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Abstract

:

Chenopodium quinoa is a genetically diverse crop that can adapt to a wide range of environments, including temperatures and salinities. However, only a few studies have assessed the combined effects of two or more environmental factors on C. quinoa. Here, we investigated the effects of salinity (300 mM NaCl), elevated temperature (35 °C), and their interaction with growth, water–salt balance, the efficiency of photosystem II (PSII), the activity of cyclic electron transport (CET) around photosystem I (PSI), Rubisco and PEPC enzyme content, and the expression of photosynthetic genes. We found that elevated temperature did not decrease the biomass but caused a significant increase in the water and potassium content of C. quinoa leaves. The decrease in PSII efficiency under elevated temperature was accompanied by an increase in the expression of genes encoding the components of PSII (psbA) and linear electron transport (FDI), as well as the main photosynthetic protein Rubisco (rbcL). Moreover, the strongest effect was induced by the combined effect of elevated temperature and salinity, which induced high oxidative stress (a threefold increase in MDA), a threefold decrease in the biomass, a twofold decrease in PSII efficiency, and a two- to eightfold decrease in the expression of the photosynthetic genes psbA, FDI, and rbcL. PSI was more tolerant to all forms of stress; however, the combined effect of elevated temperature and salinity downregulated the expression of PGR5 and FNR1, which may diminish the role of PGR5/PGRL1-dependent CET in favor of the NDH-dependent CET of PSI. The obtained data on the functioning of photosystems and the expression of photosynthetic genes under combined stress (elevated temperature and salinity) can make a significant contribution to understanding the mechanisms of tolerance of C. quinoa to multiple stresses under climate change conditions.
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1. Introduction


Soil salinity is one of the main abiotic stresses that negatively affect crop yields around the world [1]. Salt stress affects over 1 billion hectares of land and over 50% of irrigated agricultural land [1,2]. Salinity retards the growth, development, and productivity of plants due to ion stress and accompanying oxidative stress [3]. In addition, salinity increases the impact of soil drought on plants by adding the osmotic pressures, which are further intensified by the effects of elevated temperatures and irregular rainfall [1]. Increasing global warming in recent decades has contributed to an increase in the frequency and duration of exposure to high temperatures on crops, thereby posing a serious threat to agriculture [4]. Elevated temperatures can disrupt plant growth and development, resulting in reduced productive potential and serious crop losses [5].



Chenopodium quinoa is a halophyte crop widely cultivated for the excellent nutritional value of the seeds [3,6,7]. The Food and Agriculture Organization has recommended C. quinoa as a key crop for dry and saline regions [6]. The effects of salinity and drought on C. quinoa are well studied, whereas only a few studies have examined the effects of other types of stress, including heat, cold, or UV-B radiation. Moreover, even fewer studies have examined the combined effect of two or more factors that commonly co-occur under natural conditions [6,8,9].



Large differences in salt tolerance between C. quinoa cultivars have been revealed by agronomic and physiological analyses [3,8,10,11]. For example, some C. quinoa cultivars can tolerate salinity up to 750 mM NaCl [12]. The main mechanisms involved in salt tolerance in C. quinoa include osmotic regulation via the accumulation of inorganic ions (i.e., Na+, K+ and Cl−) that can effectively control Na+ sequestration in vacuoles and epidermal bladder cells (EBCs); reduced stomatal density to facilitate more efficient water use; and high resistance to reactive oxygen species (ROS) [3,13,14]. EBCs play an important role in sodium sequestration, improve K+ retention, and store metabolites that help modulate ion ratios in C. quinoa [8]. The mechanisms by which salt tolerance relates to the photosynthetic activity of C. quinoa remain poorly understood [13,15,16]. A well-known effect of salinity is the decrease in CO2 assimilation and is associated primarily with stomatal conductance limitations [16,17]. It has also been shown that high salinity (300 mM NaCl) can lead to structural disorders of chloroplasts and decreased Fm and Fv/Fm [13], as well as to increased nonphotochemical quenching (NPQ) of energy [18]. This in turn can lead to the suppression of PSII effectivity in C. quinoa. In addition, ionic toxicity can affect the activity of photosynthetic enzymes and promote the degradation of pigment protein complexes in the thylakoid membranes of C. quinoa [16,18].



Elevated temperatures are a major form of abiotic stress that may become more common due to climate change. Elevated temperature limits plant productivity since the main elements of photosynthesis are heat-sensitive and are inhibited under elevated temperature [19]. Moreover, Calvin cycle reactions and photosynthetic electron transport, primarily that of photosystem complex II (PSII), are the most susceptible to high temperature [19,20,21]. Disruption of the photosynthetic apparatus leads to ROS formation, such as singlet oxygen in PSII and superoxide radicals in PSI, among others. Moderately high temperatures do not direct damage PSII but do so indirectly by promoting the production of ROS [19]. High temperatures damage PSII by blocking linear electron transport (LET), which reduces the supply of energy to chloroplasts. In this case, cyclic electron transport (CET) around PSI combines with cyclic photophosphorylation to stimulate ATP synthesis, thereby helping plants withstand stress [22]. Moreover, CET is thought to have two main functions: to provide ATP for the Calvin cycle and to help maintain the proton gradient (ΔpH) that underlies NPQ for PSII photoprotection [23,24]. PSI is usually more stable than PSII [23], and CET plays an important role in protecting PSI from heat stress [19,25]. It is known that CET includes two pathways: a chloroplast NADH dehydrogenase-like complex-dependent pathway and a PGR5/PGRL1 protein-dependent pathway [26,27,28,29]. Moreover, the PGR5/PGRL1-dependent CET is the major pathway for plants with C3 photosynthesis [29]. PGR5/PGRL1-dependent CET plays an important role in plant responses to abiotic stress [24,30], as it protects PSII and PSI from photooxidative damage via ΔpH formation, maintains the integrity of the thylakoid membrane, and facilitates normal expression of genes of the main components of the photosystem [24]. Furthermore, NDH-dependent CET may be involved in plant responses to various environmental stresses, including high temperature stress [29,31]. The most sensitive step of the Calvin cycle appears to be the activation of Rubisco by Rubisco-activase, and the Rubisco enzyme is considered to be relatively thermostable [19]. Elevated temperatures can reduce the expression of Rubisco genes (rbcL and rbcS); however, differences in heat tolerance of Rubisco synthesis have been shown both between species and within the same species [20]. In addition, plants can use Rubisco as a reserve of nitrogen/amino acids, and it is therefore excreted from chloroplasts and stored in vacuoles. Under stress conditions, Rubisco is actively cleaved by proteases and sent to other organs to support protein synthesis [32,33]. During stress, the phosphoenolpyruvate carboxylase (PEPC) content also increases; this is significant because in C3 species PEPC is involved in anaplerotic reactions to replenish the intermediate products of the Krebs cycle, thereby facilitating the synthesis of amino acid precursors [34,35]. However, to date there are few studies of the effect of elevated temperature on C. quinoa physiological parameters [3,8]. Some studies report that plant growth and development is not limited by high temperatures (~40 °C), but hot conditions can decrease pollen viability, seed germination, and seed yield [3,8]. High temperatures can increase stomatal conductance, stomatal size, photosynthesis, chlorophyll fluorescence, and chlorophyll content but can also result in reduced water use efficiency [6,9,36]. Moreover, the accumulation of anions and cations in response to high temperatures allows C. quinoa to adapt osmotically to overcome increases in the amount of transpired water [10]. Finally, some C. quinoa cultivars have a high thermal acclimatization capacity to temperature due to changes in maximum carboxylation capacity (VCmax) of Rubisco [37].



The combined effect of elevated temperature and salinity is an important interaction that frequently reduces agricultural productivity [8,38]. However, to date studies regarding the combined effect of elevated temperatures and salinity on C. quinoa are few and inconsistent [6,8,9,39,40]. For example, relative to individual stresses, the combined effect of salinity and elevated temperature reduced the growth of C. quinoa and also reduced their grain yield, chlorophyll content, and stomatal conductance [9]. The combined action of elevated temperature and salinity was also found to result in decreased stomatal size and a larger number of EBCs on the abaxial side of C. quinoa leaf. This improved the distribution of water and CO2 and facilitated the proper maintenance of photosynthesis [6]. We hypothesize that the combined effect of elevated temperature and salinity can both exacerbate the effect of individual factors and cause unique plant responses at the level of expression of genes associated with light and dark reactions of photosynthesis and genes that are most sensitive to these stresses. The purpose of this study was to therefore investigate the effects of salinity, elevated temperature, and their interaction on (1) growth and ion–water balance; (2) the efficiency of PSII and activity of CET around PSI; (3) the content of the Rubisco and PEPC enzymes; and (4) expression of photosynthetic genes of C. quinoa.




2. Materials and Methods


2.1. Plant Growth Conditions


The quinoa “Vahdat” variety was used in the current study, and the seeds were obtained from the Centre for Genetic Resources of the Tajik Academy of Agricultural Sciences. Seeds of Chenopodium quinoa Willd were germinated on filter paper soaked in distilled water within 2–4 days. After that, the seedlings were transplanted to perlite in plastic pots. Each plastic pot was placed on a separate plastic tray. The seedlings were grown over 30 days using the nutrient solution 50% Hoagland, which was added to each plastic tray. The seedlings were grown in two separated climate chambers under circadian illumination (using commercial luminescent white light tubes): 8 h dark/16 h light (200 mmol/(m2 s) PAR, light meter LI-250A (Li-Cor, Lincoln, NE, USA)), 25 °C and 35 °C temperature. Then half of the plants in both chambers were treated with 300 mM NaCl solution for 4 days.




2.2. Dry Biomass, Water, Ions, and MDA Contents


To determine the dry biomass, the leaves were dried at 80 °C to constant weight. The water content (W) was calculated using the following formula:


W = (FW − DW)/DW,








where FW is fresh biomass and DW is dry biomass and expressed in g H2O/g DW.



Na+ and K+ contents in the leaves were determined in water extracts on the flame photometer FPA-2-01 (AOOT ZOMZ, Sergiev Posad, Russia). Dry leaves samples (100 mg) from each variant were homogenized in 2 mL of distilled water and heated at 100 °C for 10 min in a water bath, and then the homogenates were centrifuged (5 min, 14,000× g). The content of ions was expressed as mmol/g DW.



The rate of lipid peroxidation was assessed spectrophotometrically via a reaction with thiobarbituric acid (TBA), based on the interaction of TBA with malondialdehyde (MDA). The MDA content in leaves was determined as described previously [41]. The weighed, frozen plant leaves (0.20–0.50 g) were ground in a mortar in 2 mL of 0.5% trichloroacetic acid. Homogenate was centrifuged at 10,000× g for 10 min, and 0.3 mL of supernatant was mixed with 1.2 mL of solution containing 0.5% (w/v) thiobarbituric acid and 20% (w/v) trichloroacetic acid. The mixture was heated in a boiling water bath for 30 min, rapidly cooled on ice, and centrifuged at 10,000× g for 10 min. The absorbance of the samples was measured at 532 and 600 nm on the spectrophotometer. The MDA concentration was calculated after subtracting the nonspecific absorbance at 600 nm using the absorption coefficient (155 mM−1 cm−1) and was expressed as nmol g/FW.




2.3. Activity of Cyclic Electron Transport of PSI and Efficiency of PSII


The PSI cyclic electron transport activity was measured as the P700 oxidation kinetics in response to far-red illumination by monitoring changes in leaf absorbance as described previously [42]. The quantum yield of PSII fluorescence of a dark-adapted (20 min) leaf was determined using a PAM fluorometer (PAM-101, Heinz-Walz, Effeltrich, Germany). The measurement was carried out with additional illumination of the sample with a weak modulated red light flux, which was carried out by an ADC (PDA-100, Walz, Effeltrich, Germany), which converted the primary signal from the PAM-101 to a computer with a specialized software interface. The calculation of the maximum quantum yield of PSII fluorescence was performed based on the current values of minimal (F0) and maximal (Fm) fluorescence of a dark-adapted leaf using the following formula:


Fv/Fm = (Fm − F0)/Fm.











The maximum quantum efficiency (F′v/F′m) of PSII photochemistry at a given light intensity was calculated using the following formula:


F′v/F′m = (F′m − F′0)/F′m








where F′0 and F′m are the minimum and maximum chlorophyll fluorescence after light adaptation.



Nonphotochemical quenching of chlorophyll fluorescence (NPQ) was calculated using the following formula:


NPQ = (Fm − F′m)/F′m.












2.4. Western Blot Analysis


Contents of ribulose-1.5-bisphophate carboxylase/oxygenase (Rubisco) and phosphoenolpyruvate carboxylase (PEPC) proteins were determined by means of immunoblotting analysis as described previously [42]. Hybridization was achieved with commercial polyclonal antibodies for proteins of a large subunit (L) of Rubisco at a dilution of 1:10,000 (RbcL, AS03 037, Agrisera, Vännäs, Sweden) and PEPC at a dilution of 1:5000 (AS09 458, Agrisera, Sweden) for 1 h. Immunoreactions were detected using peroxidase-conjugated antirabbit IgG horse radish antibodies (Agrisera, AS09 602). The blots were developed with fluorescent dyes luminol and coumaric acid in the presence of hydrogen peroxide, and signals were visualized by Retina (PRO RETINA, Bonn, Germany). The intensity of Western blotting bands was assessed using ImageJ 1.37v software (NIH, Bethesda, MD, USA) and expressed relative to the average level (n = 3) for control plants, taken as 100%. Equal protein loading was checked by staining of blots with Ponceau. The analysis was repeated at least three times.




2.5. RNA Isolation and Quantitative Real Time (RT)-PCR


Total RNA was extracted from leaf samples (0.50 g FW) by phenol–chloroform extraction with precipitation using LiCl. The concentration of RNA was determined using a NanoDrop 1000 spectrophotometer (Thermo Scientific, MA, USA). RNA was purified from genomic DNA according to the standard ThermoScientific protocol (USA) using DNAse I and RiboLock (ThermoScientific, USA). Reverse transcription was performed according to the standard Evrogen protocol (Evrogen, Moscow, Russia), using (Oligo(dT)15 and Random(dN)10 primers, MMLV reverse transcriptase (Evrogen, Russia), dNTP, and RiboLock (ThermoScientific, USA). The cDNA concentration was measured using a NanoDrop 1000 spectrophotometer (ThermoScientific, USA). PCR primers were designed using Pick Primers NCBI (National Center for Biotechnology Information, Bethesda, MD, USA) with Primer Pair Specificity Checking Parameters and SnapGene Viewer (4.2.11) on nucleotide sequences available in the NCBI database (Table 1). For the study, we chose genes that encode components of proteins and systems involved in photosynthesis and used/measured in this study: Rubisco (rbcL) and PEPC (Ppc1, Ppc2) proteins, PSI (psaA, psaB) and PSII (psbA) components, and components of linear (FDI) and cyclic electron transport (FDII, FNR1, PGR5, NdhH) (Table 1). The primers were checked, and the amplicon size was determined using PCR (TP4-PCR-01-Tertsik, DNA-Technology, Moscow, Russia) and electrophoresis in 2% agarose gel. The transcripts level was assessed by real-time PCR (RT-qPCR) using a Light Cycler96 amplifier (Roche, Basel, Switzerland) with SybrGreen I dye (Evrogen, Russia). RT-PCR data were analyzed using Light Cycler96 Software Version 1.1. Relative quantification was performed to compare the levels of the target gene and the reference gene, and the result was expressed as a ratio. UBQ10 and b-Tubulin were used as reference genes. Transcript levels were calculated relative to control plants.




2.6. Statistical Analysis


All analysis were performed using at least three biological replicates. Statistical analyses of data for physiological parameters were performed using SigmaPlot 12.3. The effects of the factors and their interaction were assessed by using two-way ANOVA on analysis platform SigmaPlot 12.5. Mean separation was performed using Normality Test (Shapiro–Wilk) and all Pairwise Multiple Comparison Procedures (Bonferroni t-test). Differences were considered significant at p < 0.05.





3. Results


3.1. Biomass, Water, Na+, K+, and MDA Contents


The shoot length and fresh biomass of C. quinoa increased by 1.6-fold and 2.1-fold, respectively, under elevated temperature (Figure 1a,b). The fresh and dry biomass of C. quinoa decreased by 1.7-fold under the salinity (300 mM NaCl) treatment and by 3-fold under the combined effect of elevated temperature and salinity (35 °C and 300 mM NaCl) (Figure 1b,c). Under the individual effect of elevated temperature (eTem), the dry biomass remained indistinguishably different from the level of the control plants, whereas the water content increased by almost 2-fold (Figure 1d); Na+ and K+ contents increased by 1.7-fold and 2.5-fold, respectively (Figure 1e,f); and the lipid peroxidation level (MDA) increased by 1.6-fold (Figure 1g). At 300 mM NaCl, we observed a fourteenfold increase in sodium ion content in the leaves (Figure 1e). In addition, under the combined effect of elevated temperature and salinity (eTem + NaCl), water content remained at the level of the control plants, whereas K+ content remained approximately the same as under the individual effect of elevated temperature, and Na+ content increased by 1.4-fold relative to the individual effect of elevated temperature (Figure 1). Finally, under the eTem + NaCl treatment, we observed a 2.5-fold increase in MDA content relative to control plants and 1.5-fold increase relative to plants grown at 35 °C (Figure 1g, Table 2).




3.2. Activity of Cyclic Electron Transport for PSI and Efficiency of PSII


We observed that the activity of CET for PSI did not change under any treatment (Figure 2a). Moreover, the maximum quantum efficiency of PSII photochemistry at a given light intensity (F′v/F′m) decreased by 50–70% under eTem and eTem + NaCl, which led to a 30–40% decrease in the maximum quantum yield of PSII (Fv/Fm) (Figure 2b,c, Table 2). Finally, the NPQ of chlorophyll fluorescence remained unchanged under all treatments (Figure 2d).




3.3. Western Blot Analysis


No significant changes were observed in Rubisco (large subunit) and PEPC content under any treatment (Figure 3a,b).




3.4. Expression of Photosynthetic Genes


Analysis of the expression of genes encoding the Rubisco large subunit (rbcL) and PEPC (Ppc1 and Ppc2) revealed changes only in the accumulation of rbcL transcripts. Specifically, we observed a 2.3-fold increase under eTem and a 2-fold decrease under eTem + NaCl (Figure 3c). The 300 mM NaCl and eTem treatment did not affect the expression of psaA and psaB, encoding apoproteins 1 and 2 of PSI (Figure 4). In contrast, elevated temperature upregulated the expression of psbA, encoding protein D1 of PSII, whereas eTem + NaCl downregulated psbA expression (Figure 4). A similar pattern was observed for the expression of FDI, which encodes the ferredoxin I protein (a LET participant). The expression of FDII, which encodes the ferredoxin II protein (a CET PSI participant), did not change in response to any treatment (Figure 4). Next, the expression of FNR1 gene encoding the ferredoxin:NADP+ oxidoreductase (FNR) enzyme was upregulated in response to 300 mM NaCl and was downregulated in response to eTem + NaCl (Figure 4). The combined effect of elevated temperature and salinity also downregulated expression of PGR5, which encodes the PGR5 protein, a key part of the main CET pathway of PSI. At the same time, the expression of NdhH, which encodes the 49 kDa subunit of the NADH dehydrogenase in the second CET pathway of PSI, remained the same in all treatments (Figure 4). Finally, the significance of the combined effect of elevated temperature and salinity on the expression of rbcL, psbA, FDI, FNR1, and PGR5 was confirmed by a two-way ANOVA (Table 2).





4. Discussion


The salinity conditions for optimal growth of C. quinoa (a halophyte) are between 100 and 200 mM NaCl [8], and a significant decrease in the biomass begins to occur at 300–400 mM NaCl [13,43]. However, a decrease in the biomass of some C. quinoa varieties was observed even at 100–200 mM NaCl [6,44]. In our experiment, the 300 mM NaCl treatment led to an almost twofold decrease in C. quinoa biomass (Figure 1). In this case, C. quinoa accumulated significant amount of Na+, which is used as a cheap osmolyte by halophytes [45]. However, in C. quinoa, no negative effect of ionic stress was observed on the efficiency of PSII, the activity of LET and CET, or the expression of the corresponding genes, except for FNR1. In higher plants, several isoforms (1–3) of the FNR enzyme have been identified. This enzyme catalyzes NADP+ reduction at the final stage of LET and also participates in the CET in PSI [46,47]. Moreover, it may be accumulated in excess under salt stress [48]. We also found that the content of Rubisco and PEPC enzymes and the transcription levels of their corresponding genes, i.e., rbcL, Ppc1, and Ppc2, did not change in response to salinity stress (Figure 3). This may be due to the short period of salinity exposure in this experiment, and a longer exposure to 300 mM NaCl could result in a decrease in the activity of photosynthetic enzymes and the efficiency of PSII [13,16,18]. Low MDA content indicates the absence of significant lipid peroxidation and, consequently, oxidative stress (Figure 1d). Perhaps, the decrease in C. quinoa biomass is a consequence of the osmotic component of salinity, which in turn causes a decrease in stomatal conductivity. This can lead to a reduction in water loss by the plant, but since CO2 uptake is reduced at the same time, this process can lead to photosynthesis suppression [8,16].



We note that elevated temperature did not affect dry biomass accumulation of C. quinoa in our experiment; this finding is consistent with those of other studies [10]. Here, elevated temperature led to increased leaf hydration and cation uptake. We observed an increase in the sum of cations of 2.5 times (Figure 1), and this allowed plants to osmotically adapt to the increase in transpiration accompanying high temperatures [10]. Potassium, which plays an important role in resistance to thermal stress [49], was accumulated to a greater extent in C. quinoa than Na+ (Figure 1). K+ also participates in ion homeostasis stabilization, can act as an osmolyte, and helps maintain stomatal conductance [50], despite the fact that Na+ and Cl− are the main osmolytes used by halophytes [45]. Elevated temperatures often lead to a decrease in PSII efficiency [19,22]; however, in our experiment, a decrease in maximum PSII quantum yield was associated with a significant decrease in F′v/F′m, and no enhancement of NPQ of chlorophyll fluorescence was observed (Figure 2). This may be due to the degradation of the D1 protein, which is considered to be the most sensitive component of PSII [19,51]. A significant increase in psbA expression (i.e., the gene that codes for the D1 protein) may also be a response to decreased D1 protein content. In addition, elevated temperatures also upregulate FDI, which encodes ferredoxin I (Fd I), a key protein involved in LET [27]. The negative effect of elevated temperature on PSII efficiency may be result of oxidative stress [19], as evidenced by increased MDA levels (Figure 1). However, elevated temperature did not have any effect on CET activity or on the expression of genes associated with CET and PSI. Furthermore, the stability of PSI A/B protein levels under moderate heat has also been reported for other species [52]. Here, elevated temperatures caused an increase in rbcL expression in C. quinoa, but no change in Rubisco enzyme content was observed (Figure 3). The disproportion between rbcL transcript content and Rubisco enzyme content may be a consequence of post-transcriptional regulation [53]. In addition, it is possible that Rubisco protein degradation processes were enhanced by stress conditions [33]. Thus, elevated temperatures stimulated the uptake of potassium ions in C. quinoa, probably to act as an osmolyte and to maintain water balance when sodium is deficient. Finally, elevated temperature negatively affected PSII efficiency but upregulated the expression of genes encoding components of PSII (psbA) and LET (FDI), as well as Rubisco (rbcL), the main photosynthetic protein.



Importantly, the combined effect of elevated temperature and salinity stress led to a greater decrease in C. quinoa biomass than was observed in response to salinity alone (Figure 1). A decrease in the water content of leaves relative to the individual temperature effect indicates that osmotic stress was caused by salinity. Moreover, the Na+ content of leaves increased by only 40% under eTem + NaCl compared with the eTem treatment, and this was 5.5-fold lower than under the individual effect of salinity (Figure 1). This may be due to the high level of potassium in plant tissues, which at elevated temperatures can play a more important role in adaptation to salinity, as has been shown for the halophyte K. prostrata [54]. At the same time, eTem + NaCl did not worsen the negative effect on PSII function or Rubisco and PEPC enzyme content compared to the eTem treatment. Moreover, the eTem + NaCl treatment radically changed the expression patterns of genes encoding the components of PSII, LET, and Rubisco. We found that the expression of psbA, FDI, and rbcL was downregulated, which contrasts with the upregulation seen in response to the elevated temperature treatment. Changes in the expression of photosynthetic genes reflect the metabolic state of chloroplasts [53,55], which are assessed by oxidative and reductive signaling pathways that regulate gene transcription and post-transcriptional processing [56]. Here, the activity of CET for PSI and the expression of psaA and psaB (which code for apoproteins A and B of PSI), FDII (which codes for the CET protein Fd II), and NdhH (which codes for protein NDH-dependent CET) remained unchanged (Figure 4). However, expression of FNR1 and PGR5, which encode the FNR and PGR5 proteins, respectively, was downregulated by eTem + NaCl. In Arabidopsis, the relationship between the proteins involved in CET for PSI has already been shown and involves FNR, PGRL1 (i.e., a participant in PGR5/PGRL1-dependent CET), Fd, PsaD (i.e., a PSI-D subunit), and Cytb6 [57]. The similar expression response of FNR1 and PGR5 suggests that the FNR1 gene in C. quinoa encodes the FNR isoform that is involved in CET. In tomato plants subjected to high temperature treatments, it has been shown that inhibition of PGR5/PGRL1-dependent CET disrupts the ROS uptake system, which leads to ROS accumulation [22,24] and consequently increases oxidative stress. In C. quinoa, the combined effect of eTem + NaCl did cause significant oxidative stress (Figure 1), and this may be associated with the osmotic component of salinity and a possible decrease in PGR5/PGRL1-dependent CET of PSI. In tobacco, it has been shown that the NDH-dependent pathway plays a critical role in CET of PSI at high temperatures [29,31]. NDH-dependent CET of PSI is involved in ATP supply when ATP demand is high, as occurs in response to high temperature or osmotic stress [29,58]. Thus, the combined effect of elevated temperature and salinity on C. quinoa plants in a similar manner downregulated genes encoding the main photosynthetic enzyme (rbcL), the most sensitive component of PSII protein D1 (psbA), a participant in the LET (FDI), which can lead to functional changes in carboxylation and LET. Finally, a decrease in PGR5 gene expression may cause a change in the role of PGR5/PGRL1-dependent CET pathway in favor of the NDH-dependent CET pathway of PSI.




5. Conclusions


C. quinoa is a salt-tolerant crop that has adapted to a wide range of marginal agricultural soils, as well as high salinity and various temperature conditions. Our results showed that decreases in the biomass under 300 mM NaCl salinity were probably due to stomatal limitations since no metabolic limitations on photosynthesis or changes in photosynthetic gene expression were observed. Under elevated temperatures, the decrease in PSII efficiency was accompanied by upregulation of genes encoding the components of PSII (psbA) and LET (FDI), as well as the main photosynthetic protein Rubisco (rbcL). The combined effect of elevated temperature and salinity caused significant oxidative stress, which led to significant decrease in the biomass and PSII efficiency, as well as downregulation of psbA, FDI, and rbcL. Significant fluctuations in transcript accumulation of these genes indicate that their expression is sensitive to elevated temperature and to the combination of elevated temperature and salt stress in C. quinoa. Significant differences in the plant response even to short-term salinity at different temperatures indicate the necessity for further study of the role of expression of genes encoding the linear and cyclic electron transport components under the combined effect of several factors in longer experiments. An in-depth research into the contribution of PGR5/PGRL1-dependent and NDH-dependent pathways and their relationship with the activity of CET of PSI during photosynthesis is also recommended, as it may provide new strategies for increasing the yield of this crop under conditions of multifactorial stresses and/or climate change.
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Figure 1. The effect of salinity and elevated temperature, and their interaction with the shoot length (a), fresh biomass (b), dry biomass (c), water (d), Na+ (e), K+ (f), and MDA (g) contents in leaves of Chenopodium quinoa. Control—plants grown at 25 °C without treatment; NaCl—plants grown at 25 °C and treated with 300 mM NaCl over 4 days; eTem—plants grown at 35 °C; eTem + NaCl—plants grown at 35 °C and treated with 300 mM NaCl over 4 days. The different letters show statistically different means at p ≤ 0.05 (Bonferroni t-test). 
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Figure 2. The effect of salinity and elevated temperature, and their interaction with the activity of cyclic electron transport of PSI (a), maximum quantum efficiency of PSII (b), maximum quantum efficiency of PSII photochemistry at a given light intensity (c), and nonphotochemical quenching of chlorophyll fluorescence (d) in leaves of Chenopodium quinoa. Control—plants grown at 25 °C without treatment; NaCl—plants grown at 25 °C and treated with 300 mM NaCl over 4 days; eTem—plants grown at 35 °C; eTem + NaCl—plants grown at 35 °C and treated with 300 mM NaCl over 4 days. The different letters show statistically different means at p ≤ 0.05 (Bonferroni t-test). 
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Figure 3. The effect of salinity and elevated temperature, and their interaction with the content of Rubisco and PEPC enzymes (a,b) and expression of relevant genes (rbcL, Ppc1 and Ppc2) (c) in leaves of Chenopodium quinoa. Blots were probed with antibodies raised against Rubisco (subunit L) and PEPC. Relative enzyme contents are shown on the basis of intensity of Western blotting bands estimated using ImageJ 1.37v software (USA) and expressed relatively to the average level for control plants taken as 100%. Equal protein loading was checked by staining the blots with Ponceau. Control—plants grown at 25 °C without treatment; NaCl—plants grown at 25 °C and treated with 300 mM NaCl over 4 days; eTem—plants grown at 35 °C; eTem + NaCl—plants grown at 35 °C and treated with 300 mM NaCl over 4 days. The different letters show statistically different means at p ≤ 0.05 (Bonferroni t-test). 
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Figure 4. The effect of salinity and elevated temperature, and their interaction with the expression of photosynthetic genes psaA and psaB, encoding apoproteins 1 and 2 of PSI; psbA, encoding protein D1 of PSII; FDI, encoding the ferredoxin I protein (a LET participant); FDII, encoding the ferredoxin II protein (a CET PSI participant); FNR1, gene encoding the ferredoxin:NADP+ oxidoreductase; PGR5, gene encoding PGR5 protein of the main CET pathway of PSI; NdhH, encoding the 49 kDa subunit of the NADH dehydrogenase in the second CET of PSI in leaves of Chenopodium quinoa. Control—plants grown at 25 °C without treatment; NaCl—plants grown at 25 °C and treated with 300 mM NaCl over 4 days; eTem—plants grown at 35 °C; eTem + NaCl—plants grown at 35 °C and treated with 300 mM NaCl over 4 days. The different letters show statistically different means at p ≤ 0.05 (Bonferroni t-test) between treatments for each gene separately. 
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Table 1. List of primers.
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	Primer
	Gene
	Function
	5′–3′ Sequence





	rbcL
	LOC32958948
	Large subunit (L) Rubisco
	TCACATGTAGCGGCAGTAGC

AGCCGTTTATGCGTTGGAGA



	Ppc1
	LOC110691154
	PEPC isoform 1
	GGTTGCTGGGCATAAGGACT

ATGCCAGCAGCAATACCCTT



	Ppc2
	LOC110737782
	PEPC isoform 2
	GGAGGTGGACCTACCCATCT

CTCAAGAGTGGCAGCAGTGA



	psaA
	LOC32958941
	Apoprotein A1 of photosystem I
	GTGAGTAGGGTCGCTTAGCC

TACCAGCGACTTGGAGGAGA



	psaB
	LOC32958940
	Apoprotein A2 of photosystem I
	GAACCGCGTGCATCTAAAGC

GCCTGGCTGGTTAAATGCTG



	psbA
	LOC32959011
	Protein D1 of photosystem II
	AGACCCGGAAACAGGTTCAC

ACCAGCACTGAAAACCGTCT



	FDI
	LOC110699227
	Ferredoxin I protein (a LET participant)
	GAGTTTGAGTGCCCGGATGA

CTGGTCGAGAGTACCAGACG



	FDII
	LOC110691003
	Ferredoxin II protein (a CET PSI participant)
	GAGGGAATGGGGTGGACTTG

CTTCAGCCATCTGCCCATCA



	FNR1
	LOC110694708
	Ferredoxin:NADP+ oxidoreductase
	TATGCCAACGAACTGTGGGA

TCCATTTGCTGCCAGCTTAC



	PGR5
	LOC110692940
	PGR5 protein, a key part of the main CET pathway of PSI
	TCACAACCACAAGAGGAGCAA

TCGCGTCCGGTGAGAATTAC



	NdhH
	LOC32959000
	49 kDa subunit of the NADH dehydrogenase in the second CET pathway of PSI
	GGCCATTTCACCGATTCGTA

GGCCCTATGCTACGAGCTTC



	UBQ10
	LOC110721034
	Ubiquitin 10 (reference gene)
	CGAGCAGAAACAAGCCTAATCG

GCGATTAATTTCCATGTTGTCCG



	b-Tubulin
	LOC110711758
	b-tubulin (reference gene)
	ACCGGAGAAGGTATGGACGA GTACTCTTCCTCATCGGCGG
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Table 2. Two-way analysis of variance (ANOVA) showing the effect of the salinity and elevated temperature and their interaction) with the growth, photosystems, water, ions and MDA contents, and expression of photosynthetic genes of Chenopodium quinoa.
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Parameters 1

	
MS




	
NaCl

	
eTem

	
eTem + NaCl






	
DW

	
2.292 ***

	
0.004

	
0.310 *




	
W

	
5.414

	
40.897 ***

	
3.433




	
Na+

	
8.007 ***

	
4.891 ***

	
6.344 ***




	
K+

	
0.003

	
8.103 ***

	
0.002




	
MDA

	
7.993 *

	
68.260 ***

	
14.126 **




	
PSI

	
1.818

	
3.367

	
0.501




	
Fv/Fm

	
0.010

	
0.399 ***

	
0.013




	
F′v/F′m

	
0.022

	
1.021 ***

	
0.024




	
rbcL

	
0.962

	
4.255 ***

	
3.895 ***




	
psbA

	
4.647

	
11.706 ***

	
18.587 ***




	
FDI

	
0.012

	
3.443 ***

	
3.571 ***




	
FNR1

	
2.703 ***

	
0.604

	
3.335 ***




	
PGR5

	
0.403

	
0.772

	
1.751 **








1 The analysis was carried out for parameters, which were changed under the influence of at least one factor. NaCl—plants grown at 25 °C and treated with 300 mM NaCl over 4 days; eTem—plants grown at 35 °C; eTem + NaCl—plants grown at 35 °C and treated with 300 mM NaCl over 4 days. DW, dry biomass; W, water content; Na+, sodium content; K+, potassium content; PSI, activity of PSI CET; Fv/Fm, maximum quantum yield of PSII fluorescence; F′v/F′m, maximum quantum efficiency of PSII photochemistry at a given light intensity; rbcL, gene encoding the Rubisco large subunit; psbA, gene encoding protein D1 of PSII; FDI, gene encoding the ferredoxin I protein (a LET participant); FNR1, gene encoding the ferredoxin:NADP+ oxidoreductase; PGR5, gene encoding PGR5 protein, a key part of the main CET pathway of PSI. * p < 0.05, ** p < 0.01, *** p < 0.001.
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