constant temperature, after which, the dry biomass was measured as mentioned in Al Murad and Muneer [18] and was calculated using the formula Biomass = FB – DB, where FB is fresh biomass and DB is dry biomass.



Leaf samples were used to measure the percentage relative water content, according to the methods of Turner et al. [39]. The fresh leaves were collected and washed, after which, the fresh biomass (FB) was measured. These leaves were then soaked in distilled water for 2 to 4 h and further weighed to measure the turgid biomass (TB). The same leaf samples were kept in hot air oven for 2 days under a constant temperature of 65–70 °C to measure the dry biomass (DB) of each leaf. It was then calculated based on the formula relative water content (RWC) % = (FB − DB)/(TB − DB) ∗ 100.




2.4. Photosynthetic Measurements


The soil plant analysis development (SPAD) meter (Konika Minolta, Tokyo, Japan), which is a portable instrument, was used to measure the net photosynthesis rate, transpiration rate and the stomatal conductance in the treatment and control plants [40].



The photosystem II (PS-II) quantum yield was measured using an instrument known as a pulse amplitude modulator (PAM) 2000 m (Heinz Walz GmbH, Xarges 40860, Weiheim, Germany) which measures the chlorophyll fluorescence (Fv/Fm). A 1 cm*1 cm leaf sample was kept in dark conditions for about 20 to 30 min. After this incubation period, readings were performed to determine the initial fluorescence yield (F0) and maximum fluorescence yield (Fm). The chlorophyll fluorescence was then calculated as (Fv/Fm) = (Fm − F0)/Fm [41].




2.5. Photosynthetic Pigment Analysis


To identify the quantities of photosynthetic pigments (chlorophyll a, chlorophyll b, carotenoid, and total chlorophyll) present in the sample, a 1-g leaf sample was taken (using a weighing balance from HIMEDIA, Aczet Pvt. Ltd., Mumbai) and placed in a separate glass test tube. Then, 5 mL of DMSO (Dimethyl Sulfoxide), which removes the pigments from the leaf samples [42], was added to each test tube. The samples were then incubated for 60 min in a water bath under 65 °C. The absorbance of these leached pigments was measured at the wavelengths of 480 nm, 510 nm, 645 nm and 663 nm, using a UV-Visible spectrophotometer. Thus, the pigment abundances were calculated with the respective formulae as mentioned in [43] with the unit of mg/g fresh weight.




2.6. Proline and MDA Content


The estimation of proline content was performed according to the methods of a previous study [44]. Leaf samples of 300 mg of were taken and homogenized with 5 mL of 3% sulfosalicylic acid. The tubes containing the homogenized samples were centrifuged (using NEYA 16R REMI) at 3300 rpm for 20 min at 4 °C. Almost 2 mL of supernatant was placed in separate test tubes. Along with the aliquot, 2 mL of acid ninhydrin solution (containing glacial acetic acid and ortho-phosphoric acid) and 2 mL of glacial acetic acid were added. The test tubes were incubated in a boiling water bath (Technico Seriological Water Bath, Chennai) at 100 °C for 60 min. To terminate the reaction the test tubes were placed in ice, immediately after incubation. Then, 4 mL of toluene was added to each test tube containing the mixture. The test tubes were further gently mixed through vortex and kept at room temperature. The absorbance was observed under a wavelength of 520 nm using toluene as a blank.



The analysis of malondialdehyde (MDA) content was performed using the thiobarbituric acid reactive substance (TBARS) assay [45]. Approximately, 0.4 g of fresh leaf sample was taken and the exact weight of sample measured was recorded for further calculation. The measured sample was ground with 5 mL of 1% trichloroacetic acid (TCA) in a pre-cooled mortar and pestle. The homogenate was centrifuged at 7000 rpm for 5 min. Along with the 1 mL of supernatant, 4 mL of 0.5% TBA (in 20% TCA) was added to a separate test tube. The sample mixture was further incubated in a boiling water bath at 95 °C for 30 min. It was then quickly placed in ice to stop the reaction. The supernatant was used to read the OD at 532 nm and corrected for unspecific turbidity by subtracting the results received from the OD at 600 nm using a UV-Vis spectrophotometer.




2.7. Histochemical Staining of H2O2 and O2−


The analysis of hydrogen peroxide (H2O2) and superoxide radicles (O2−) localization was performed using the method of a previous study [46] with minor modifications.



For the analysis of in situ localization of H2O2, freshly collected leaf samples were immersed in 1% 3, 3′-diaminobenzidine (DAB) solution prepared in Tris-HCl buffer with pH 6.5. The samples were further vacuum infiltrated for about 5 min and then incubated at room temperature for 12 h in dark conditions. The leaves were immersed and bleached with 95% ethanol in a boiling water bath for 1 h to visualize the brown spots. Subsequently, photographs were taken using a digital camera.



For the localization of O2−, the fresh leaves were immersed in 0.1% Nitroblue tetrazolium (NBT) solution prepared in 20 mM phosphate buffer (pH 6.5) containing 20 mM of Sodium azide. The samples were vacuum infiltrated for 5 min and incubated at room temperature for 15 h in dark conditions. The leaves were then immersed and bleached in boiling 95% ethanol for 1 h 15 min. The appearance of blue formazan precipitate was visualized and photographed.




2.8. Anti-Oxidant Enzymatic Assays and Their Isozyme Analysis


For estimating the superoxide dismutase (SOD) enzyme activity [47], a 200 mg fresh leaf sample was taken and homogenized with 2 mL of extraction buffer containing 0.5 M phosphate buffer (K2HPO4 (dibasic potassium phosphate), KH2PO4 (potassium dihydrogen phosphate) (pH 7.5), 1% of PVP (polyvinylpyrrolidone), 1% of Triton-X 100, and 1 mM EDTA (ethylenediamine tetraacetic acid) using a pre-cooled mortar and pestle. The homogenates were centrifuged at 15,000 rpm at 4 °C and the supernatant was collected for further analysis. Along with the supernatant, 1.5 mL of reaction buffer containing 0.1 M phosphate buffer (pH 7.8), 0.1 M sodium carbonate, 200 mM methionine solution, 2.25 mM NBT solution, 3 mM EDTA, 60 µM riboflavin and distilled water. One set of this mixture was incubated in dark conditions at room temperature and other set was incubated under a 15 W fluorescent lamp light for 10 min. A blank was maintained in both conditions with all components except the enzyme extract. The absorbance of the sample was determined at 560 nm. The percentage reduction in color corresponds to a unit of enzyme activity, which was expressed as unit of enzyme mg−1 protein h−1.



To determine catalase (CAT) enzyme activity [48], 200 mg of leaf sample was homogenized with 2 mL of 0.5 M extraction buffer (pH 7.5) consisting of phosphate buffer (K2HPO4, KH2PO4), 1% PVP, 1% Triton-X100 and 1 mM of EDTA. The gound samples were centrifuged at 10,000 rpm for 20 min at 4 °C. Then, the supernatant was added to a separate tube add reaction buffer containing phosphate buffer (pH 7.3) was added. Finally, 3 mM of H2O2 (enzyme substrate) was added and mixed manually, making the total volume of the mixture 1 mL. The absorbance was measured at 240 nm for 3 min at 30 s time intervals (E = 39.4 mM−1 cm−1).



For determining ascorbate peroxidase (APX) enzyme activity [49], 200 mg leaf material was collected and homogenized with 2 mL of 0.5 M extraction buffer (pH 7.5), which is composed of KH2PO4 and K2HPO4 phosphate buffer, 1% PVP, 1% Triton-X 100 and 1 mM of EDTA. The mixture was centrifuged at 10,000 rpm for 25 min at 4 °C. The supernatant was added to separate tubes along with phosphate buffer (KH2PO4, K2HPO4) (pH 7.3), 1 mM EDTA, 0.5 Mm of Ascorbate, and 3 mM of H2O2. The decrease in ascorbate concentration was measured by taking the absorbance at 290 nm for 3 min at 3 s time intervals (E = 2.8 mM−1 cm−1).



Isozymes (native PAGE method-SDS independent) of SOD, CAT, and APX were identified with the procedure of Shah and Nahakpam [50] with a few minor modifications.



For the analysis of SOD isozymes [51], 500 mg leaf samples were homogenized with 1 mL of extraction buffer (pH 7.8) containing 100 mM of potassium phosphate buffer (K2HPO4; KH2PO4), 1 mM of EDTA, 3 mM of DL-Dithiothreitol (DTT) and 5% of PVP. The homogenized samples were further centrifuged at 10,500 rpm for 30 min at the supernatant was the sample used to run the native gel. The samples from 10 am and 2 pm were taken, each in the ratio of 2:1 (same for CAT and APX) of sample and dye (pH 6.8), which contained 240 mM of Tris-HCl, 40% of glycerol and 5% of bromophenol blue in 10% and 4% of resolving/separating and stacking buffer, respectively. The electrode buffer (pH 8.3) containing 25 mM of Tris-base and 192 mM of glycine was maintained at 4 °C at 80 V for about 3–4 h. The gel was further stained using staining solution [52] containing 50 mM of KH2PO4 AND K2HPO4 phosphate buffer, 1 mM of EDTA, 33.2 µm of riboflavin, 0.2% of TEMED and 0.245 mM NBT for 30 min. The gel was then irradiated in light for about 5 min in distilled water. Soon after the bands were visible, the distilled water was discarded and the gel was placed in 6% acetic acid to terminate the reaction. The bands with isoforms were further visualized under a trans-illuminator.



For CAT isozymes [53], the sample volume and extraction buffer were the same as used in the SOD analysis. The gel percentage was also the same at 10% and 4%. After the gel was run (similar to SOD), it was further immersed in distilled water containing 0.003% hydrogen peroxide (H2O2) for 10 min. The solution was then discarded and the gel was washed gently with distilled water for 2–3 s. The gel was then stained using a staining solution [54] containing 0.5% potassium ferrocyanide (K3Fe(CN)6) and 0.5% ferric chloride (FeCl3) for about 10 min. Then, again the staining solution was discarded and the gel was gently washed with distilled water a single time. The gel containing CAT isoforms was visualized under a trans-illuminator.



For the APX isozymes analysis [55], 200 mg of leaf material was homogenized with 2 mL of extraction buffer (pH 7.8) containing 50 mM of potassium phosphate buffer (K2HPO4; KH2PO4), 1 mM of EDTA, 1 mM of phenyl methyl sulfonyl fluoride (PMSF-dissolved in 1 mL of ethanol), 5 mM of ascorbate and 2% of PVP. The homogenized samples were centrifuged at 15,000 rpm for 10 min. The gel percentage remained the same as in the SOD analysis with an electrode buffer (pH 8.3) containing 0.1 M of Tris-base and glycine. After running the sample in gel [56], it was equilibrated with a solution containing 50 mM of potassium phosphate buffer (pH 7.0) and 2 mM ascorbate for about 30 min. Then the gel was incubated with 50 mM potassium phosphate buffer (pH 7.0), 4 mM of ascorbate and 2 mM of H2O2 for 20 min (incubation was started as soon as H2O2 was added). The gel was further washed with 50 mM potassium phosphate buffer (pH 7.0) for 1 min. The gel was then submerged in the staining solution containing 50 mM potassium phosphate buffer (pH 7.8), 28 mM TEMED and 2.45 mM NBT with gentle agitation. The gel appeared purple-blue in color and the APX isoforms were observed within 3 to 5 min.




2.9. Stomatal Index and Structure


To investigate the stomata [57], a small thin epidermal (outer) layer of leaf tissue was peeled out gently. The peel was carefully placed on a glass slide, a few drops of water were added, and a cover slip was placed on top. The structure of stomata was observed under 10× magnification and the stomatal index was observed using 40× magnifications under a microscope (MEIJI TECHNO CO., LTD., Kyoto, Japan). The stomatal index was calculated by dividing the number of stomata by ten times the area of one square grid. Basically, the stomatal index is, in a unit area of a leaf sample, the percentage of the total number of stomata to the total number of epidermal cells.




2.10. Protein Analysis


To estimate the total protein content present in the samples, 0.2 g of leaf samples were taken and homogenized using the extraction buffer (pH 7.0) containing 1 mL of 0.2 M phosphate buffer, 2% PVP, 0.5% of Triton-X 100 and 1 mM EDTA. Soon after the extraction, it was centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatant was used for the quick analysis of protein by the Bradford method [58] using bovine serum albumin (BSA) as a standard. The absorbance of total protein content present in the extracted enzyme samples was measured at 595 nm using a UV-Spectrophotometer.



The relative total protein profile was first evaluated in the first dimension using sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) [59]. The plant samples were ground to fine powder using liquid nitrogen. The extraction of protein was performed using extraction buffer [60] containing 40 mM (w/v) Tris-HCl (pH 7.5), 2 mM (w/v) EDTA, 0.07% (w/v) β-mercaptoethanol, 2% (w/v) PVP (polyvinylpyrrolidone) and 1% (v/v) Triton X-100, followed by centrifugation of the extracts at 13,000 g for 10 min at 4 °C. 6X protein-dye containing 240 mM Tris-HCl (pH 6.8), 40% glycerol, 8% SDS, 0.04% bromophenol blue and 5% beta-mercaptoethanol was mixed with the extract obtained after centrifugation. Quantification of protein samples was performed using the Bradford assay, and the standard curve was plotted using BSA (bovine serum albumin) [58]. The protein samples (25 µL) were loaded on 12.5% polyacrylamide gel on PROTEAN II (Bio-Rad, Hercules, CA, USA) and the gel was run in the range of 60 V to 100 V and stained later using Coomassie brilliant blue (CBB stain).




2.11. Analysis of Native Protein in Thylakoids by 1D BN-PAGE


Fresh leaves were collected from the plants and a first dimension BN-PAGE of integral thylakoid proteins was performed according to previous studies [61]. The leaves were washed carefully with distilled water and immediately ground to fine powder in a pestle and mortar using liquid nitrogen. Around 5 g of powdered samples was homogenized in pre-chilled buffer (PH 7.8) containing of mixture of 330 mM sorbitol, 2 mM EDTA, 50 mM HEPES, 2 mM Na, and 5 mM MgCl2. The mixture was filtered via Mira cloth. Centrifugation was performed at 4500× g for 10 min at 4 °C, and the pellets obtained were re-suspended in the same ice-cold buffer. Again, centrifugation was performed as in the first step. Subsequently, another buffer containing 20 mM tricine, 70 mM sucrose, and 5 mM MgCl2 (pH 7.8) was used, and the pellet obtained above was suspended again followed by centrifugation at 4500× g for 10 min at 4 degrees. After that, washing of the final pellet was performed twice for approximately 2 min each using the washing buffer (330 mM sorbitol, 50 mM BisTris-HCl (pH 7.0) and 0.1 mgml−1 pefabloc) to obtain a purified protein pellet. The final pellet obtained after washing was dissolved carefully in 2% w/v n-dodecyl-ß-D-maltoside for solubilization and further mixed with 0.1% loading dye (5% CBB-G250, 100 mM BisTris-HCl (pH 7.0), 30% w/v sucrose and 500 mM ɛ-amino-n-caproic acid). The protein samples extracted from the above steps were loaded on 5–12% w/v acrylamide gradient gel (1.5 mm). The Bradford assay was used to determine the protein concentration. First dimension BN-PAGE was performed by running the gel electrophoresis at 4 °C in a Protean II xi Cell electrophoresis system (Bio-Rad, Hercules, CA, USA) at a constant voltage of 100 volts for 5–6 h until the gel run was complete.




2.12. Statistical Analysis


A completely randomized design was used with three biological replicates for all treatments. An individual Student’s t-test and Tukey’s test were employed to compare the means of separate replicates using software SAS (version 9.1, Cary, NC, USA).





3. Results


3.1. Plant Height and Leaf Appearance


It was observed that the salt-treated plants had a significant decrease in height with increase in salinity stress compared with control plants. In MJ (Malav Jyoti), on day 5 of treatments, control (untreated) plants were healthy and taller compared with the salt-treated plants; similarly, in DG (Delhi Green), the control plants were taller than the stressed plants. However, at day 10 of salinity stress, in MJ, the control plants appeared shorter than the treated plants. In contrast, in DG, the control plants were still taller than the treated plants (Figure 1). There were no large differences observed for T2, T3 and T6, whereas T1, T4 and T5 showed substantial variance. The leaves of MJ were broad and light green in appearance at day 5, and it was similar in DG at day 10. However, the leaves of MJ at day 10 and DG at day 5 appeared small and dark green in color (Figure 1). The plant height was analyzed based on three biological replicates for each set of samples, for example, by collecting three different plants from three different grow bags.




3.2. Root Length and Appearance


The increase in salt stress showed a significant decrease in root length for both MJ and DG genotypes. At day 5 of salt treatment, in MJ, it was observed that the T2 and T3 plants had a significant reduction compared with the T1 plants. Similarly, in DG, the T5 and T6 plants had a significant increase in plant height compared with the T4 plants (Figure 2A). At day 10, there was an increase in root length observed in MJ plants, whereas in DG, the root lengths of plants remained almost constant in T5 and T6 (Figure 2C), which was a reduction compared with T4. It was observed that the roots appeared in a tap root structure at day 5; whereas at day 10, the plants had a fibrous root structure, which was clearly evident in T3 and T5 (Figure 1). As mentioned for plant height, the root lengths of three different plants were measured as biological replicates of each sample.




3.3. Biomass and Relative Water Content


Biomass at day 5 showed a significant decrease with increase in salt concentration in the MJ genotype. The T1 (control) plants appeared to have an increased level of biomass compared with T2 (MJ-20 mM) and T3 (MJ-50 mM) plants (Figure 2B), whereas in the DG genotype, there was a significant increase observed with increasing minimum salt conditions (T5) compared with T4 (control) and high salt condition (T6). At day 10, there was a significant decrease observed in T2 and T3 spinach plants compared with the T1 plants. Similarly, there was a significant decrease in T5 and T6 spinach plants compared with the T4 plants.



Considering the relative water content of leaves, there was a peak in minimum salt treated plants at day 5 in both spinach genotypes, whereas the same T2 and T4 treatments showed a significant reduction in RWC by day 10 (Figure 2D). It was observed that an increase in salt concentration had a negative effect on RWC; thus, there was a reduction in T2 plants at day 5 in MJ compared with T1 and T3 plants. Similarly, in DG, at day 5 (early stress state), the T5 plants has showed a peak. At day 10, the T1 plants showed an increase in RWC compared with the T2 and T3 plants, and the same observation was made for the DG plants.




3.4. Malonaldehyde (MDA) and Proline Content


At 6 am of day 5, the MDA content was at a peak; at 10 am, the level of MDA was less, but at 2 pm it had again increased and by 6 pm, it had reduced (Figure 3A). At 10 am of day 10, the MDA level was high; again at 10 am, it was at a peak, whereas at 2 pm and 6 pm, a significant reduction in MDA content was observed. However, if we compare the circadian timings with salt stress, it is found that on day 5 at 6 am, the MDA contents in T2, T3, T5 and T6 were less than those in T1 and T4. At 10 am, in T1 a significant increase was observed compared with both stress concentrations T2 and T3, whereas in DG, the increased stress volume (T6) showed a significant increase in MDA content. At 2 pm, the pattern was similar to the 10 am samples where the control was at a comparative peak. At 6 pm, in MJ, the stress treatment (T3) showed an increase in MDA content, but in T4, a higher peak was observed than in the T5 and T6 plants. On day 10 at 6 am, T2 and T5 showed a peak compared with T1, T4, T3 and T6. At 10 am, T1 showed an increase in MDA content compared with T2 and T3, whereas in DG, the increased stress treatment (T6) showed a significant increase in MDA content. At 2 pm, there was a comparative increase in MDA in T2 and T5. At 6 pm, it was again similar to the 10 am and 2 pm levels of day 10 in the MJ plants, but in the DG plants, there was an increase in the MDA levels in the T4 plants compared with the T5 and T6 plants. Overall, significant increases in MDA content were observed at 10 am and 2 pm that correspond to rhythmic circadian loop cycles under salinity stress conditions, which suggests a contribution of the circadian clock to the alleviation of salinity stress. Moreover, the DG genotype was observed to be more tolerant towards salinity stress and associated with circadian biology.



Proline is a stress indicator; thus, an increase in proline content in plant samples indicates an increase in the presence of stress. On day 5 at 6 am, the proline content appeared to be less but at 10 am, it was increased (Figure 3B). Similarly, at 2 pm there was a peak, but at 6 pm there was a significant reduction in proline content. On day 10, the proline content was less compared with day 5 at all circadian hours. However, there was a significant increase observed in proline content, on day 10 at all circadian hours and also in all stressed samples compared with the control samples.




3.5. H2O2 and O2− Localization


The increase in LPO or MDA content can lead to increases in the ROS accumulation in the form of H2O2 and O2−. With help of biochemical analysis, it was found that the DAB (H2O2) test results in dark brown color spots on leaf samples and that the NBT (O2−) test shows dark blue (formazon formation) color spots on the leaf samples (Figure 4 and Figure 5). The hydrogen peroxide localization is consistent with the fact that the increase in salt concentration in plants leads to an increase in localization of H2O2, with an increase in the days of salt treatment.



For the physiological parameters and enzymatic activities, 4 h intervals corresponding to circadian hours were chosen for prediction of ROS generation in spinach plant samples. At day 10 of salt stress, the treated leaf samples showed an increase in dark brown spots in both spinach genotypes compared with day 5 of the treatment. Considering the H2O2 localization results, on day 5 at 10 am, T3, T5 and T6 had an increase in brown spots, and in the 2 pm leaves, T2 and T6 showed more spots, whereas on day 10 at 10 am, for T2, T3, T5 and T6, increased spots were noted, and this was the same at 2 pm of day 10. The superoxide radical localization also showed that the increase in salt stress leads an increase in the O2− localization. On day 5, at 10 am, the T3 and T5 samples had comparatively high localized O2−, whereas in the 2 pm samples, T2, T3 and T6 showed a better result. On day 10 at 10 am, there was significant increase in T3, T5 and T6 leaves, whereas at 2 pm, T2 and T5 had a significant increase.




3.6. Photosynthetic Measurements


A significant decrease in the net photosynthesis rate with increasing salt concentration was reported. On day 5 at 6 am, the rate of photosynthesis was less, whereas at 10 am and 2 pm, it was at its peak, and again by 6 pm, it had reduced (Figure 6). A similar pattern was observed on day 10. However, at 10 am on day 5, T3 showed a contrary result compared with the other circadian hours with a significant decrease in T2 and T3. T5 also showed a contrary result at all circadian hours, whereas T6 showed significant decrease at all circadian hours of day 5. On day 10 at 6 am, there was a contrary result observed for T2, and similar to 2 pm, there was an increase in T3. Apart from that, there was a significant decrease at all circadian hours for both genotypes in salt-treated plant samples. The stomatal conductance and the transpiration rate also showed patterns similar to those for the net photosynthetic rate.



The PS-II quantum yield (Fv/Fm) usually decreases with an increase in salt stress in plant samples. On days 5 and 10, at 6 am and 6 pm, the quantum yield-II was at a peak, whereas at 10 am and 2 pm, it was observed to be less (Figure 6D). However, there was a significant decrease observed for T6 at 10 am and 2 pm of day 5 and day 10. In contrast, T2, T3, and T5 showed an increased chlorophyll fluorescence. There was a significant decrease observed for T3 at 6 am of day 5 and 6 pm of day 10. Similarly, there was a significant decrease observed with T5 at 6 am of day 5 and 6 pm of day 10. Overall, the photosynthesis measurements showed that the circadian clock can help plants improve their response and withstand salinity stress at specific time periods such as 10 am and 2 pm.




3.7. Photosynthetic Pigments


The carotenoid and total chlorophyll content significantly decreased with increases in salt concentration in spinach plants (Figure 7). On day 5 at 6 am, the chlorophyll pigment content was less, whereas at 10 am and 2 pm, it was at a peak, and at 6 pm, it had reduced again. Day 10 had a similar pattern, but at 6 pm, the chlorophyll content increased. However, on day 5 at 6 am, T5 showed a significant decrease. At 10 am, T2 and T5 showed a significant decrease, and also at 2 pm, T3 showed a significant decrease. Significant reductions in photosynthetic pigments were observed on day 10 at 6 am for T2 and T5, at 10 am for T3, at 2 pm for T6, and at 6 pm for T2, T5 and T6.




3.8. Enzymatic Activities and Their Isozymes


The increase in salinity stress led to significant increases in the enzymatic activities (Figure 8). Except for SOD activity in DG in all photoperiodic hours, there was a significant increase in all stressed plant samples compared with the control plants. For APX activity, except in T3 at 6 am on day 5, there was significant increase at all circadian hours. Considering the CAT activity, in T2 at 10 am and in T3 at 2 pm and 6 pm, there was a significant increase with salt concentration compared with the control plants. This indicates that the MJ genotype was more tolerant of salt stress than DG.



An electrophoresis method was performed to obtain more comprehensive data on the isozymes of the major antioxidants (SOD, APX and CAT) at 10 am and 2 pm on day 10 (Figure 9). For SOD, there were two bands visualized in the UV-trans illuminator, which were indicated in both photoperiodic hours. In the 10 am samples for T2, it was highly expressed, and a prominent band was observed compared with other samples. This was followed by T3, which had greater expression than in T1 but less prominent than in T2. For DG, T4 and T6 had prominent bands compared with T5. At 2 pm, T3 and T6 had comparatively prominent bands. For APX, there were three different bands visible at both 10 am and 6 pm on day 10. At 10 am, T3 and T5 showed a prominent band where two were highly prominent and one band was slightly less visible in the image. There was a similar pattern found at 2 pm on day 10. For CAT, at 10 am on day 10, the T3 and T6 samples had prominent bands. The T2 and T5 bands were less prominent compared with T1 and T4. In contrast, at 2 pm, the T3, T5 and T6 samples had prominent bands, and T2 was less prominent compared with the T1 and T4 samples. The overall observations from enzymatic antioxidants and their isozymes indicate a large contribution of the circadian clock to tolerating salinity stress




3.9. Stomatal Index and Stomatal Structure


The increase in salt stress in the plant samples led to the closure of stomata (Figure 10A). On day 10 at 10 am, the T1 and T4 the stomata were seen to be open, whereas in T2 and T5 they were partially closed, and in T3 and T6, the stomata appeared fully closed. In contrast, at 2 pm on day 10, the T1 and T4 samples had partially open stomata, and the rest of the samples (T2, T3, T5 and T6) had closed stomatal structures.



The increase in salt concentration led to a decrease in the number of stomata and an increase in the number of epidermal cells. On day 10, there was a significant decrease in T3 and T6 at 10 am, and at 2 pm, T2, T3 and T6 had the huge decrease observed. In addition, there was a contrary result observed for T2 and T5 at 10 am and also for T6 at 2 pm compared with the T1 and T4 (control) samples (Figure 10B).




3.10. Protein Analysis


The proteomic changes were analyzed using 1D SDS-PAGE to predict the enhancement of the protein for thylakoid protein analysis (Figure 11B). The bands were observed with either an upregulation or a downregulation of proteins for all spinach samples on the basis of the photoperiodic hours 10 am and 2 pm on day 10. The protein in the stressed plant samples had most of the proteins upregulated compared with the control samples. The only band that appeared more prominent and upregulated in all samples at both circadian hours was (Ribulose-1, 5-bisphosphate carboxylase/oxygenase) RuBisCo, which is known as an abundant protein in plants. To estimate the protein concentration in all samples, a biochemical assay was performed, which showed a significant difference between the spinach samples (Figure 11A). The MJ plants showed an increase even after being treated with salt concentration, whereas DG showed a significant decrease in salt-treated plants compared with their control samples. Thus, this indicates that the DG plants remain sensitive compared with MJ plants (a resilient genotype) at both 10 am and 2 pm.




3.11. Thylakoid Proteome Analysis


The BN-PAGE (Blue Native Polyacrylamide Gel Electrophoresis) analysis was carried out to separate the MCPs (multi-protein complex proteins) from the thylakoids which were isolated from the spinach leaves. The spinach leaves were collected based upon the different treatment conditions and circadian hours in three biological replicates. Figure 12 shows the gels containing the native proteome profile of thylakoid MCPs extracted at 10am from the leaf samples under the various treatments, including T1 (MJ control), T2 (MJ + 20 mM of salt), T3 (MJ + 50 mM of salt), T4 (DG control), T5 (DG + 20 mM of salt) and T6 (DG + 50 mM of salt). In the other set, the treatments remained constant but the circadian hour was 2 pm.



The expression of the very first protein band found in the gel was at 680–560 KDa, which is ATPase and PS-I, PS-II core dimer. The proteins in these bands were found to be downregulated with increasing salt stress in the leaf samples. The next consecutive band that appeared distinct was at 340 KDa, which was a PS-II monomer or Cyt b6/f. The last two bands were expressed in the ranges of 290 and 67, which are known as LHC-II assembly trimer and LHC-III assembly monomer, respectively. The bands of the MJ genotype were expressed slightly more distinctly, indicating that it can be a resilient or tolerant genotype towards salt stress under certain environmental conditions in various hours of the circadian rhythm. The BN-PAGE results were consistent with the results obtained for physiological mechanisms of photosynthesis.





4. Discussion


Circadian rhythms are important for a plant’s daily activities whether it is flowering, fruiting, or any signaling pathways [62]. In recent years, it has also been observed that circadian rhythms are involved in the alleviation of abiotic stresses [63]. There are only reviews or limited studies reporting how circadian rhythms are involved in stress tolerance; therefore, the current study investigated how plants (spinach) tolerate stress, and salinity in particular, using the circadian biological clock, especially during the morning–evening loop. Due to the toxic effects of Na+ and Cl− in the plant samples of our study (DG and MJ genotypes), there was a reduction observed in all growth parameters, whether it was plant height, biomass, or root length. The observed effects on relative leaf water potential were consistent with the measured growth parameters. Plants experience negative effects due to salt concentration which affect the plant’s growth and performance. Plant biomass plays a vital role as an indicator of plant tolerance towards stress [64]. The increase in the uptake of salt was associated with a significant decrease in growth parameters, which is due to the formation of ROS (Figure 3) that, in turn, depress the ionic imbalance and plasma membrane. This leads to a suppression of metabolic processes and growth [65]. There was a similar result noted in a previous study with mung bean [18] subjected to salinity stress. The observed differences in root length of the plants may be due to the biological sample collection conducted to provide clarity.



Since this study focuses on how circadian biology time periods help the spinach plant to withstand the salinity stress, the main stress indicators, MDA and proline content, were focused on initially. Salt stress resulted in an increase in MDA content (an indicator of LPO) and proline content (an indicator of plant salinity response). For MDA, the increase in lipid peroxidation (MDA) indicates that LPO might exert its impact on lipid membrane permeability via the multiplication of micro viscosity, conceivably by way of a cross-linking process with lipid radicals, which contributes to the membrane damage that is generally linked with the leakage of ions. This then results in a decline in plant growth [66]. LPO increases due to the free radicals present in chloroplasts such as hydrogen peroxide, hydroxyl radicals and superoxide radicals. Considering proline, when the proline content increases, it tends to accumulate, which leads to further activity of a key enzyme (pyrroline-5-Carboxylate synthase) in the process of proline synthesis, along with the proline dehydrogenase enzyme inhibition which catalyzes proline degradation [67]. The plants receive protection from stress through controlling the osmo-regulation and through ROS detoxification. It also ensures preservation of membrane integrity, enzyme stabilization and certain other proteins [68,69]. However, in our results, a significant increase in MDA and proline content was observed at 10 am and 2 pm in the rhythmic cycle of the circadian loop (morning–evening loop) under salinity stress conditions, which suggests a contribution of the circadian clock in alleviation of salinity stress during this particular period of the circadian clock. It was also observed that the DG (Delhi green) genotype was more tolerant towards salinity and exhibited stronger circadian effects compared with MJ (Malav Jyoti).



It was observed that the stress markers MDA and proline content were significantly associated with oxidative damage in the spinach genotypes ‘Delhi green’ and ‘Malav Jyoti’ at specific photoperiodic times and circadian rhythms. Due to increase in salt concentration, ROS generation occurred in large amounts, which might result in membrane dysfunction, cell toxicity and cell death [70]. For scavenging the generated ROS, plants have developed various enzymatic and non-enzymatic mechanisms [71]. Due to salt stress, an oxidative burst takes place, which can be observed in the form of O2− and H2O2, and it was remarkably present in the leaf region of our spinach genotypes (DG and MJ) at the circadian times of 10 am and 2 pm (Figure 4 and Figure 5). However, dramatic changes were observed compared with other circadian time periods in biochemically active stress markers, which indicates that the circadian clock can actively participate in tolerating salinity stress in spinach genotypes. To alleviate repair the damage due to the oxidative stress, plants have developed a complicated anti-oxidative system which comprises the SOD, APX, and CAT enzymes [72]. Our results showed a significant increase in enzymatic activities (except for SOD activity in DG) in all photoperiodic hours of circadian rhythms compared with the control plants (Figure 8). Moreover, MJ showed a better performance compared with DJ and indicated that the MJ genotype is more tolerant of salt stress than DG. Additionally, the circadian rhythms at a photoperiodic time of 10 am and 2 pm (morning–afternoon loop) showed a more tolerant timing. Therefore, based on the time period, we confirmed our antioxidant enzyme activities by their isozyme activities at 10 am and 2 pm of day 10 (Figure 9). The increase in anti-oxidant enzymes under salt stress might help in protecting the chlorophyll content by preventing the leaf chlorophyll from becoming degraded. In addition, anti-oxidant enzymes are more effective in suppressing cell damage. In confirming the results with electrophoresis methods, the intensity of the bands had differences in most of the conditions rather than activation of new isoforms. From our antioxidant enzymes and their isozyme activities results, it was concluded that 10 am and 2 pm circadian rhythmic photoperiodism are the better time periods for tolerating salinity stress in spinach. It was also concluded that MJ is a more tolerant genotype through its use of circadian biology compared with DG. An analysis of the isozymes through native gel was performed to identify the isoforms of scavenging enzymes based on their size elution with the comparison of both genotypes, MJ and DG.



Photosynthesis is an integral mechanism of plant physiology, and due to salinity stress, all the photosynthetic measurements such as photosynthesis rate, stomatal conductance, and transpiration rate showed a significant reduction (Figure 6) at all circadian photoperiodic time periods, with less variation at 10 am and 2 pm. The decrease in these growth parameters could lead to further decreases in osmotic potential in soil. Under this condition, plants try to develop a mineral ion content and compatible solute production which combines soluble carbohydrates and proline [73]. This was similar to a previous study of salinity stress that examined stem and fruit samples of Japanese persimmon trees (Diospyrus kaki Thunb.) [74], where they also observed an increase in the sodium and potassium concentration, along with a reduction in water potential. Similar to our studies, a reduction was noticed in quantum yield-II, and chlorophyll pigments in mung bean [18]. The fluorescence in chlorophyll is an essential plant characteristic which shows the efficacy of the light reaction, and it is also used for understanding the effects of stress conditions on plants. The reduced level of chlorophyll fluorescence indicates the damage occurring in PS-II, which has major effects on the rate of photosynthesis. This results in a reduction in plant growth, development, and yield [75]. Consistent with results in tomato [76], a suppression of chlorophyll fluorescence under a constant light was observed, whereas the bean (Phaseolus vulgaris) [77] shows a reduction in photosynthesis and stomatal conductance under continuous light. The reduction in the stomata might be because the stomatal index is directly interlinked with the photosynthetic rate and growth parameters [63]. Since stomata are closely related to the transpiration rate and photosynthesis, it was observed that the changes in the structure of stomata and their index were particularly found at a photoperiodic time periods of 10 and 2 pm. The stomata were observed to be either partially or fully closed at noon time in our study (Figure 10). However, a contrary result was observed with Phaseolus vulgaris L. [76] where the plant samples at noon time showed the stomata opening. From our photosynthetic results and stomatal studies, it was concluded that spinach is able to tolerate salinity stress at a circadian time period of 10 am and 2 pm (morning–afternoon loop), which indicates that the circadian clock at certain photoperiodic time period influences the tolerance of salinity stress.



Our measurements of photosynthetic pigments, such as total chlorophyll content, were reduced significantly at all photoperiodic conditions, and less variation was observed at 10 am and 2 pm in the circadian cycle under salinity stress. The reduction in photosynthetic contents might be the result of an increased activity of chlorophyllase (chlorophyll degrading enzyme) [78,79]. The decreased chlorophyll content in salinity stress is mainly due to oxidative stress [80]. Similar results with chlorophyll content were observed in pumpkin genotypes [81], with P. vulgaris L. [82], and in Vigna subterranean L. [83]. The decrease in carotenoids was also observed under the salt stressed conditions in our study, but they increased significantly, even under salt stress, at 10 am in the circadian cycle. Carotenoids are anti-oxidants which have the ability to remove the toxic effect of ROS on plants [84]. They also function in photosynthesis to collect the light energy and as a quencher of tripled chlorophyll and oxygen [85].



The reduction in the photosynthetic rate was due to the reduction in leaf expansion, leaf senescence and improper functioning of the photosynthetic machinery [86]. To estimate these effects in spinach genotypes, particularly at a circadian time period of 10 and 2 pm (morning–afternoon loop), a molecular level study, which was an effective tool for clear analyses, was chloroplast proteomics. A traditional gel electrophoresis (SDS-PAGE) (Figure 11) method found a reduction in RuBisCo protein at 2 pm in all samples compared with 10 am samples under salt stress. With the help of SDS-PAGE, either upregulation or downregulation of proteins with effective expressions were observed. The reason behind this might be the reduction in chlorophyll content and photosynthesis rate; this can also be due to variation in the structure of chloroplasts resulting from oxidative stress and reductions in protein synthesis [87]. The obtained results were confirmed by performing a biochemical analysis, which found a reduction in total protein under increased concentration of salt, with little variation observed in the 10 am and 2 pm circadian hour samples. Since the chloroplast is a major organelle involved in all biochemical processes, the proteome of the chloroplast was observed using blue native page at 10 am and 2 pm circadian hour samples. Many studies have previously reported the variation in the thylakoid proteome under salt stressed conditions, such as in tomato [62], mung bean [18], etc. However, it is not known how on the basis of circadian-based clock, the major photosynthetic proteins express themselves. There was a downregulation observed in the expression of thylakoid protein in salt stressed plants; in addition, there was decrease in the PS-I, PS-II monomer and LHC II assembly trimer protein complex, except for the LHC II assembly monomer observed at 10 am, which remained contrary in the 2 pm samples (Figure 12). These changes would have taken place due to the reduction in the photosynthetic and growth parameters in spinach genotypes, as observed previously in our biochemical processes of photosynthetic measurements.



Together with the obtained results at each circadian hour for stress indicators, photosynthetic parameters, photosynthetic pigments and anti-oxidant activities, the samples at 10 am and 2 pm of day 10 showed a peak in expression. Thus, these two morning hours were selected for isozymes (for further confirmation of scavenging enzymes) and protein analyses. An additional reason behind selecting the morning rhythmic hours was the regulation of PRR genes during the morning (PRR7; PRR9) and at noon (PRR5) [88,89] (during the morning loop) of plant circadian cycles under salinity stress conditions. In a recent study [90], researchers focused on how to explain the connection between the circadian clock and the response of the plant U. pumila towards salt stress with the help of physiological and transcriptome variation. The increase in salt concentration in plant leaves also showed an increase in K+ content and decrease in Na+ content.



The frequent changes in environment are perceived by the circadian clock, which transmits temporal information throughout the plant cell in order to synchronize daily and seasonal fluctuations with internal biological processes. Several studies have attempted to study the mechanisms of circadian cellular processes in response to outside environmental conditions such as light, temperature, photoperiodism etc. However, a handful of studies have attempted to observe how the circadian clock can control the cellular processes under abiotic stresses. In this study we briefly discussed recent progress on clock coordination in response to salinity stress in spinach crops. In brief, we found that the circadian clock controls the oxidative damage caused by salinity stress by modulating physiology, antioxidative mechanisms, and the chloroplast proteome, specifically at a circadian time period i.e., 10 am and 2 pm. Although the study provided significant evidence of the circadian clock’s ability to control salinity stress, this evidence is only for morning–evening loops; the night loop has still to be studied. Moreover, many aspects of clock control of other important processes such gene-regulatory networks and proteomics as well as protein identifications, and transcription factors are yet to be resolved.




5. Conclusions


Several environmental stresses weaken and damage plants in agricultural production. The breeding of resistant crop resources and improving plant adaptability towards stresses are the key factors for improving crop yield. Circadian core oscillators play a critical role in plants’ perception of and responding to biotic and abiotic stresses, and are, therefore, relevant to future crop production. With the help of current circadian biology in response to salinity stress, it was demonstrated that salt inducibility in the expression of specific salinity-stress related photosynthetic measurements and the plant’s proteome is temporally controlled during the day at 10 am and 2 pm in the circadian cycle using spinach genotypes (morning–evening loop). Our investigation of salinity induction in the expression of stress markers, photosynthetic parameters, encoding enzyme activities, and their isozymes was restricted to the morning loop. Our findings not only show the potential importance of further investigating the basis and significance of circadian-controlled salinity stress responses under fluctuating circadian time periods, but also provide the potential to exploit an effective method for improving salinity resistance performance in spinach. In summary, circadian regulation may provide a sophisticated, reliable mechanism for ensuring an optimal balance of plant growth and abiotic stress tolerance. Changes in clock function in response to environmental changes may allow plants to readjust this balance and ensure a sustained increase in abiotic stress tolerance when necessary. The current study can be extended to compare our findings with the night circadian loops to obtain a clear idea about how the dark cycle can overcome the abiotic stress conditions since the present study only focusses on morning–evening loops.
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Figure 1. Morphological appearance of spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Each grow bag represents approximately 6 to 8 seeds sown, which went through a further thinning process. For each genotype, 15 grow bags were separated into 3 groups: 5 bags for control, 5 bags for the 20 mM of NaCl treatment, and 5 bags for the 50 mM of NaCl treatment. The leaf samples were collected between at time intervals (on the basis of circadian cycle) of about 4 h, which were at the exact times of 6 am, 10 am, 2 pm and 6 pm on day 5 and day 10 of the salinity stress treatments. 
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Figure 2. (A) Plant height, (B) biomass, (C) root length, and (D) relative water content in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for the controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Vertical bars indicate mean ± S.E. for n = 3. Means with different letters are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test. The blue color bars indicate the day 5 results and the red color bars indicate the day 10 results. 
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Figure 3. (A) MDA content and (B) proline content in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for the controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of circadian cycle) at 4 h intervals which were at 6 am, 10 am, 2 pm and 6 pm on both day 5 and day 10 of salinity stress. Vertical bars indicate mean ± S.E. for n = 3. Means with different letters are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test. Data for day 5 and day 10 are shown separately and the colors of the bars correspond to treatments, which remain the same for different hours. 
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Figure 4. H2O2 localizations in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Images are presented for the controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals which were exactly at the times of 10 am and 2 pm on both day 5 and day 10 of the salinity stress treatments. 
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Figure 5. O2−1 localizations in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Images are presented for the controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals corresponding to the times of 10 am and 2 pm on both day 5 and day 10 of salinity stress. 
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Figure 6. (A) Net photosynthetic rate, (B) stomatal conductance, (C) transpiration rate, and (D) PSII-quantum yield in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for the controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at intervals of about 4 h which were at the exact times of 6 am, 10 am, 2 pm and 6 pm of both day 5 and day 10 of salinity stress. Vertical bars indicate mean ± S.E. for n = 3. Means with different letters are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test. Data for day 5 and day 10 are shown separately and the colors of the bars correspond to treatments, which remain the same for different hours. 
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Figure 7. (A) Total chlorophyll and (B) carotenoid content in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for the controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals which corresponded to the exact times of 6 am, 10 am, 2 pm and 6 pm on both day 5 and day 10 of salinity stress. Vertical bars indicate mean ± S.E. for n = 3. Means with different letters are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test. Data for day 5 and day 10 are shown separately and the colors of the bars correspond to treatments, which remain the same for different hours. 
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Figure 8. (A) SOD, (B) APX, and (C) catalase activity in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals corresponding to the exact times of 6 am, 10 am, 2 pm and 6 pm on both day 5 and day 10 of salinity stress. Vertical bars indicate th mean ± S.E. for n = 3. Means with different letters are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test. Data for day 5 and day 10 are shown separately and the colors of the bars correspond to treatments, which remain the same for different hours. 






Figure 8. (A) SOD, (B) APX, and (C) catalase activity in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals corresponding to the exact times of 6 am, 10 am, 2 pm and 6 pm on both day 5 and day 10 of salinity stress. Vertical bars indicate th mean ± S.E. for n = 3. Means with different letters are significantly different at p ≤ 0.05 according to the Tukey’s studentized range test. Data for day 5 and day 10 are shown separately and the colors of the bars correspond to treatments, which remain the same for different hours.



[image: Agriculture 13 00429 g008]







[image: Agriculture 13 00429 g009 550] 





Figure 9. SOD, APX, and CAT isozyme activities in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals which corresponded to the exact times of 10 am, and 2 pm on day 10 of salinity stress. The white arrows indicate the changes in expression of bands among all treatments compared with controls. 
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Figure 10. (A) Stomatal structure and (B) stomatal index in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals which corresponded to the exact times of 10 am, and 2 pm on day 10 of salinity stress. Vertical bars indicate mean ± S.E. for n = 3. The blue color bars in the graph indicate day 5 and the red color bars indicate day 10. 
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Figure 11. (A) Total soluble protein content, and (B) SDS-PAGE in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for the controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals which corresponded to the exact times of 10 am, and 2 pm on day 10 of salinity stress. Vertical bars indicate the mean ± S.E. for n = 3. In bar graph (A), days 5 and 10 are shown separately but colors of the bars containing same samples at different hours remain the same. The red arrows with numbers indicate the upregulation or downregulation of specific proteins bands along with their controls. 
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Figure 12. First dimension BN-PAGE in spinach genotypes Delhi green (DG) and Malav Jyoti (MJ). Results are presented for the controls (MJ control; DG control), 20 mM of NaCl treatments (MJ-20 mM; DG-20 mM), and 50 mM of NaCl treatments (MJ-50 mM; DG-50 mM). Sampling was performed (on the basis of the circadian cycle) at 4 h intervals which corresponded to the exact times of 10 am, and 2 pm of day 10 of salinity stress. For first dimension BN-PAGE, fresh thylakoid membranes of both spinach genotypes were solubilized in 1% BDM at a chlorophyll concentration of 1 µg·µL−1, and the protein sample was separated by 7%–12.5% gradient BN-PAGE. For second dimension gels, slices were horizontally laid on top of 12.5% SDS-PAGE and stained with a commercial Coomassie brilliant blue R-250 (Bio-Rad, Hercules, CA, USA). The arrows in the gel indicate the changes in expression of protein bands compared with their respective controls. 
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