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Crassulacean acid metabolism (CAM) is a specialized mode of photosynthesis characterized by improved water use efficiency mediated by major nocturnal CO2 fixation. Due to its inherent metabolic plasticity CAM represents a successful physiological strategy for plant adaptation to abiotic stress. The present study reports on the impact of drought stress and different light intensities (PPFD 50 and 200 μmol m–2 s–1) on the photosynthetic performance of the obligate CAM orchid Phalaenopsis “Edessa” by integrating diel gas exchange patterns with assessments of the light reactions by analyzing fast chlorophyll a fluorescence induction. Parameters such as PIabs (performance index), different energy fluxes per active reaction centre (RC) reflecting the electron flow from photosystem II to photosystem I and the energetic communication between PSII complexes defined as connectivity were considered for the first time in a CAM plant. A higher PS II connectivity for plants grown under low light (p ∼ 0.51) compared to plants grown under high light (p ∼ 0.31) brought about similar specific energy fluxes of light absorbance, dissipation and processing through the electron transport chain, irrespective of the light treatment. With a 25% higher maximum quantum yield and comparable biomass formation, low light grown plants indeed proved to process light energy more efficiently compared to high light grown plants. The performance index was identified as a very reliable and sensitive parameter to indicate the onset and progress of drought stress. Under restricted CO2 availability (due to closed stomata) leaves showed higher energy dissipation and partial inactivation of PSII reaction centres to reduce the energy input to the electron transport chain and as such aid in avoiding overexcitation and photodamage. Especially during CAM idling there is a discrepancy between continuous input of light energy but severely reduced availability of both water and CO2, which represents the ultimate electron acceptor. Taken together, our results show a unique flexibility of CAM plants to optimize the light reactions under different environmental conditions in a dual way by either attenuating or increasing energy flux.
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INTRODUCTION

Plants thrive in a variety of environments, each associated with certain characteristics and limitations (e.g., rainforest, desert, and arctic conditions). Due to their sessile nature they need to be extremely adaptable to their continuously changing environment. Crassulacean acid metabolism (CAM), which is characterized by an optimized water use efficiency by taking up CO2 predominantly at night is an important physiological strategy for plant adaptation (Cushman and Borland, 2002; Borland et al., 2011; Ceusters et al., 2017). Traditionally, diel CAM has been defined within a four-phase framework to describe the photosynthetic performance (Osmond, 1978): (i) phase I – open stomata in the dark and external CO2 fixation via phosphoenolpyruvate carboxylase (PEPC) into C4 acids (mostly malic acid); (ii) phase 2 – open stomata at the start of the light period and external CO2 fixation by combination of PEPC and ribulose-1,5-bisphosphate carboxylase-oxygenase (RubisCO); (iii) phase 3 – closed stomata in the middle of the day whilst malic acid is decarboxylated [catalyzed by NAD(P)-malic enzyme (ME) or phosphoenolpyruvate carboxykinase] and refixation of CO2 by RubisCO; and (iv) phase 4 – stomata open toward the end of the day and external CO2 is fixed via RubisCO and/or PEPC. An ubiquitous feature of CAM is the integration of circadian and metabolite control over nocturnal C4 and daytime C3 carboxylation processes, hereby providing plasticity for optimizing carbon gain and water use by extending or curtailing the period of net CO2 uptake over any 24-h period (Borland et al., 1999; Ceusters et al., 2009a, 2010; Haydon et al., 2011; Ceusters et al., 2014; Yang et al., 2015). When experiencing severe drought stress CAM plants enter the stage of CAM-idling, showing no net CO2 uptake and recycling respiratory CO2 behind closed stomates during the complete diel cycle to minimize any further water loss (Ting, 1985; Ceusters et al., 2009a,b).

Plant photosynthesis is generally characterized by two linked key processes, i.e., (1) light energy capture and use in the electron transport chains to provide energy and reducing power and (2) CO2 sequestration into triose phosphates (Figure 1). Non-destructive methods like chlorophyll fluorescence and leaf gas exchange analyses can easily be applied to investigate photosynthetic performance. Chlorophyll fluorescence analyses allow to obtain detailed information about the primary light mediated reactions of photosynthesis. Basically, light energy absorbed by the sun can be dissipated by either photochemical (i.e., photosynthesis) or non-photochemical processes (i.e., heat or fluorescence) (Maxwell and Johnson, 2000). As these processes occur in close competition, abiotic stress factors such as deviations of the optimal temperature, light and water availability can easily cause imbalances between the absorption of light energy by chlorophyll and the subsequent use of energy in CO2 fixation (Figure 1; Cornic and Massacci, 1996; Falk et al., 1996). Evaluation of the response of the photosynthetic apparatus to different conditions has generally been performed by analyzing parameters describing the maximum quantum efficiency of photosystem II (PSII) photochemistry (Fv/Fm), the effective quantum yield of PSII photochemistry (ΦPSII), electron transport rate (ETR), photochemical quenching (qP) and non-photochemical quenching (qN). In addition different authors suggested that (1) the performance index (PIabs) parameter, which quantifies the overall functionality of the electron flow through PSII, might be a sensitive parameter of plant homeostasis; and (2) that it is also interesting to evaluate specific energy fluxes per reaction centre (RC) i.e., absorption (ABS/RC), trapping (Tr0/RC), electron transport (Et0/RC), reduction of end electron acceptors (Re0/RC) and dissipation (Di0/RC) to obtain information about the response of the photosynthetic apparatus under different environmental conditions (Krüger et al., 1997; Rapacz, 2007; Zivcak et al., 2008, 2014a,b; Campos et al., 2014; Chondrogiannis and Grammatikopoulos, 2016). The specific energy fluxes measured per active PSII reaction centre are all interconnected and can be considered as expressing the behavior of the PSII system when all RCs are open (i.e., at the onset of excitation). In healthy plants (Figure 1A), part of the flux of absorbed photons (ABS) will be channeled as trapping flux to the RC (TR) and another part of this excitation energy is dissipated, mainly as heat (DI). An electron transport will be created within the RCs (ET) and further to PSI (RE), ultimately leading to CO2 fixation (Strasser et al., 2000). Another intriguingly topic is the possibility of energetic communication (also known as “grouping” or “connectivity” and “overall grouping probability”) between different PSII complexes (Stirbet, 2013), allowing the transfer of excitation energy from a closed PSII RC to an open (active) PSII RC (Figures 1B,C). Zivcak et al. (2014a) demonstrated that the omission of connectivity can lead to misinterpretation of the JIP-test results in mature barley plants. The JIP test, which stands for the major inflection points in the fluorescence induction curve, is based on the theory of energy fluxes in the photosynthetic apparatus (Strasser et al., 2000; Stirbet and Govindjee, 2011). The concept of PSII connectivity is still under discussion in scientific literature and has not yet been taken into account in studies with CAM plants which are exceptionally well adapted to environmental stresses.
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FIGURE 1. Simplified schemes representing (A) the electron transport chain creating ATP and NADH, linked with carbon fixation where the measured energy fluxes are indicated between brackets. When receiving light, part of the flux of photons absorbed by photosystem II (PSII) (ABS) will be utilized to drive the electron transport chain. Trapping flux (TR) indicates the initial electron flow where plastoquinone A (QA) will be reduced. The electrons will further proceed to cytochrome complex followed by further transport mediated by plastocyanin (Pc) to photosystem I (PSI) (ET). Part of the original excitation energy is not utilized in the photochemical reactions and is dissipated, mainly as heat (DI). The splitting of water by the oxygen-evolving complex (OEC) releases electrons (e–) to feed the electron transport chain. Finally in PSI the reduction of the end electron acceptors (RE) via ferredoxin (Fd) mediates the production of NADPH by NADP+ reductase activity. ATP (created by ATP synthase fueled by a proton gradient resulting from the electron transport chain) and NADPH will provide energy and reducing power for the synthesis of glyceraldehyde 3-phosphate (G3P) during the Calvin-Benson cycle, which will lead to the synthesis of sucrose and starch. Panels (B,C) both represent a few PSII units with one closed reaction centre (red) and two open reaction centres (green). (B) Without connectivity between the three PSII units, excitation energy that encounters a closed reaction centre will be dissipated. (C) Taking connectivity into account, excitation energy from a closed RC will be transferred to an open (active) PSII RC.



In CAM ecophysiology, chlorophyll fluorescence has already been explored to some extent regarding adaptation and survival strategy in response to variations in the natural environment. Measurements of chlorophyll fluorescence quenching confirmed the existence of diverse photoprotective mechanisms in CAM involving non-radiative excess energy dissipation and xanthophyll cycling (Winter et al., 1990; Adams and Demmig-Adams, 1996; Barker and Adams, 1997; Masrahi et al., 2015). Changes in the electron transport rates in CAM, related to CO2 reduction rates in chloroplasts, were shown to result primarily in alterations in the rates of non-radiative energy dissipation so that consequently the reduction state of the primary electron acceptor of PSII was maintained at relatively low and constant levels (Winter and Demmig, 1987). The extra requirements of ATP for CAM plants are reflected by high values of total qN, which can be twice as much as compared to C3 (Keiller et al., 1994; Heber et al., 1996; Skillman and Winter, 1997). Chlorophyll fluorescence measurements also revealed the negative impact of abiotic stress, related to water and light availability, on the photosynthetic capacity of different CAM plants by significantly reducing photosynthetic electron transport rate and the overall effective quantum yield of PSII photochemistry, despite an increased capacity in dissipating excess energy (Osmond, 1982; de Mattos et al., 1999; Pollet et al., 2009; Arias-Moreno et al., 2017; Zheng et al., 2019).

The purpose of the present work was to gain more insight in the functioning of the photosynthetic apparatus in the CAM orchid Phalaenopsis “Edessa” under different light conditions and under drought stress, by evaluating performance indices (PIabs) and specific energy fluxes as described above. Therefore a detailed study was performed integrating diel gas exchange patterns with analyses of fast chlorophyll a fluorescence induction. Under both environmental conditions, specific fluxes were calculated without and with connectivity to investigate the importance of energetic communication between PSII complexes in the CAM orchid Phalaenopsis “Edessa.”



MATERIALS AND METHODS


Plant Material and Experimental Setup

Phalaenopsis “Edessa” is an obligate CAM plant and belongs to the family of the Orchidaceae. Vegetative plants of 16 weeks old were cultivated in a growth room with a day/night temperature of 28°C, a relative humidity of 75% and a 12-h photoperiod with photosynthetic photon flux density (PPFD) of 100 μmol m–2 s–1 at leaf level. Watering was performed twice a week; one time with a nutrient solution Peters 20N-8.7P-16.6K of 1 mS cm–1 and once with water. Following a 2 months acclimation to these conditions, plants were divided into two groups to investigate the possible effect of light intensity on the photosynthetic performance: (1) PPFD of 50 μmol m–2 s–1 (low light: LL) and (2) PPFD of 200 μmol m–2 s–1 (high light: HL). As total diel CO2 uptake for Phalaenopsis has earlier been noticed to saturate around 200 μmol m–2 s–1, this light intensity is further considered as high light treatment for Phalaenopsis “Edessa” (Guo et al., 2012). To determine chlorophyll content and titratable acidity samples were taken from the upper one-third of young fully expanded leaves (n = 5 plants) at week 0, 4, 6, and 10. In addition a drought experiment was performed with other plants kept at 100 μmol m–2 s–1, which had also been divided into two groups: (1) control group which continued to receive watering twice a week and (2) a treatment group which was attributed to drought stress by withholding water. Samples were taken from the upper one-third of young fully expanded leaves (n = 5 plants) to determine chlorophyll content and titratable acidity at week 0, 4, and 6. Leaf discs (n = 5 plants) were punched out just beneath the sample position to determine relative water content (RWC). At week six, the oldest and most wilted leaves of the treatment group were also included to analyze chlorophyll a fluorescence.



Gas Exchange Measurements and Titratable Acidity

For both light and drought experiments, gas exchange was measured on the youngest fully expanded leaves after 10 and 6 weeks, respectively, using a LCi Portable Photosynthesis System (ADC BioScientific Ltd., United Kingdom). The top part of the leaf was enclosed in a broad leaf chamber (6.25 cm2) and the incoming air was passed through a 20-l bottle to buffer short-term fluctuations in the CO2 concentration. Gas exchange data were collected over a 24-h period with measurements obtained at 15-min intervals (n = 3 plants). By integrating specific areas under the CO2 exchange curves, net gas exchange was calculated per phase as well as total net gas exchange during the 24-h time course. Nocturnal CO2 uptake was also assessed by analyzing the nocturnal increase in titratable acidity (ΔH+) by titration of methanol extracts against 0.005 M NaOH with phenolphthalein as indicator.



Relative Water Content Determination

Relative water content was determined by sampling the youngest fully expanded leaves (n = 5 plants) and calculated with the formula: (fresh mass – dry mass)/(turgid mass – dry mass) according to Ceusters et al. (2008). Leaf parts (95 mm2) were floated in plastic tubes filled with demineralized water for 6 h in darkness at 4°C to determine turgid mass.



Determination of Chlorophyll Content and Plant Growth

For the calculation of leaf chlorophyll contents, plant pigments were extracted by immersing leaf material in N,N-dimethylformamide (DMFA) at room temperature for 72 h in darkness (n = 5 plants). The supernatant was used to determine absorbance at 647 nm (A647) and 664 nm (A664) (Genesys 10S UV-VIS, Thermo Fisher Scientific, United States). These data were used to calculate the content of chlorophyll a, chlorophyll b and total chlorophyll by means of the empirical formulas: Ca = 11.65 A664 – 2.69 A647; Cb = 20.81 A647 – 4.53 A664; C = Ca + Cb (Moran and Porath, 1980; Porra et al., 1989; Wellburn, 1994).

Differences in plant growth, after growing for 10 weeks under different light conditions, were evaluated on basis of differences in above ground fresh and dry mass (g). Above ground plant material was separated from the roots, weighed and dried at 70°C to a constant mass after 8 days (n = 5 plants).



Chlorophyll a Fluorescence

Chlorophyll a fluorescence measurements were carried out by means of a Handy PEA fluorometer (Plant Efficiency Analyser, Hansatech, King’s Lynn, United Kingdom) and were taken on the adaxial side, always on the left side of the main vein, of young fully developed leaves (n = 15 plants). Measurements were performed using a saturating pulse of 3 000 μmol m–2 s–1, pulse duration of 1 s, and fixed gain (1.2×). Induction curve analysis (Handy PEA software V1.10) allowed to evaluate the effectiveness of fluorescence saturation during measurements. Before carrying out measurements, leaves were always allowed to dark adapt for 20 min using light-withholding clips (Hansatech). The light level of the saturating pulse and the minimal dark period had experimentally been determined for Phalaenopsis “Edessa” beforehand in order to obtain true values for the chlorophyll a fluorescence parameters. During the light experiment chlorophyll measurements were taken at 08.00 h (Phase II) on week 0, week 4, week 6, and week 10. All chlorophyll fluorescence data was assembled at 08.00 h because additional measurements at 12.00 h (Phase III) revealed no significant differences for these parameters in the different CAM phases (Supplementary Table 1). To study the progression of drought stress, chlorophyll fluorescence measurements were also taken at 08.00 h on week 0, week 4, and week 6.

The measured fast chlorophyll fluorescence induction curves (F0 to Fm) were analyzed by the JIP test, which is based on the theory of energy fluxes in the photosynthetic apparatus (Strasser et al., 2000; Stirbet and Govindjee, 2011). When receiving light, part of the flux of photons absorbed by PSII antenna pigments (ABS) is dissipated (DI), mainly as heat, and another part is converted to redox energy by reducing the electron acceptor QA (TR). This electron acceptor is then reoxidized creating an electron transport (ET) until the reduction of the end electron acceptors at the PSI electron acceptor side (RE) (Figure 1A). This stepwise flow of energy through PSII can also be expressed per RC, defined as following specific energy fluxes: ABS/RC, Tr0/RC, Di0/RC, Et0/RC, and Re0/RC. All these specific fluxes refer to time zero, i.e., the onset of fluorescence induction. In a logarithmic time scale, fast chlorophyll fluorescence induction curves have a typical shape which shows the steps O, J, I, P (Strasser and Strasser, 1995; Srivastava et al., 1999; Strasser et al., 2000, 2004, 2010), making it possible to collect following cardinal points: maximal fluorescence intensity (Fm, when all RCs are closed), minimum fluorescence intensity (F0, when all RCs are open), fluorescence intensity at 2 and 30 ms (FJ and FI, respectively) and at 50 and 300 μs (F50 μs and F300 μs). These primary data were used to calculate chlorophyll fluorescence parameters describing maximum quantum efficiency of PSII (Fv/Fm), performance index (PIabs) and the afore mentioned specific energy fluxes (Chondrogiannis and Grammatikopoulos, 2016). Definitions and equations of the measured and calculated JIP parameters are described in Table 1.

TABLE 1. Definitions and equations of measured and calculated parameters derived from fast fluorescence kinetics.
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Since fluorescence induction data may be affected by the existence of PSII excitonic connectivity (Figures 1B,C), i.e., transfer of excitation energy from a closed PSII RC to an open (active) PSII RC (Stirbet, 2013), it was interesting to take this process into account. Connectivity parameters were calculated to allow comparison between results without and with taking connectivity into account (Table 1). Based on Zivcak et al. (2014a) the curvature constant (C) of the initial phase of the O-J curve (from 0.05 to 2 ms) was used to correct the values of the specific fluxes for connectivity, i.e., multiplying the specific flux values by 1 + C (Table 1).



Statistical Analyses

Where appropriate, data were analyzed using the statistical software package IBM SPSS Statistics V23. Before carrying out statistical tests, normality of the data was checked by means of the Kolmogorov-Smirnoff statistic (p > 0.01). Since our goal was to interpret the chlorophyll fluorescence data in function of the specific treatments (control/drought and different light intensities) and exclude non-treatment effects (plant age, time effects, …), results were always compared between treatments from the same age by independent sample t-test or Tukey’s Studentized range test, both at the 1% probability level. All replicates considered in our study were independent biological replicates originating from different plants.




RESULTS


Light


Gas Exchange Measurements and Titratable Acidity

For both investigated PPFD conditions (i.e., LL: 50 μmol m–2 s–1 and HL: 200 μmol m–2 s–1) a traditional diel CAM pattern was observed (Figure 2). A complete 24 h CAM cycle occurred with nocturnal CO2 fixation (Phase I) and net CO2 loss during the day (Phase III), accompanied by two intermediate phases (Phases II and IV). During Phase I, extending from 20.00 h to 8.00 h, nocturnal CO2 uptake of LL grown plants was only approximately one third that of plants grown under HL. This difference was also reflected in the nocturnal increase of titratable acidity which was already significantly higher for HL plants after 4 weeks (Figure 3). In addition, during Phase II, CO2 uptake was lowered by 80% when grown under LL after 10 weeks. Phase IV was also delayed with 2 h under LL, resulting in only 44% CO2 uptake in comparison to plants grown under HL. As a consequence, total daily CO2 gain of HL plants was three times higher compared to LL plants (129 ± 20 mmol m–2 and 41 ± 19 mmol m–2 respectively; Figure 2).
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FIGURE 2. Net 24 h CO2 uptake (μmol m–2 s–1) for young fully expanded leaves of Phalaenopsis “Edessa” 10 weeks after growing under different light conditions i.e., PPFD of 50 μmol m–2 s–1 (blue) and PPFD of 200 μmol m–2 s–1 (orange). The dark period is indicated in gray. Gas exchange curves are representative of three replicate runs with SE < 15%.
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FIGURE 3. Nocturnal increase (between 20.00 h and 08.00 h) in titratable acidity (mmol H+ m–2) in young fully expanded leaves of Phalaenopsis “Edessa” at 0, 4, 6, and 10 weeks after growing under different light conditions, i.e., PPFD of 50 μmol m–2 s–1 (blue) and PPFD of 200 μmol m–2 s–1 (orange). Data are means ± SD (n = 5 plants). Asteriks indicate significant differences per week between different light conditions at P < 0.01 according to the independent sample t-test.





Chlorophyll a Fluorescence Parameters

Comparing the two light conditions, no significant differences were observed for the maximum quantum efficiency of PSII photochemistry (Fv/Fm) and for the performance index for absorption (PIabs) (Figure 4 and Table 1). However, regarding the specific energy fluxes (per active RC) (Figure 1A and Table 1), significantly higher values were obtained for plants grown under HL (Figure 4A). After 6 weeks, a significant increase was noticed for photon absorption (ABS/RC) for plants grown under HL, concomitantly with a slight increase in the activity of energy dissipation (Di0/RC). A significant rise was also calculated for the electron trapping efficiency (Tr0/RC) after 10 weeks grown under HL. For the activity of electron transport within the reaction centre (Et0/RC) and the flow of electrons further than PSII (Re0/RC) significant differences were observed from week 4. Also for these parameters, the highest values were calculated for plants grown under HL.
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FIGURE 4. “Spider plots” of selected chlorophyll a fluorescence transients parameters measured at 08.00 h in young fully expanded leaves of Phalaenopsis “Edessa” at 0, 4, 6, and 10 weeks after growing under different light conditions, i.e., PPFD of 50 μmol m–2 s–1 (blue) and PPFD of 200 μmol m–2 s–1 (orange). Parameters are calculated without connectivity (A) and corrected for connectivity between PSII units (B). All values are shown as percent of PPFD of 50 μmol m–2 s–1 (n = 15 plants). Asteriks indicate significant differences between different light conditions at P < 0.01 according to the independent sample t-test.



To estimate the connectivity among PSII units, the first part of fast chlorophyll fluorescence induction curve was used (from 0.05 to 2 ms) as described above (Strasser and Stirbet, 2001; Joliot and Joliot, 2003; Stirbet, 2013). From week 6, calculated values of parameters associated with connectivity (Table 1), i.e., overall grouping probability of PSII units – p2G, connectivity parameter – p, probability of connectivity among PSII units – ω (as defined by Strasser and Stirbet, 2001), were ∼1.5 times higher in plants grown under LL compared to those grown under HL (Figure 5). After correction for connectivity, i.e., multiplying the specific flux values by 1 + C (Zivcak et al., 2014a), all values obtained under LL became higher (Figure 4B) and eliminated the significant differences in the activity of energy dissipation (Di0/RC) and electron transport (Et0/RC) originating from not considering connectivity. At week 6 photon absorption (ABS/RC) was equally for both light conditions and trapping efficiency was significantly increased in LL plants when taking connectivity into account.
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FIGURE 5. Calculated connectivity parameters derived from fast fluorescence kinetics measured at 08.00 h in young fully expanded leaves of Phalaenopsis “Edessa” at 0, 4, 6, and 10 weeks after growing under different light conditions, i.e., PPFD of 50 μmol m–2 s–1 (blue) and PPFD of 200 μmol m–2 s–1 (orange). (A) Overall grouping probability of PSII units when they are all open. (B) Connectivity parameter. (C) Probability of connectivity among PSII units when they are all closed (Strasser and Stirbet, 2001; Stirbet and Govindjee, 2011; Stirbet, 2013). Data are means ± SD (n = 15 plants). Asteriks indicate significant differences between different light conditions at P < 0.01 according to the independent sample t-test.





Chlorophyll Content and Plant Growth

After 10 weeks of growing under different light conditions, significantly lower values in content of chlorophyll a, chlorophyll b and total chlorophyll were observed for plants grown under the highest light condition (Figure 6). The Chl a/b ratio remained unaffected by light condition. Both fresh and dry mass of the shoots showed an overall similar plant growth for plants grown under LL and HL after 10 weeks (Table 2).
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FIGURE 6. Content (mg m–2) of chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and chlorophyll a/b ratio (D) measured in young fully expanded leaves of Phalaenopsis “Edessa” at 0, 4, 6, and 10 weeks after growing under different light conditions, i.e., PPFD of 50 μmol m–2 s–1 (blue) and PPFD of 200 μmol m–2 s–1 (orange). Data are means ± SD (n = 5 plants). Asteriks indicate significant differences between different light conditions at P < 0.01 according to the independent sample t-test.



TABLE 2. Biomass on fresh and dry mass (g) basis for above ground material of Phalaenopsis “Edessa” grown for 10 weeks under different light conditions, i.e., PPFD 50 μmol m–2 s–1 or 200 μmol m–2 s–1.
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Drought


Gas Exchange Measurements and Titratable Acidity

The CO2 uptake pattern of Phalaenopsis “Edessa” grown under standard conditions (PPFD 100 μmol m–2 s–1; 12-h photoperiod), watered twice a week, fitted the four-phase CAM framework as earlier described (Figure 7). After 6 weeks of withholding water no net CO2 uptake occurred, indicating that the plants were in the CAM-idling mode with closed stomata during the complete diel cycle. In accordance with the gas exchange data, the nocturnal increase in titratable acidity was reduced by >80% when grown under drought stress (Figure 8A).
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FIGURE 7. Net 24 h CO2 uptake (μmol m–2 s–1) for young fully expanded leaves of Phalaenopsis “Edessa” 6 weeks after drought stress (red) compared with the controls (green). The dark period is indicated in gray. Gas exchange curves are representative of three replicate runs with SE < 15%.
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FIGURE 8. Nocturnal increase (between 20.00 h and 08.00 h) in titratable acidity (mmol H+ m–2) (A) and relative water content (%) (B) measured at 08.00 h in young fully expanded leaves of Phalaenopsis “Edessa” after 0, 4, and 6 weeks for controls (green) or drought stressed plants (red). At week 6 additional measurements were also made for the oldest, most wilted leaves (yellow) for relative water content. Data are means ± SD (n = 5 plants). Asteriks indicate significant differences between control and drought at P < 0.01 according to the independent sample t-test. At week 6 values were compared between control, drought and wilted according to Tukey’s Studentized range test at P < 0.01 marked by different letters.





Chlorophyll a Fluorescence Parameters and Relative Water Content

To indicate the onset of water stress, RWC was measured and showed a significant decrease from 4 weeks of withholding water supply (Figure 8B). During progression of drought the maximal quantum efficiency of PSII photochemistry (Fv/Fm) remained unaffected (Figure 9 and Table 1). In contrast, the PIabs parameter was already significantly lower after 4 weeks of drought stress in comparison to control plants (Figure 9). Drought stress also affected the specific energy fluxes within and related to PSII (Figure 1A and Table 1). After 4 weeks of drought stress, a significant increase was observed for photon absorption (ABS/RC) compared to control plants (Figure 9A). Also for the trapping efficiency (Tr0/RC) and the flow of electrons further than PSII (Re0/RC), significantly higher values were obtained at week 4 in the leaves of plants exposed to drought stress (Figure 9A). At week ten Tr0/RC was significantly higher in the most wilted leaves whilst Re0/RC and Et0/RC remained unaffected. Activity of energy dissipation (Di0/RC) showed a significant increase in the most wilted leaves compared to the measurements in plants grown under control conditions.
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FIGURE 9. “Spider plots” of selected chlorophyll a fluorescence transients parameters measured at 08.00 h in young fully expanded leaves of Phalaenopsis “Edessa” after 0, 4, and 6 weeks for controls (green) or drought stressed plants (red). At week 6 additional measurements were also made for the oldest, most wilted leaves (yellow). Parameters are calculated without connectivity (A) and corrected for connectivity between PSII units (B). All values are shown as percent of control. Asteriks indicate significant differences between control and drought at P < 0.01 according to the independent sample t-test. At week 6 values were compared between control, drought and wilted according to Tukey’s Studentized range test at P < 0.01 marked by different letters.



The calculated connectivity parameters (Table 1) of measurements performed at week 6 in leaves of control plants were ∼1.3 times higher compared to measurements performed on the youngest fully expanded leaves of plants exposed to drought stress, and ∼7.6 times higher compared to measurements on the most wilted leaves of plants exposed to drought stress (Figure 10). As a consequence, the increase of the calculated fluxes after correction for connectivity, was the highest in the control leaves and the lowest in the most wilted leaves (Figure 9B). Taking connectivity into account showed an increased energy dissipation (Di0/RC) for drought stressed plants and indicated an equal trapping efficiency (Tr0/RC) for drought and wilted leaves at week six (Figure 9B).
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FIGURE 10. Calculated connectivity parameters derived from fast fluorescence kinetics measured at 08.00 h in young fully expanded leaves of Phalaenopsis “Edessa” after 0, 4, and 6 weeks for controls (green) or drought stressed plants (red). At week 6 additional measurements were also made for the oldest, most wilted leaves (yellow). (A) Overall grouping probability of PSII units when they are all open. (B) Connectivity parameter. (C) Probability of connectivity among PSII units when they are all closed (Strasser and Stirbet, 2001; Stirbet and Govindjee, 2011; Stirbet, 2013). Data are means ± SD (n = 15 plants). No significant differences were detected between control and drought at P < 0.01 according to the independent sample t-test. At week 6 values were compared between control, drought and wilted according to Tukey’s Studentized range test at P < 0.01 marked by different letters.





Chlorophyll Content

Overall, the content of photosynthetic pigments remained unaffected during the 6 weeks of drought stress. No significant differences were observed for Chl a, Chl b, and total Chl between control and drought stressed plants (Figure 11).
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FIGURE 11. Content (mg m–2) of chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and chlorophyll a/b ratio (D) measured in young fully expanded leaves of Phalaenopsis “Edessa” after 0, 4, and 6 weeks for controls (green) or drought stressed plants (red). Data are means ± SD (n = 5 plants). No significant differences were detected between control and drought at P < 0.01 according to the independent sample t-test.







DISCUSSION

Chlorophyll fluorescence measurements in CAM plants mainly report photochemical and non-photochemical quenching (qP and qN), the maximum quantum efficiency (Fv/Fm) and the effective quantum yield (ΦPSII) of PSII photochemistry (Table 1; Winter and Demmig, 1987; Winter et al., 1990; Keiller et al., 1994; Adams and Demmig-Adams, 1996; Heber et al., 1996; Barker and Adams, 1997; Skillman and Winter, 1997; de Mattos et al., 1999; Lin and Hsu, 2004; Masrahi et al., 2015; Liu et al., 2016; Arias-Moreno et al., 2017). A detailed investigation of the performance index, specific energy fluxes related to PSII processing and the concept of connectivity between PSII units (Figure 1 and Table 1) revealed important PSII related adaptations concerning the initial light reactions in CAM plants under different environmental conditions.


Increased PSII Connectivity Under Light Limitation

Chlorophyll fluorescence measurements were performed to investigate the effects of low light (LL: PPFD 50 μmol m–2 s–1) and high light (HL: PPFD 200 μmol m–2 s–1) on the photosynthetic performance of the CAM plant Phalaenopsis “Edessa.” Our detailed energy flux analyses focused on the efficiency of energy capture and the electron transport in PSII system when all RCs are open (i.e., at the onset of excitation). Comparing these parameters between LL and HL (Figure 4), stresses the importance of the energetic communication between PSII complexes defined as connectivity when evaluating specific energy fluxes in CAM plants (Figure 1). Without taking connectivity into account (Figure 4A), all values of specific energy fluxes were significantly lower after 10 weeks of growing under LL compared to the HL treatment, indicating an affected energy processing through PSII upon light limitation. However, taking into account higher connectivity of LL grown plants (Figure 5), higher values were recorded for all energy fluxes (Figure 4B) and as such these plants seemed to process light energy more efficiently compared to plants grown under the high light conditions. This was also reflected in a 25% higher maximum quantum yield for plants under LL as indicated by relating the daily CO2 gain of a leaf to the amount of photons absorbed per day (Skillman, 2008). Plants grown under LL realized an overall similar biomass on both fresh and dry mass basis (Table 2) despite a triple decrease in CO2 fixation in the measured source leaves for plants under LL (Figure 2). However, HL grown plants were typically characterized by several layers of leaf pairs largely shading each other whilst LL grown plants showed an improved architecture with less underlying sink leaves and larger source leaves. Under LL, total chlorophyll content in source leaves after 10 weeks was also 140% in comparison to contents of plants grown under HL (Figure 6C), which was also reflected by the higher photon absorption flux (ABS/RC) for plants grown under LL (Figure 4B). The increase in total chlorophyll content was mainly due to a significant increase in Chl a (Figure 6A), which can reflect an increase in active RC’s. As a consequence, the higher connectivity in plants grown under LL is consistent with the absence of a difference in the performance index PIabs (Figure 4 and Table 1), due to their more efficient energy processing. Without considering connectivity an increase in PIabs would be expected for HL, since both trapping efficiency and electron transport increased significantly by HL and only the parameter RC/ABS decreased. Taking connectivity into account changed the concentration of reaction centres per chlorophyll (RC/ABS) and trapping efficiency (Tr0/RC) in the opposite direction, whilst the other parameters remained unaffected and no difference was observed for PIabs. As such, the question can be raised whether a higher connectivity for plants grown under low light conditions might underpin the adaptive radiation of CAM plants from full sun to deep shade conditions. Several species from the Bromeliaceae are excellent examples of CAM representatives thriving in light limited environments such as wet cloud forests and shaded understoreys of tropical rainforests (Pierce et al., 2002; Ceusters et al., 2011).



Increased Energy Dissipation and Partial Inactivation of PSII Reaction Centres to Reconcile Energy and Carbon Requirements During Drought Stress

To evaluate the effects of drought stress on the photosynthetic performance in the CAM plant Phalaenopsis “Edessa,” chlorophyll fluorescence parameters (Table 1) were compared between control plants (watered twice a week) and drought stressed plants. In contrast to the maximum quantum efficiency of PSII (Fv/Fm) which remained unaffected, the performance index PIabs reflected the reduction of RWC for drought stressed plants (Figure 9). These results corroborate investigations in C3 plants where the performance index PIabs has already been proposed a reliable and sensitive parameter to evaluate plant homeostasis with regard to moderate abiotic stress (Zivcak et al., 2008; Campos et al., 2014; Jedmowski et al., 2015). As indicated in Table 1, the performance index takes into account three dependent characteristics: the concentration of reaction centres per chlorophyll (RC/ABS), a parameter related to primary photochemistry (φP0) and a parameter related to electron transport (ψE0) (Strasser et al., 2004). As a consequence, changes in environmental conditions which influence either antenna properties (ABS/RC), trapping efficiency (Tr0/RC) or electron transport beyond QA in PSII (Et0/RC and Re0/RC) (Figure 1) will have an impact on the current state of plant performance and PIabs will decrease under stress. Mathematically, the observed decrease in performance index could not be explained by merely looking at the three separate parameters on which PIabs is based (Table 1). Only the trapping efficiency (Tr0/RC) significantly increased under drought whilst RC/ABS was only significantly different between control and drought, and the parameter Et0/RC remained unaffected (Figure 9A). Taking connectivity into account eliminated the observed significant difference for Tr0/RC between drought and wilted but could not fully explain the observed significant decrease in PIabs (Figure 9B). From these data it can be concluded that other components or processes, such as oxygen-evolving complex (OEC); transition from active to non-QA-reducing centres; carotenoids and PSI may also influence the performance index (Figure 1). Different studies revealed that drought can indeed result in damage to the OEC and block further electron transport. This phenomenon is mostly characterized by an increase in the specific fluxes for trapping, absorption and dissipation (Guissé et al., 1995; Wang et al., 2012; Guha et al., 2013).

Our data also demonstrate that enhanced protection of photochemistry in the CAM plant Phalaenopsis “Edessa” is also achieved by adjusting the energy distribution between photosystems. Two possible explanations can be presented for the observed increase in ABS/RC under drought stress (Figure 9B): (1) inactivation of some PSII RC’s, considering that the ABS/RC ratio is calculated as the total number of photons absorbed by Chl molecules in all RC’s divided by total number of active RC’s, or (2) an increase in antenna size (van Heerden et al., 2007; Gomes et al., 2012). The latter seems to be less plausible since no significant differences were obtained in the content of photosynthetic pigments between the two treatments (Figure 11). The inactivation of some PSII RC’s, becoming non-QA-reducing centres, can explain the observed increase in Tr0/RC under drought. Down-regulation of photochemical activity together with a significant increase in thermal dissipation may play a critical role in protecting plants exposed to drought stress from over-excitation and photodamage (van Heerden et al., 2007; Zivcak et al., 2014b; Wang et al., 2017; Kalaji et al., 2018). As such, the performance index depicts a downregulation of PSII related energy fluxes as a physiological response to drought stress. Especially for CAM plants during CAM idling the Calvin-Benson cycle, for which the end products of the electron transport chain (ATP and NADH) are indispensable (Figure 1A), is seriously compromised by carbon and water limitation (Figure 7). In this physiological mode of survival, inactivation of several PSII RC’s adds in overcoming severe drought periods by attenuating energy fluxes in consistence with the very low CO2 availability, due to stomatal closure during day and night, in the leaf mesophyll cells.




CONCLUSION

The results presented in this paper suggest a clear physiological role for PSII connectivity (energetic communication between PSII complexes) in the CAM plant Phalaenopsis “Edessa.” A higher connectivity for plants grown under low light (p ∼ 0.51) compared to plants grown under high light (p ∼ 0.31) resulted in similar specific energy fluxes irrespective of the light treatment. With a 25% higher maximum quantum yield and comparable biomass formation, low light grown plants proved to process light energy more efficiently compared to high light grown plants. As such, taking into account PSII connectivity might help to better understand the adaptation of CAM plants to changing environmental conditions. The obtained results also indicate that PIabs is a sensitive parameter to detect drought stress in the CAM plant Phalaenopsis “Edessa.” Besides an enhanced thermal dissipation drought stressed plants also seemed to attenuate the electron flow from PSII toward PSI by partial inactivation of PSII reaction centres. This strategy might help to reconcile the light reactions and the carbon fixation reactions which are seriously compromised by carbon and water limitation during CAM-idling and as such minimize chances of photodamage to occur. Further research into the specific energy fluxes and the connectivity between different PSII units in CAM plants under combinations of abiotic stress factors is highly encouraged. This will enable to expand our physiological knowledge about the interplay of the light and carbon fixation reactions in CAM plants under changing environmental conditions.
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Global mean temperature is expected to significantly increase by the end of the twenty-first century and could have dramatic impacts on a plant's growth, physiology, and ecosystem processes. Temperature manipulative experiments have been conducted to understand the responsive pattern of plant ecophysiology to climate warming. However, it remains unknown how different methodology used in these experiments will affect plants ecophysiological responses to warming. We conducted a comprehensive meta-analysis of the warming manipulative studies to synthesize the ecophysiological traits responses to warming treatment of different intensities, durations, and conducted for different species and under different experimental settings. The results indicated that warming enhanced leaf dark respiration (Rd) and specific leaf area (SLA) but decreased net photosynthetic rate (Anet) and leaf nitrogen content (LN). The positive and negative effects of warming on Rd and Anet were greater for C4 species than C3 species, respectively. The negative effect of warming treatment on Anet and LN and the positive effect on Rd were more evident under >1 year warming treatment. Negative effects of warming were more evident for plants grown at <10 L pots when experiment duration was longer than 1 year. The magnitude of warming treatment had a significant impact on most of the parameters that were investigated in the study. Overall, the results showed that warming effects on plant ecophysiological traits varied among different response variables and PFTs and affected by the magnitude of temperature change and experimental methodology. The results highlight the need for cautiously selecting the values of plant ecophysiological parameters in forecasting ecosystem function changes in future climate regimes and designing controlled experiments to realistically reflecting ecosystems responses to future global warming.

Keywords: photosynthesis, respiration, controlled experiment, climate warming, meta-analysis


INTRODUCTION

Based on the current trends in fossil energy production and use, deforestation, and population growth, it is expected that the increase of global mean surface temperatures for 2081–2100 relative to 1986–2005 is projected to be in the ranges of 0.3 to 1.7°C (RCP2.6), 1.1 to 2.6°C (RCP4.5), 1.4 to 3.1°C (RCP6.0), and 2.6 to 4.8°C (RCP8.5), which will have dramatic effects on economics, agriculture, and environment (AR5, IPCC, 2013). Plant traits are sensitive to climate warming and ecologists use plant trait-climate relationships to simulate plant physiology and growth in current and future climate situations (Farquhar and Sharkey, 1982; Wang et al., 2012; Jing et al., 2016). Therefore, understanding the patterns of plant physiological and morphological responses to global warming is of great importance in simulating and predicting the impact of global change on natural systems and agriculture.

Predictions of response to global warming may be derived from experimental and observational studies (Tilman, 1989; Wang et al., 2008, 2018; Knapp et al., 2012). While both types of study are common, relatively few authors have investigated whether they produce similar predictions or reflect reality (Dunne et al., 2004; Knapp et al., 2018). Experimental global change studies are typically limited in scope both spatially and temporally (Rustad et al., 2001). Observational studies often have broader spatial and temporal scales but suffer from a lack of control over covariates in biophysical and biochemical parameters of weather and soil. To minimize the weaknesses of each approach, it has been suggested that more research should explicitly unite observational and experimental work, perhaps by nesting experiments at multiple sites within a larger observational context or through summarized meta-analysis (Dunne et al., 2004; Jing et al., 2016).

Many manipulative experiments controlling physical and environmental factors have been conducted around the world to investigate the potential effects of global change on plants and terrestrial ecosystems (Sage and Kubien, 2007; Rustad, 2008; Wang et al., 2018). However, the methodology used in these experiments was different in their research settings, treatment intensities and durations and targeted species. The impact of short-term vs. long-term warming on plants traits would probably be different due to plants' acclimation capacity in photosynthesis, respiration and other physiological processes and these impacts would vary among different plant functional types (PFTs) under natural or controlled settings (Smith and Dukes, 2017). Plants' physiological and morphological responses to short-term warming treatment, however, are often used to parameterize the sub-models of photosynthesis, stomatal conductance, and respiration in plant growth and terrestrial ecosystem models, which would likely unrealistically simulate plant energy, carbon, and water fluxes in the long term. Indoor or outdoor settings and pot sizes could also affect the magnitude of ecophysiologial responses to temperature increase by implicating root growth and plant above-ground and below-ground tissue interactions (Arp, 1991). To accurately predict the impacts of climatic change and develop proper adaptive agricultural management practices, it is imperative to understand how temperature changes of different intensities and duration and changes manipulated under different experimental settings affect photosynthetic carbon gain, loss and allocation through a comprehensive analysis of relevant studies.

Previous research and meta-analyses have indicated that global warming will promote plant photosynthesis, dark respiration, leaf nitrogen content, specific leaf area, and other metabolisms (Poorter et al., 2012). It has been reported that the modulation of leaf traits and trait relationships by site climatic properties was modest (Wright et al., 2005). However, the modulation of leaf traits by warming treatment of different intensities and duration has not been extensively analyzed. Understanding how these processes vary among different species and plant functional types is a major goal for plant ecology and crucial for modeling how nutrient fluxes and vegetation boundaries will shift under global warming. The effect of the intensities and the treatment duration of global warming manipulative experiments on the plant physiology and growth among different plant functional groups, however, remain unclear. Therefore, the main objective of this study was to investigate the effects of global warming treatment with different magnitudes and durations on plant response in ecophysiological traits. Specifically, we aim to: (1) assess the impact of global warming of different magnitudes and durations on plant ecophysiological traits at leaf level; (2) detect the variations of ecophysiological traits response of different plant functional types to warming treatment of different durations; (3) explore the effect of different experimental settings on the response of a plant's traits to global warming. Accordingly, we propose: (1) due to plant acclimation capacity, short-term vs. long-term warming has different impacts on plant traits, with short-term warming having a more stimulating effect on the physiological functions of plants; (2) different experimental facilities may change the response of plants traits to warming treatment. To test these hypotheses, we conducted a comprehensive meta-analysis of the warming manipulating studies published from 1980 to 2018.



MATERIALS AND METHODS


Data Collection

Journal articles were searched on the Web of Science database with the keyword “leaf traits & warming,” “leaf traits & temperature increase” and etc. The articles were later cross-checked with review articles and book chapters. The articles were imported into EndNote software and formed a database. All articles about warming effects on leaf traits were screened to ensure that all the articles available were included for the analysis. The articles published from 1980 to 2018 and meeting the following two conditions were included in the analysis: (1) the control group in the experiment was treated at ambient temperature situation; (2) physiological and morphological measurements were performed on both ambient and manipulated groups. Articles were rejected if: (1) plant physiological changes under warming treatments led to death of or severe damage to the plant; (2) there were other stressing factors impacting the warming treatments. Finally, 80 papers meeting the requirements were included in the database (Supplementary Material S1). Data was obtained directly from the table or was extracted using the GetData Graph Digitizer software from the selected articles. In these studies, the magnitude of warming treatment ranged between 0.3 and 25°C, with only two studies showing a warming treatment above 20°C above AT (Supplementary Material S1). Response variables collected from these articles included net photosynthetic rate (Anet), stomatal conductance (Gs), leaf nitrogen (LN), dark respiration (Rd), and specific leaf area (SLA). When Anet, Rd, and Gs of one species with the same unit were all provided in the study (including measurements conducted on the same leaves/individuals and those across individuals), the Rd/Anet, and Anet/Gs in the control and warming treatments were calculated. In addition to the above responsive variables under different treatments, plant species, sample size, growth facilities, and duration of warming treatment were also collected. To ensure the independent nature of the data, we excluded duplicate results collected from the same studies. However, our analyses were not completely independent because individual study often provided data with more than one treatment (e.g., different warming treatment intensities) and/or different response variables. To examine the influence of non-independence of data, we first averaged those data from the same published study by PFTs so that only one comparison was used from a published study for each PFT. Nonetheless, we found that most of the response patterns were unchanged; therefore, all data were used in our study.



Categorization of the Studies

Temperature treatment was divided into two categories: AT (ambient temperature) and ET (elevated temperature). Plant species were classified into different photosynthetic pathways (C3, C4, or CAM), growth forms (herb or wood) and economic values (crop or non-crop). Experimental facilities were categorized into indoor (growth chambers or greenhouses) and outdoor (open top chambers or fully-open) settings and <10 L and >10 L growing pots. In our dataset, exposure time (i.e., how long plants were exposed to warming) ranged from <10 days to >10 years. To analyze the possible different responses under various warming durations, we banded the temperature treatment into two categories: short-term (<1 year) and long-term (>1 year). Warming treatments that were applied through air warming were included in the analyses. We listed the species, PFTs information and relevant experimental methodology used in this study (Supplementary Material S1).



Meta-Analysis Methods

To avoid the adverse effects of different units, we used the response ratio r = Xt/Xc to estimate the magnitude of the effect of warming treatment, where Xt is the treatment mean and Xc is the control mean. For ease of comparison, we calculated the natural logarithm of the response ratio (lnr). The standard deviation (SD) and the sample size (n) for each observation were collected to calculate the variance of the effect size.

The lnr was calculated without and with being standardized by warming magnitude (Equations 1, 2).
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where Tt and Tc are the temperature in the warming and control treatments, respectively.

Using METAWIN software 2.1 (Sinauer Associates, Inc. Sunderland, MA, USA), we calculated the effect size of the target variables and used a weighted fixed-effect model to assess the effect of plant functional types, experimental settings, and treatment duration. If the 95% confidence interval (CI) of the effect size produced by the fixed-effect model overlaps with 0, no significant effect was detected on the response variables. If the upper limit of 95% CI is less than 0, the effect is considered significantly negative. In contrast, if the lower limit of 95% CI is greater than 0, the effect is considered significantly positive. If the 95% CI of the effect size among different species, pot size, and treatment duration does not overlap, their response is considered significantly different. Unless otherwise indicated, significance level was set at p < 0.05. The publication bias for effect size (lnr) in this meta-analysis was also calculated. We calculated Spearman's rank order correlation (rs) which indicates the relationship between the effect size (lnr) and the sample size (Begg and Mazumdar, 1994), and Rosenthal's fail-safe number which represents the number of additional studies with a mean effect size of zero needed to eliminate the significance of a significant effect (Rosenthal, 1979). Publication bias was significant if p-value of rs was smaller than 0.05. However, the publication bias may be safely ignored if the fail-safe number is larger than a critical value of 5n+10 where n is the number of studies (Rosenberg, 2005).



Statistical Analysis

Original data collected from these studies were arranged into a database in which the value of response variables was lnr. The effect of warming duration on lnr was considered significant if the 95% confidence interval (CI) of lnr does not overlap with 0. And when the 95% confidence intervals (CI) of lnr of different PFTs, facilities or pot size did not overlap with each other, the response was considered significantly different among different categories, the means of the ratio of the Rd/Anet and Anet/Gs in the control and warming treatments were compared using paired t-test. The relationship between lnr of all the variables and the magnitude of warming treatments were evaluated by a second-degree polynomial or linear regression analysis with the R statistical programming language (R 3.2.2 for Windows GUI front-end).




RESULTS


Effects of the Duration of Warming Treatment on Plant Ecophysiological Traits Across Plant Functional Types (PFTs) and Growth Forms

Warming treatment increased dark respiration (Rd) and specific leaf area (SLA) and decreased net photosynthetic rate (Anet) and leaf N concentration (LN) across all the experiments (Figure 1). The response of standardized (triangle symbols) or unstandardized (circle symbols) rate of Anet, Gs, Rd, LN, and SLA to warming treatment differed with different warming durations (Figure 2). Long-term warming treatment (>1 year) had a greater positive effect on Rd than short-term (<1 year), regardless of whether the effect was standardized or unstandardized. LN was decreased by long-term warming but was increased or not changed by short-term warming treatment for unstandardized and standardized effect, respectively. Long-term warming treatment increased SLA, while short-term treatment had no effect on SLA. For standardized response of SLA, there was no difference between long and short-term treatments. For Gs, long term treatment had a positive but short-term treatment had a negative effect on the standardized effect size. However, for the unstandardized effect size, short-term treatment did not have a significant but long-term had a negative effect on Gs. Short-term had a positive and long-term treatment a negative effect on Anet for the unstandardized form of the effect. And for standardized effect of Anet, long-term treatment had a more negative effect than short-term treatment (Figure 2).
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FIGURE 1. Ecophysiological responses of net photosynthetic rate (Anet), stomatal conductance (Gs), leaf nitrogen content (LN), specific leaf area (SLA), and leaf dark respiration rate (Rd) to increased temperature. Each data point represents the mean ± 95% CI. The number of observations for each variable is given on the right of the graph.
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FIGURE 2. Standardized (triangle symbols) and unstandardized (circle symbols) responses of net photosynthetic rate (Anet), stomatal conductance (Gs), leaf nitrogen content (LN), specific leaf area (SLA), and leaf dark respiration rate (Rd) to <1 year (closed symbols) and >1 year (open symbols) temperature treatment durations. Each data point represents the mean±95% CI. The number of observations for each variable is given on the right of the graph.



The response of Anet, Gs, Rd, LN, and SLA to warming treatment differed among PFTs with different photosynthetic pathways (Figure 3). Warming had a more positive effect on Rd for C4 species than for C3 species, regardless of whether the effect size was standardized. Warming had a negative effect for C3 but a positive effect for C4 species on LN, SLA, and Gs. In contrast, warming had a negative effect for C4 but near-zero effect for C3 species on Anet (Figure 3).
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FIGURE 3. Standardized (triangle symbols) and unstandardized (circle symbols) of net photosynthetic rate (Anet), stomatal conductance (Gs), leaf nitrogen content (LN), specific leaf area (SLA), and leaf dark respiration rate (Rd) of C3 (closed symbols) and C4 (open symbols) species to increased temperatures. Each data point represents the mean±95% CI. The number of observations for each variable is given on the right of the graph.



Warming duration had a significant effect on the response of Anet, Gs, Rd, LN, and SLA for PFTs with different photosynthetic pathways (Figure 4). Long term warming treatment had a more positive effect than short-term on Rd for both C3 and C4 species, regardless of whether the effect was standardized. For LN, long term treatment had a negative effect but short-term treatment had a positive effect for C3 and C4 species. For C3 species, short term warming treatment had a positive and long-term had a negative effect on Anet; for C4 species, long term warming treatment had a positive but short term a negative effect on Anet. Similar trend was found for standardized Anet, even though the magnitude of the effect differed.
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FIGURE 4. Responses of net photosynthetic rate (Anet), stomatal conductance (Gs), leaf nitrogen content (LN), specific leaf area (SLA) and leaf dark respiration rate (Rd) of C3 (closed symbols) and C4 (open symbols) species to <1 year (circle symbols) and >1 year (triangle symbols) temperature treatment. Each data point represents the mean±95% CI. The number of observations for each variable is given on the right of the graph.





Effects of Warming Duration on Plant Traits Across Different Experimental Settings

The responses of Anet, Gs, Rd, LN, and SLA to warming treatment differed among in-door and outdoor experimental settings (Figure 5). Warming had a more positive impact on Rd in the in-door than the out-door settings for unstandardized effect size. Warming had a positive effect on LN for in-door, but a negative effect for outdoor settings. Being standardized with temperature treatment, warming had no impact on LN for the in-door but negative impact on outdoor experimental settings. Warming had a positive effect on SLA for in-door settings but tended to have a negative effect for outdoor settings. Gs responded positively to warming under in-door but negatively under outdoor settings. Warming treatment had a positive effect on unstandardized Anet under in-door settings but a negative effect under outdoor settings. For standardized Anet, warming had a negative effect for both in-door and outdoor settings (Figure 5).


[image: image]

FIGURE 5. Standardized (triangle symbols) and unstandardized (circle symbols) responses of net photosynthetic rate (Anet), stomatal conductance (Gs), leaf nitrogen content (LN), specific leaf area (SLA), and leaf dark respiration rate (Rd) to increased temperatures at in-door (closed symbols) and out-door (open symbols) experimental settings. Each data point represents the mean±95% CI. The number of observations for each variable is given on the right of the graph.



The response of Anet, Gs, Rd, LN, and SLA to warming treatment under indoor and outdoor experiment settings also differed with different treatment durations (Figure 6). Short-term warming had a positive effect but long-term had a negative effect on Rd for indoor experimental settings. Long-term warming had a more positive impact on Rd than short-term for outdoor experimental settings for both standardized and unstandardized effect size. Short-term warming treatment had a more positive impact than long-term treatment on Anet for unstandardized effect size but had no difference on standardized effect size. Short-term had a positive impact on Anet for outdoor settings, but long-term treatment had a negative impact on Anet for unstandardized effect. Long-term warming treatment had a more negative effect on standardized Anet than short term for outdoor settings (Figure 6).
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FIGURE 6. Responses of net photosynthetic rate (Anet) and leaf dark respiration rate (Rd) to <1 year (circle symbols) and >1 year (triangle symbols) temperature treatment at in-door (closed symbols) and out-door (open symbols) experimental settings. Each data point represents the mean±95% CI. The number of observations for each variable is given on the right of the graph.



Pot size had a significant impact on the responses of Anet, Gs, Rd, and LN to warming treatment (Figure 7). Warming had a positive impact on Rd for plants grown in pots larger than 10 L, while a negative effect for plants grown in pots smaller than 10 L. Gs responded positively to warming when grown at <10 L plots but negatively at >10 L plots. Anet of plants grown at >10 L pots responded negatively to warming. Warming had no impacts on unstandardized Anet but a negative effect on standardized Anet of plants grown at <10 L pots.
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FIGURE 7. Standardized (triangle symbols) and unstandardized (circle symbols) responses of net photosynthetic rate (Anet), stomatal conductance (Gs), leaf nitrogen content (LN), specific leaf area (SLA), and leaf dark respiration rate (Rd) to increased temperatures for plants grown at <10 L (closed symbols) and >10 L pots (open symbols). Each data point represents the mean±95% CI. The number of observations for each variable is given on the right of the graph.



The response of Anet, Gs, LN, and SLA to warming treatment differed among different treatment durations when plants were grown in pots of different volumes (Figure 8). Short-term warming had a positive effect but long-term, a positive effect on LN for plants grown at both <10 L and >10 L pots. Short-term warming had a negative effect on SLA, but long-term a positive effect for both <10 L and >10 L pots. Gs responded positively with both short and long-term warming treatments at <10 L pots but negatively at >10 L pots. Anet responded positively to long-term warming treatment at <10 L pots but negatively at >10 L pots (Figure 8).
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FIGURE 8. Responses of net photosynthetic rate (Anet), stomatal conductance (Gs), leaf nitrogen content (LN), specific leaf area (SLA), and leaf dark respiration rate (Rd) to <1 year (circle symbols) and >1 year (triangle symbols) temperature treatment at in-door (closed symbols) and out-door (open symbols) experimental settings. Each data point represents the mean±95% CI. The number of observations for each variable is given on the right of the graph.





Effects of Warming Magnitude on Plant Traits Across Different Experimental Settings

Anet, Rd, LN, and SLA formed a quadratic relationship to warming treatment (Figure 9). The effect size of Anet, Rd, LN, and SLA to warming was highest or lowest when temperature change was 6.6, 2.5, 6.6, and 5.2°C above ambient temperature, respectively (Figure 9).
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FIGURE 9. Regression relationship between the magnitude of warming treatment and the effect size of net photosynthetic rate (A: Anet), stomatal conductance (B: Gs), leaf nitrogen content (C: LN), specific leaf area (D: SLA), and leaf dark respiration rate (E: Rd). Regression equation and variation coefficient are presented in the lower right corner of each graph. Different lines indicate x-value when y is the maximum (red line), crossing points of y = 0 (green line) and regression relationships (blue line).






DISCUSSION

Several meta-analyses have investigated the general tendency of warming impacts on plant physiology and production (Rustad et al., 2001; Jing et al., 2016). However, it remains unclear how the experimental methodology of warming treatment affects the responses of plant ecophysiological traits to warming at leaf level. In this study, we collected data from warming manipulative studies and analyzed changes in the ecophysiological responses in the leaf traits. Overall, we found that (1) the direction and degree of the effect of warming treatment of different durations and settings on plant ecophysiological traits varied significantly; (2) there were significant variations among plant functional types in response to warming treatment of different methodology.

Consistent with previous findings from other studies, this meta-analysis confirmed that Rd and SLA were stimulated by warming treatment (Rustad et al., 2001; Jing et al., 2016). Increasing, decreasing or neutral impacts of experimental warming have been observed for net photosynthetic rates (Bruhn et al., 2007; Bronson and Gower, 2010; Li et al., 2013). The net photosynthetic rate in this analysis was significantly decreased by warming treatment. The decrease in plant photosynthetic capacity may be attributed to the decreased LN under warmed conditions. Many studies showed that plant photosynthetic capacity was positively related to leaf N concentrations (Kattge et al., 2009; Reich et al., 2009). Compared with the negative effect of warming for non-legumes, there was a positive or neutral effect on LN and Anet for legume species (Supplementary Material S3). Contrary to the expectations, stomatal conductance remained unchanged under warming, thus highlighting the key roles of biochemical and nutritional limitations on the negative responses of net photosynthesis to warming treatment. The response of Gs to global warming is critical for modeling ecosystem and landscape-scale water fluxes and CO2 exchange. The ratio of respiration to photosynthesis (R/P) has been used to express the proportion of consumed to fixed C of plants (Atkin et al., 2007; Campbell et al., 2007) and shown to be enhanced (Danby and Hik, 2007; Wan et al., 2009), suppressed (Jochum et al., 2007), or maintained (He et al., 2005) by experimental warming. The ratio of Rd/Anet was increased at warming conditions (effect size is 0.3623, n = 275) in this study, suggesting that the respiration was more affected and a greater proportion of fixed C was consumed, implying a decline of the net amount of C fixed by leaves by warming, at least in the controlled experiments.

Ecophysiological traits responses of terrestrial plants to increased temperature varied among plant functional types with different photosynthetic pathways (PFTs; Wang et al., 2012; Jing et al., 2016). Previous studies indicated that global warming had stronger effects on Anet of C3 species than C4 species (Wahid et al., 2007). In this study, the positive and negative effects of warming on Rd and Anet were greater for C4 species than C3 species, in spite of positive or neutral effects of warming on LN, SLA, and GS for C4 and C3 species, respectively. The contradictory findings posed great challenges for projecting the responses and feedbacks of terrestrial ecosystems to global warming. The more disadvantaged situation for C4 species under warming might be associated with higher growth and treatment temperature applied in the experiment (Supplementary Material S1). The metabolic balance of the photosynthetic and respiratory processes under climate warming plays a critical role in regulating ecosystem carbon storage and cycling (Schimel, 1995; King et al., 2006).

Warming stimulated Anet in woody but suppressed it in herbaceous plants (Supplementary Material S4). The positive effect of warming on Anet for woody species was unrelated to either Gs or LN, as Gs and LN both were decreased under warming treatments (Supplementary Material S4). The results from this study were similar to the trend reported for trees showing a lower percentage decrease in Gs compared to herbaceous species (Wang et al., 2012). Warming had a positive effect on Gs and LN for crops, while a negative effect for non-crops (Supplementary Material S5). The changes in Gs at warming treatment may alter leaf temperature and result in a change in latent heat loss through evaporation, which may further affect net carbon balance (Warren et al., 2011). Warming could influence vegetation dynamics and ecosystem structure through shifting competitive interactions among different functional groups in natural or agricultural systems. Therefore, knowledge of photosynthetic and stomatal responses to increased temperature of different PFTs instead of species will facilitate the prediction of terrestrial C- and water- cycle feedback to climate warming.

Ecophysiological trait responses of terrestrial plants to increased temperature varied among warming treatments of differing durations. The physiological acclimation can lead to smaller enhancements of plant photosynthesis and respiration under long term warmer conditions than predicted with photosynthesis/respiration-temperature relationships (Medlyn et al., 2002; Dwyer et al., 2007; Tjoelker and Zhou, 2007; Gunderson et al., 2010). The thermal acclimation of Rd could minimize the effects of climate warming on C loss via plant respiration (Gifford, 1995; Ziska and Bunce, 1998; Loveys et al., 2002) and mitigate the positive feedback between climate change and atmospheric CO2 (King et al., 2006; Atkin et al., 2008). The findings in this meta-analysis indicated that the negative effect of warming treatment on Anet and LN and the positive effect on Rd were more evident under >1 year warming treatment and the trend was confirmed for both C3 and C4 species (Figure 4), which contrasted to other studies showing significant declines in the photosynthetic and/or respiratory response with increasing exposure time, a thermal acclimation to warming (Hikosaka et al., 2006; Gunderson et al., 2010).

Potential confounding factors must be accounted in the meta-analysis because many studies were conducted under variable conditions and targeted on different species. In this analysis, studies in which plants were grown under other environmental stresses such as drought, low nutrients, light deficiency or elevated ozone were excluded. In addition to the variation caused by plant functional types and treatment duration, different experimental facilities could be responsible for the responses of different PFTs (Cheesman and Klaus, 2013; Rehmani et al., 2014). This study mainly focused on the effects of pot size (<10 L vs. >10 L) and experimental settings (in-door vs. out-door) on plant ecophysiological responses. Warming had a negative and positive effect on LN and Gs when plants were grown at outdoor and in-door settings, respectively. Pot size significantly altered the responses of Rd, LN and SLA to warming treatments. Warming had a negative effect on Rd for plants grown at <10 L pots, while a positive effect at >10 L pot. For both LN and Gs, warming had a negative effect for plants grown at >10 L pots, while a neutral effect at <10 L pot. We were expecting that warming would have a more negative effect on LN and Gs in smaller pots or in-door settings considering that below-ground growth would be more constrained and thus limited the nutrients and water supply to the aboveground growth (Walters and Reich, 1989; Climent et al., 2011), the analysis indicated that this was true only when experiment duration was longer than 1 year when negative effects of warming was more evident for plants grown at <10 L pots.

Warming treatment duration had a significant interactive effect with experimental settings (in-door vs. outdoor) on Rd and Anet. Long-term warming had a negative effect on Rd for in-door and on Anet for outdoor experimental settings. The findings in this meta-analysis indicated that the negative effect of warming treatment on Anet and LN and the positive effect on Rd were more evident under >1 year warming treatment and the trend was confirmed for both C3 and C4 species (Figure 4). The negative effect of warming on Rd could be related to the higher treatment temperature applied at the in-door settings (Supplementary Material S2). Temperature conditions in which plants live may be another possible reason for the contradictory findings (Rustad et al., 2001). The discrepancy of the response of Anet and Rd to warming treatment under different experimental settings provided difficulty in parameterizing ecosystem models and raised concerns in proper experimental designs when dealing with climate change questions.

The intensities of temperature treatment also had a significant impact on most of the parameters that were investigated in the study. The effect size of Anet, Rd, LN, and SLA responded to temperature increase in a quadratic relationship. Consistent with the results discussed before, the peak value of the ecophysiological traits of Anet, Rd, and LN occurred at temperatures higher than the ambient. Plant physiological responses to warming may also depend on the temperature regime they are grown at. Studies often report a positive response to warming in Rubisco carboxylation, photosynthesis, and growth in cool-climate species but reduced growth and carbon gain in species that exist in warm low-latitude climates (Way and Oren, 2010; Crous et al., 2018).



CONCLUSION

Overall, we found that warming treatment of different durations and settings had different impacts on plant ecophysiological traits and the responses varied significantly among different plant functional types. Warming stimulated Rd and SLA but suppressed Anet and LN and the effect varied among different PFTs and experimental designs. The positive and negative effects of warming on Rd and Anet, were greater for C4 than C3 species, in spite of the positive or neutral effects of warming on LN, SLA, and GS for C4 and C3 species, respectively. The findings in this meta-analysis also indicated that the negative effect of warming treatment on Anet and LN and the positive effect on Rd were more evident under >1 year warming treatment and the trend was confirmed for both C3 and C4 species. Negative effect of warming was more evident for plants grown at <10 L pots only when experiment duration was longer than 1 year. The magnitude of temperature treatment did have an impact on most of the parameters that were investigated in the study. The functional type specific response patterns of plant traits to warming are critical for obtaining credible predictions of the changes in food production, carbon sequestration and climate regulation. This result also highlights the need for cautiously selecting parameter values in forecasting ecosystem function changes in future climate regimes, evaluating much more broadly what can and cannot be learned from experimental studies and designing controlled experiments to realistically reflecting ecosystems responses to future global warming.
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Climate change is steering tree breeding programs towards the development of families and genotypes that will be adapted and more resilient to changing environments. Making genotype–phenotype–environment connections is central to these predictions and it requires the evaluation of functional traits such as photosynthetic rates that can be linked to environmental variables. However, the ability to rapidly measure photosynthetic parameters has always been limiting. The estimation of Vc,max and Jmax using CO2 response curves has traditionally been time consuming, taking anywhere from 30 min to more than an hour, thereby drastically limiting the number of trees that can be assessed per day. Technological advancements have led to the development of a new generation of portable photosynthesis measurement systems offering greater chamber environmental control and automated sampling and, as a result, the proposal of a new, faster, method (RACiR) for measuring Vc,max and Jmax. This method was developed using poplar trees and involves measuring photosynthetic responses to CO2 over a range of CO2 concentrations changing at a constant rate. The goal of the present study was to adapt the RACiR method for use on conifers whose measurement usually requires much larger leaf chambers. We demonstrate that the RACiR method can be used to estimate Vc,max and Jmax in conifers and provide recommendations to enhance the method. The use our method in conifers will substantially reduce measurement time, thus greatly improving genotype evaluation and selection capabilities based on photosynthetic traits. This study led to the developpement of an R package (RapidACi, https://github.com/ManuelLamothe/RapidACi) that facilitates the correction of multiple RACiR files and the post-measurement correction of leaf areas.

Keywords: rapid A–Ci curves, boreal conifers, LI-6800, phenotyping, photosynthesis, Vcmax, Jmax, phenomics



Introduction

Climate change is steering tree breeding programs towards the development of families and genotypes that will be adapted and more resilient to the warming climate and thereby ensure the health and productivity of forests (Aitken and Bemmels, 2015). Despite the advances in genomics, the prediction of tree responses to future climate remains challenging because of the difficulty in measuring phenotypes related to adaptation. Making genotype–phenotype–environment connections is central to these predictions but the list of traits reflecting tree adaptation to environment that could be efficiently assessed is limited. Indeed, measuring ecophysiological traits can be laborious and time consuming, thus limiting the ability to establish relationships between genotypes and plant response to environmental conditions. Rapid, large-scale screening, or plant phenomics (Furbank and Tester, 2011; Stinziano et al., 2017), are required to overcome these constraints.

Developing indicators for photosynthetic performance are of particular interest when trying to select genotypes that will be adapted to future climates. Vc,max, the maximum rate of ribulose-1,5-bisphosphate carboxylation (Rubisco) and Jmax, the maximum rate of electron transport, are two such parameters (Long and Bernacchi, 2003). These two parameters are also incorporated into Earth System Models (Rogers, 2014) and can be used as “ground truthing” parameters for the development of phenotyping and forest health monitoring platforms using unmanned aerial vehicles (UAVs) and other types of mobile systems in combination with spectral measurements (Dash et al., 2017, Thompson et al., 2018), which is another incentive for the development of a method to obtain reliable estimates rapidly. Estimates of Vc,max and Jmax are obtained through the measurement and modelling of photosynthetic response to CO2 concentration (A–Ci curves), which until recently could take anywhere from 30 min to more than 60 min per curve (depending on the number of CO2 concentrations measured and the system used), thereby greatly limiting the number of measurements that can be made daily.

Recent technological advances have resulted in the development of a new generation of portable photosynthesis measurement systems. With better chamber environmental controls, automation, logging capabilities and computing power, they now permit much greater sampling densities as well as the possibility of accelerating measurement times. Stinziano et al. (2017) have proposed a new method (RACiR) for measuring A–Ci curves. By continuously increasing or decreasing the chamber CO2 concentration (ramping), they were able to take less than 5 min for each curve. However, this method was developed using poplar leaves (Populus deltoids Barr.) and a small chamber (6 cm2 leaf aperture), which is not really suitable for measuring most conifers where a much larger chamber (36 cm2 leaf aperture in our case) is usually used. The larger leaf chamber volume causes larger differences in response times between the reference and sample chambers due to greater dilution. This, combined with their unique leaf physiology and geometry, requires that the RACiR method be tested on conifers. The objective of the present study was to develop and test the RACiR method on two boreal conifers, balsam fir (Abies balsamea (L.) Mill.) and black spruce (Picea mariana (Mill.) Britton), growing in a common garden experiment set up to test the effects of heating the seedling growth environment, using a larger chamber.




Materials and Methods



Plant Material and Growth Conditions

The study was conducted using 5-year-old black spruce and balsam fir trees planted in a common garden experiment at the Valcartier experimental station in St-Gabriel-de-Valcartier, Québec (N 46°56′59.93″/W 71°29′53.88″). Bare-root seedlings were planted in triangular plots in May and June 2015. Starting in 2016, half the plots were heated from May to October of each year using 1000 W infrared lamps between May and October to produce a growing temperature 2 °C above ambient temperatures. A branch with at least 3 years of growth (2018, 2017, 2016) was sampled from seven different black spruce (BS) and seven different balsam fir (BF) trees, four growing in heated plots and three growing in unheated control plots. Branches were cut, placed in water, recut and inserted into floral water tubes while still underwater to avoid cavitation. Water levels in the floral tubes were monitored throughout the measuring period and the water was topped up as required using a syringe. All measurements were made on site under normal field conditions.




Gas Exchange Measurements

An LI-6800 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA) equipped with the Large Leaf and Needle Chamber (36 cm2) and the large light source was used for all measurements. The dark respiration (Rd) and CO2 response of photosynthesis (A–Ci) of 1-year-old needles were measured on site on July 16, 18 and 19, 2018. Two different methods were used to measure A–Ci: (1) The traditional method (A–Ci-TRAD), involving net assimilation (An) measurements at a predetermined set of CO2 concentrations (ex. Long and Bernacchi, 2003) and (2) The rapid method (RACiR), involving continuous measurements over a programmed ramp of changing CO2 concentrations (ex. Stinziano et al., 2017). Both a traditional and a RACiR curve were measured on the same set of needles from each shoot. The RACiR curve was measured first followed by the traditional curve. The same environmental conditions were used for both curve types: 1) 22 mmol mol−1 of H2O in the reference cell producing between ~63% and 79% relative humidity (RH) in the leaf chamber, depending on the quantity of leaf surface area in the chamber, and producing a variation of ~2% to 3% in RH over the course of measurements for each shoot; 2) 1200 µmol m−2 s−1 of light, based on Benomar et al. (2017) and Sendall et al., 2015); 3) chamber air temperature of 25 °C; 4) flow rate of 600 µmol s−1; and 5) fan speed of 13,000 rpm.



Rapid A–Ci Response Curves

The method used for the RACiR curves was adapted from the one developed by Stinziano et al. (2017) for P. deltoides Barr. leaves using the LI-6800 Portable Photosynthesis System and the Multiflash Fluorometer and Chamber (LI-COR Inc., Lincoln, NE, USA). Shoots were placed in the Large Leaf and Needle Chamber at 420 ppm CO2 concentration ([CO2]) and allowed to acclimate for ~5 min. The LI-6800’s Autocontrol function was used to program a “down” ramp from 420 to 20 ppm at a rate of 200 ppm min−1 CO2 and was immediately followed, approx. 10 to 15 s later, by an “up” ramp from 20 to 1,520 ppm at a rate of 100 ppm min−1. The LI6800’s Autolog feature was used to record measurements every 2 s. The reference and sample infrared gas analyzers (IRGAs) were matched before the start of each curve. Only the portion of data collected from the “up” ramps (20 to 1,520 ppm) were used to establish the CO2 response curves. The raw data from these “up ramps” was filtered automatically using a delta threshold value (± 0.05, Ani − Ani−1) to keep only the quasi-linear portion of the data, where the chamber mixing is at steady-state, and to also remove outliers (ex: Figures 1A, B).

The raw data obtained from the RACiR curve measurements must be corrected to account for measurement lags between the reference and sample [CO2] (Supplementary Figure 1) caused by the mixing volume of the chamber, match offsets and system residual time delays (Stinziano et al., 2017). Data collected from the quasi-linear portion of a RACiR curve measured with the chamber empty (ECRC) was used for this correction. Following Stinziano et al. (2017) and Stinziano et al. (2018), we fitted 1st, 2nd and 3rd degree polynomials (Figure 1C) to this data and the best fitting model according to the Bayesian information criterion (BIC) was used to correct the quasi-linear portion of the RACiR curve measurements. The script used to make the corrections is available on Github (https://github.com/ManuelLamothe/RapidACi) it can be used to automatically correct multiple files at a time and to carry out post-measurement corrections to leaf area, which are required when measuring non-flat leaves. An example of the analysis can be found in the Supplementary Material (Supplementary Data Sheet 1). ECRCs were carried out at the beginning, middle and end of each day using the same environmental conditions as for the actual measurements. Three sets of corrected response curve data, one for each empty chamber, were generated for each measured shoot. Each set of response curve data was corrected using empty chamber data obtained the same day.
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Figure 1 | Data selection process for the empty chamber (ECRC) and RACiR response curves. (A) Calculated delta values ( ± 0.05, Ani − Ani−1) for a selected ECRC, red symbols indicate outliers, blue symbols indicate selected points. (B) An vs Ci for a selected ECRC curve, red symbols indicate non-steady state observations, blue symbols indicate selected points. (C) First, second and third degree polynomials fitted to a selected ECRC for correction of raw RACiR data.






Traditional A–Ci Response Curves

The LI-6800 CO2 response program was used for the A–Ci–TRAD curves and the reference CO2 concentrations were set to 420, 40, 20, 40, 60, 80, 100, 150, 200, 300, 420, 500, 700, 900, 1,100, 1,300, and 1,500 ppm. Minimum and maximum wait times were set at 60 to 120 s based on the stability of the CO2 net assimilation rate and the difference between sample and reference CO2 concentrations. The reference and sample infrared gas analyzers (IRGAs) were matched before the measurement at each concentration. The measured shoot was allowed to acclimate at 420 ppm for ~5 min. The A–Ci–TRAD curve was measured on the same needles immediately following the end of the RACiR curve.




Dark Respiration (Rd_Meas) Measurements

Shoots were removed from the chamber immediately following the A–Ci–TRAD measurement and dark adapted for at least 30 min by covering the measured shoot with aluminum foil. Shoots were then placed in the darkened LI6800 chamber and allowed to acclimate at 420 ppm [CO2], 25 °C and 22 mmol mol−1 of H2O in the reference before recording Rd_meas.





Parameter Estimation and Statistical Analysis



Timing of Empty Chamber Response Curve (ECRC)

Corrected CO2 response curve data were fitted with the FvCB model using the fitaci function from the Plantecophys R Package (Duursma, 2015) with the default settings and Rd_meas as an input. Vc,max, Jmax, and root mean square error (RMSE) were obtained for the three corrected curves (one for each ECRC) from each measured shoot. An analysis of variance on the effect of the timing of the empty chamber measurement series used to correct the RACiR curves was conducted using the nlme R Package (Pinheiro et al., 2018) for mixed models. The analysis was carried out on daily means of Vc,max, Jmax, and RMSE, measurement day was considered a random effect and empty chamber timing (morning, mid-day and afternoon) was considered a fixed effect.




Comparison of Traditional and Rapid CO2 Response Curve Parameters

Vc,max and Jmax were generated for the A–Ci–TRAD and RACiR curves by fitting the FvCB model using the Plantecophys R package (Duursma, 2015) with the default settings of the fitaci function and Rd_meas as an input. A third set of parameters was generated using the portion of the measured RACiR curve between 200 and 800 ppm of intercellular CO2 concentration (Ci) (RACiR–Partial). An analysis of variance for repeated measures on the effect of the curve type was conducted using the nlme R Package (Pinheiro et al., 2018). Curve type was the repeated factor, tree was considered as a random effect and species, curve type and their interaction were considered fixed effects. The heating effect (main and interactions with curve type) was included as a fixed effect in the original ANOVA model but found to be non-significant (Vc,max: F = 0.6604, p = 0.4334 for the main effect and F = 2.4311, p = 0.1135 for the interaction; Jmax: F = 1.2578, p = 0.2883 for the main effect and F = 1.7539, p = .1987 for the interaction) so it was removed from the final model.

Dark respiration estimates were also obtained using the Plantecophys R package (Duursma, 2015), with its default settings for each curve type, so as to provide additional information on the performance of the three curve fitting methods. An analysis of variance on the effect of the method used to estimate dark respiration, measured (Rd_meas) or estimated using A–Ci–TRAD (Rd_aci), RACiR (Rd_racir) and RACiR–Partial (Rd_part), was conducted using the same parameters as for Vc,max and Jmax. Again, the heating effect (main and interactions with measurement type) was included as a fixed effect in the original ANOVA model but found to be non-significant (F = 1.1313, p = 0.3125 for the main effect and F = 0.0782, p = 0.9713 for the interaction) so it was removed from the final model.






Results



Timing of Empty Chamber Response Curve Measurements (ECRC)

Three ECRCs were generated per day in an attempt to determine how often an empty chamber response curve needed to be generated to correct the raw RACiR curve measurements. The analyses of variance indicated that the timing of the generation of the ECRC had no significant effect on Vc,max (F = 0.7588, p = 0.5256) generated using the FvCB model. However, ECRC timing had a significant effect on Jmax (F = 7.8493, p = 0.0412), values generated using the morning ECRC being significantly higher (p < 0.05) than those generated using the mid-day ECRC (Table 1). Finally, RMSE of the fitted FvCB models were not significantly affected by the timing of the ECRC (F = 1.25961, p = 0.3765, Table 1). Figure 2 illustrates the correction effect on the net assimilation rates for a selected balsam fir and black spruce tree. The differences appear to be minimal. The mid-day empty chamber response curve was chosen to correct the RACiR curves for the comparison between traditional and rapid response curves since it was the measurement that was the closest in timing to the largest number of RACiR curves. Furthermore, the Jmax generated by the morning empty chamber was the only parameter that was significantly different from the mid-day and afternoon empty chamber curves.



Table 1 | LSmeans of Vc,max, Jmax and RMSE generated using morning, mid-day and late afternoon empty chamber corrections are shown.
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Figure 2 | Corrected RACiR curves using the morning, mid-day and afternoon empty chamber response curves (ECRC) for a selected balsam fir (A) and black spruce (B) shoot.






Comparison of Traditional and Rapid CO2 Response Curves and Parameters

Figure 3 presents A–Ci–TRAD and corrected RACiR curves for the balsam fir (a) and black spruce (b) shoots measured. Generally, there is good agreement between the two types of curve when Ci is below 500 ppm and where dAn/dCi is high. However, there is greater variability and deviation between the two types of curves at higher Ci concentrations. Also, small drops in net assimilation within the approximate range of 450–600 ppm Ci can be seen for the RACiR curves of some trees. These data points were considered erroneous and removed before fitting the FvCB model. Figure 4 presents the fitted FvCB model using A–Ci–TRAD (a, d), RACiR (b, e) and RACiR–Partial (c, f) data for a selected balsam fir (a, b, c) and black spruce (d, e, f) shoot. RMSEs of the fitted FvCB models ranged from 2.224 to 13.746 for the A–Ci–TRAD curves, from 3.834 to 21.787 for the RACiR curves and from 3.243 to 15.065 for the RACiR–Partial curves.
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Figure 3 | Traditional (A–Ci–TRAD) and rapid (RACiR) CO2 response curves for the seven balsam fir (A) and seven black spruce (B) shoots measured.
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Figure 4 | Fitted FvCB models using A–Ci–TRAD (A, D), RACiR (B, E) and RACiR–Partial (C, F) data for a selected Balsam fir (A, B, C) and black spruce (D, E, F) shoot. The graphs were generated by the fitaci function of the Plantecophys R package (Duursma, 2015) using the default settings and Rd_meas as an input.




An ANOVA conducted for the response curve parameters (Vc,max, Jmax) and RMSE of the fitted models indicated that the response curve type did not significantly affect either Vc,max or Jmax, but the RMSE of the models were significantly different (Tables 2, 3). The RMSEs of the fitted RACiR and RACiR–Partial curves were significantly but only slightly to moderately higher than the RMSE of the fitted A–Ci–TRAD curve.




Table 2 | Results of the ANOVA for the comparison of Vc,max, Jmax and RMSE generated by the FvCB model using the three different response curve methods.
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Table 3 | LSmeans for Vc,max, Jmax and RMSE generated by the 3 different types of curves.
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The statistical analyses indicate that dark respiration was significantly affected (F = 5.4684, p = 0.0033) by the estimation method used. The A–Ci–TRAD curve yielded the lowest dark respiration (Rd_aci) value while Rd_meas was the highest. Rd_aci was the only dark respiration measurement that was significantly different from Rd_meas (Table 4). Rd_part was quite similar to Rd_aci while Rd_racir was closer to Rd_meas.



Table 4 | LSmeans for measured dark respiration (Rd_meas) and dark respiration estimated from the A–Ci–TRAD (Rd_aci), RACiR (Rd_racir) and RACiR–Partial (Rd_part) response curves.
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Discussion



LI-6800 Configuration Considerations for Conifer Needle Measurements

Compared to previously published studies describing the RACiR method applied to flat leaves (Stinziano et al., 2017; Pilon et al., 2018), the needle-leaf geometry of conifer species requires a different instrument configuration for photosynthesis measurements. A much larger leaf chamber (193.7 cm3, large needle and leaf chamber, vs 87.3 cm3 for the fluorometer chamber, in our case) is generally used, thereby leading to a greater “lag time” required for the differences between the sample and reference [CO2] to stabilize compared to the smaller chambers. We noted “lag times” of between 48 and 92 s. (Mean = 63.4, SE = 4.0) compared to the 20–30 s reported by Stinziano et al., 2017 for poplar leaves. The larger lag times caused by the larger cuvette mean that a greater number of potential data points at the start of the ramp (low Ci concentrations in our case) are lost, so preliminary tests should always be carried out to adequately identify the starting CO2 concentration for the ramp. The same should apply for the identification of the ramp end point.

Preliminary tests using a controlled target leaf VPD revealed the existence of periodic noise in the empty chamber measurements caused by adjustments in the H2O control loop and the large chamber volume (Pers. Comm: D. Lynch, LI-COR Inc., Lincoln, NE, USA). This led at times to unrealistic, negative Ci values and was remedied by controlling the H2O content of the air in the reference cell instead. Preliminary tests allowed us to choose a target concentration (22 mmol mol−1) which produced RHs between ~63 and 79% in the leaf chamber, thereby assuring that shoot samples were not stressed. This also produced stomatal conductances that were high enough to minimize noise in the H2O analyzer, which minimized noise in the calculated Ci values (Pers. Comm: D. Lynch, LI-COR Inc., Lincoln, NE, USA).




Timing of Empty Chamber Response Curve Measurements (ECRC)

Determining the best moment to conduct the ECRC so as to keep the number of required ECRCs to a minimum is an important factor given that one of the main reasons for using the RACiR method is reducing the overall measurement time for producing photosynthetic parameters that can be used for phenotyping and health/stress monitoring. Three ECRCs were measured daily, one in the morning before the first shoot measurement, one around mid-day and one in the late afternoon after the last shoot measurement of the day. The Jmax generated by the morning ECRC was the only parameter that was significantly different among the ECRCs (Table 1) and the An vs Ci relationships obtained from the three different corrected RACiR curves were quite similar (Figure 2). The significantly higher Jmax generated by the morning ECRC may have resulted from the fact that we matched the reference and sample IRGAs before measuring each RACiR curve. In a letter published after the conclusion of our study, Stinziano et al., 2018 recommend using the same match for the ECRC and RACiR curves. In fact, we noticed that the largest match adjustments tended to occur towards the beginning of the day and would stabilize thereafter, which most likely explains the lack of significant differences between the RACiR parameters calculated using the mid-day and late afternoon ECRCs. Given our results, we feel that it is most likely feasible to conduct only one ECRC per measurement run per day as long as matches are checked regularly, remain constant and chamber settings do not change. It would also probably be best to run the LI-6800 at the desired chamber settings for several minutes and conduct more than one match before starting a measurement run.




RACiR Vs Traditional CO2 Response Curves

Figure 3 presents the corrected “raw” response curve data generated by the RACiR and A–Ci–TRAD methods for the seven balsam fir a) and seven black spruce b) shoots. With the exception of one black spruce shoot, there is generally good agreement when dAn/dCi is high (at Ci values below ~500 ppm), the area related to Rubisco activity (Vc,max), but there is more variability at higher Ci values related to RuBP regeneration (Jmax; Long and Bernacchi, 2003). These results are generally similar to those reported by Stinziano et al. (2017) and Taylor and Long (2018), using an LI-6800, and to Bunce, 2018, using a CIRAS-3. We believe that the divergence between the two response curve types for one of the black spruce shoots may be linked to a problem with the A–Ci–TRAD measurement and not the RACiR method, given the unusual form of the A–Ci–TRAD curve compared to the others. Contrary to Taylor and Long (2018), we did not observe significant offsets for CO2 compensation points. CO2 compensation points calculated using RACiR data were generally higher (62.5 without Rd_meas and 70.6 using Rd_meas) compared to A–Ci–TRAD (51.1 without Rd_meas and 68.1 using Rd_meas) data but not significantly different (p = 0.06 without Rd_meas and 0.39 using Rd_meas). This would seem to confirm the assertion by Stinziano et al. (2018) that ramp rates above 100 ppm min−1 can be problematic. Using measured values for dark respiration seems to reduce offsets.

Our results (Table 4) indicate that the dark respiration (Rd) estimated by the FvCB model using the RACiR method (1.85 µmol m−2 s−1) was the closest estimate to, and not significantly different from, Rd_meas (2.19 µmol m−2 s−1). Furthermore, although considerably lower, Rd estimated using the RACiR–Partial method (0.78 µmol m−2 s−1) was not significantly different from Rd_meas. The Rd estimated using the A–Ci–TRAD method (0.52 µmol m−2 s−1) was considerably lower and significantly different from Rd_meas. These results indicate that the RACiR method performs very well when used to estimate dark respiration and this better performance may be linked to the much larger number of data points available for the estimate compared to A–Ci–TRAD data.

We found that there were no significant differences among the Vc,max and Jmax values generated by the traditional or either of the two rapid response curve methods (Tables 2 and 3) when Rd_meas was used as an input to the FvCB model. Vc,max values ranged from 61.59 to 62.02 µmol m−2 s−1 (SE = 1.09) and Jmax values ranged between 112.6 and 119.59 µmol m−2 s−1 (SE = 8.34). However, a separate ANOVA looking at Vc,max and Jmax generated without using Rd_meas as an input revealed that the curve fitting method had a significant effect on the Jmax generated (F = 5.3946, p = 0.0116), the RACiR method (Mean = 117.63, SE = 8.7215) producing a significantly greater Jmax compared to the A–Ci–TRAD method (Mean = 103.02, SE = 8.72). This result is not surprising given that the A–Ci–TRAD method generated dark respiration estimates that were significantly lower than the measured values. Furthermore, an ANOVA conducted to analyze the effect of using Rd_meas vs estimated Rd on the generation of Vc,max and Jmax values by the A–Ci–TRAD method revealed that using Rd_meas had a significant (Vc,max: F = 11.1819, p = 0.0074; Jmax: F = 54.7402, p < 0.0001) effect.

These results clearly show that the RACiR method can be used for a larger chamber size required by conifers and that measuring dark respiration so as to provide the most accurate input to the FvCB model improves the estimated Jmax. Also, we believe that using the RACiR method when Rd_meas is not available would produce the best estimates of Vc,max and Jmax given that this method provides an estimate of dark respiration that is much closer to, and not significantly different from, the measured dark respiration when compared to the A–Ci–TRAD method.

Results concerning statistical comparisons involving the values generated by the RACiR–Partial method should be interpreted with caution. We did not generate a complete independent set of CO2 response curves for this method but, instead, used a subset of the data that were generated by the RACiR curves. This may have led to some autocorrelation among the data, but we believe that the potential of using smaller [CO2] ranges for CO2 response curves of conifers should be further investigated, the smaller the required range, the faster the measurement.





Conclusions and Recommendations

	1)	The RACiR method can be used for measuring conifers using large needle and leaf chambers, 193.7 cm3 in our case. The exact length of the ramp as well as the appropriate chamber environmental conditions need to be identified during pre-tests and may vary depending on the species and size of chamber used.

	2)	Typically, a traditional A–Ci takes between 30 and 60 min, approx. 30 to 36 min (excluding acclimation time) in our case, depending on the number of points and wait times at each CO2 concentration. A total maximum time of approximately 22 min was required to measure a full RACiR curve using the method we have developed. However, as shown by our analysis of the partial RACiR curves (between 200 and 800 ppm internal CO2 concentration), we believe that total measurement time could be reduced by at least 50% by reducing the ramp range. This method could be used to obtain “ground truthed” photosynthetic capacity estimates to validate air-borne spectral measurements and thereby accelerate and facilitate the development of plant stress and phenotyping platforms.

	3)	As suggested by Stinziano et al. (2018), we believe that carrying out an empty chamber response curve measurement (ECRC) to correct the RACiR measurements should be carried out for each RACiR measurement series, i.e. at least once a day, and not necessarily after each RACiR measurement, and when environmental conditions in the chamber change. Our findings indicate that the timing is less important as long as the match adjustment remains constant for all of the measured curves in the series.

	4)	Whenever possible, we recommend measuring dark respiration independently so as to produce the best possible estimates of Vc,max and Jmax. This could be achieved by using a second photosynthesis measuring system so as to decrease measurement time. 
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Global warming is becoming a significant problem for food security, particularly in the Mediterranean basin. The use of molecular techniques to study gene-level responses to environmental changes in non-model organisms is increasing and may help to improve the mechanistic understanding of durum wheat response to elevated CO2 and high temperature. With this purpose, we performed transcriptome RNA sequencing (RNA-Seq) analyses combined with physiological and biochemical studies in the flag leaf of plants grown in field chambers at ear emergence. Enhanced photosynthesis by elevated CO2 was accompanied by an increase in biomass and starch and fructan content, and a decrease in N compounds, as chlorophyll, soluble proteins, and Rubisco content, in association with a decline of nitrate reductase and initial and total Rubisco activities. While high temperature led to a decline of chlorophyll, Rubisco activity, and protein content, the glucose content increased and starch decreased. Furthermore, elevated CO2 induced several genes involved in mitochondrial electron transport, a few genes for photosynthesis and fructan synthesis, and most of the genes involved in secondary metabolism and gibberellin and jasmonate metabolism, whereas those related to light harvesting, N assimilation, and other hormone pathways were repressed. High temperature repressed genes for C, energy, N, lipid, secondary, and hormone metabolisms. Under the combined increases in atmospheric CO2 and temperature, the transcript profile resembled that previously reported for high temperature, although elevated CO2 partly alleviated the downregulation of primary and secondary metabolism genes. The results suggest that there was a reprogramming of primary and secondary metabolism under the future climatic scenario, leading to coordinated regulation of C-N metabolism towards C-rich metabolites at elevated CO2 and a shift away from C-rich secondary metabolites at high temperature. Several candidate genes differentially expressed were identified, including protein kinases, receptor kinases, and transcription factors.
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Introduction

Wheat is one of the most widely cultivated crop plants along the world and is basic for human nutrition in many areas. Although the hexaploid bread wheat accounts for most of the wheat production, the tetraploid durum wheat is a major crop in the Mediterranean basin, used for the production of traditional staple food. Improving wheat yield capacity is an important goal for future global food security under the challenge of global climate change. As atmospheric [CO2] (AC) rises to somewhere in the range from 794 to 1,142 µmol mol−1 by the end of the 21st century, the global mean surface temperature is expected to increase, especially in the Mediterranean region, where it will be associated with water stress due to a reduction in rainfall (Habash et al., 2009; IPCC, 2013).

While a DNA array is available for bread wheat, quantitative reverse transcription-PCR (qRT-PCR) has been the most commonly used technique for transcript profiling of wheat grown under future climate scenario (Jauregui et al., 2015; Vicente et al., 2015a; Vicente et al., 2016). The development of next-generation high-throughput RNA sequencing technologies (RNA-Seq) provides new advantages for transcriptome analysis, such as higher sensitivity for genes expressed at extremely low or high level, more detailed gene expression profile, and no limitation by the lack of prior knowledge of the genome (Oshlack et al., 2010). RNA-Seq studies in wheat are rapidly increasing (Duan et al., 2012; Oono et al., 2013; IWGSC, 2014; Kumar et al., 2015; Pingault et al., 2015; Curci et al., 2017) thanks to the reconstruction of the whole transcriptome by using de novo assembly of short paired-end (PE) reads. This is particularly interesting for non-model organisms, such as durum wheat, due to the scarcity of sequences available in public databases. On the downside, the transcript data sets generated in RNA-Seq experiments are large and complex (Grabherr et al., 2011), needing bioinformatics knowledge and computation facilities to process the data.

Although plant biomass and yield frequently increase with elevated [CO2] (EC) (Long et al., 2004; Aranjuelo et al., 2013; Vicente et al., 2015a), long-term exposure to EC often leads to a downregulation of photosynthetic capacity accompanied by a decline of Rubisco activity and amount (Pérez et al., 2005; del Pozo et al., 2007; Aranjuelo et al., 2011; Vicente et al., 2016). This decline can be accounted for by different mechanisms, including a carbohydrate sink limitation (Ainsworth and Rogers, 2007; Taub and Wang, 2008; Aranjuelo et al., 2011), due to faster CO2 assimilation, that can repress photosynthetic genes (Moore et al., 1999; Long et al., 2004), or a lower plant N content caused either by restricted N uptake (del Pozo et al., 2007; Taub and Wang, 2008; Jauregui et al., 2016), the inhibition of N assimilation into proteins (Bloom et al., 2002; Bloom et al., 2010; Vicente et al., 2015a; Vicente et al., 2016), N dilution by accumulation of C-rich compounds (Taub and Wang, 2008), or some other unclear mechanisms (Taub and Wang, 2008; Vicente et al., 2016). In durum wheat grown in field chambers at anthesis, the decline of photosynthetic capacity and N compounds induced by EC is associated with a decrease in transcripts for genes involved in photosynthesis and N assimilation (Vicente et al., 2015a). In bread wheat, the decrease in Rubisco protein content and increase of inhibitors, rather than sugar-mediated gene repression, leads to acclimation to EC even under high N conditions (Pérez et al., 2005). In Arabidopsis, EC decreases transpiration, which could be related with the observed depletion of leaf N assimilation and mineral status (Jauregui et al., 2016). In addition, EC leads to an increase in transcripts for genes related to respiration, development, defense, signaling, and sugar content (Leakey et al., 2009; Fukayama et al., 2011; Markelz et al., 2014; Vicente et al., 2015a). In line with these observations, we have reported that EC leads to changes in protein content that enhance C storage and glycolysis (Aranjuelo et al., 2011). Nevertheless, significant disparity exists for the response to EC between plant species, genotypes, development stages, experimental setups, and CO2 fumigation methods.

An increase in ambient temperature (AT) will negatively impact on global wheat grain production (Araus et al., 2002; Chauhan et al., 2011) with a predicted decrease of 6% for each °C increase in Earth’s mean temperature (Asseng et al., 2015). Moderate high temperatures (HTs) frequently lead to an increase in photorespiration and an inhibition of photosynthesis (Salvucci and Crafts-Brandner, 2004), promotes early senescence, and is associated with smaller plants (Chauhan et al., 2011). Some studies focused on bread wheat transcript profiling at seedling (Qin et al., 2008; Chauhan et al., 2011) or flowering stage (Kumar et al., 2015) show that most of the heat-responsive genes encode transcription factors (TFs) and proteins involved in transcription, metabolic processes, and stress response, such as hormone, calcium, and sugar signaling, photosynthesis, carbohydrate metabolism, protein modification, and RNA metabolism.

Future enhancement of [CO2] can partially compensate the adverse effect of HT (Araus et al., 2002; Habash et al., 2009), especially if other factors, as water stress and/or nutrient deficiencies, are not limiting plant growth and development. In field-grown wheat, Gutiérrez et al. (2009a) pointed that the photochemistry inhibition at HT was counteracted by EC, while Pérez et al. (2011) observed that the negative effect of EC and HT on Rubisco maximum carboxylation activity disappeared for the interaction of both treatments. In agreement with these studies, Chavan et al. (2019) found that EC alleviated heat stress effects on photosynthesis by increasing ribulose bisphosphate regeneration capacity and reducing photochemical damage in a high-yielding wheat cultivar grown in a glasshouse. In a field free air CO2 enrichment facility, Fitzgerald et al. (2016) observed that EC stimulated bread wheat biomass and yield and, when combined with HT, buffered the negative effects of heat shocks on grain yield. In contrast, Benlloch-Gonzalez et al. (2014) showed that the positive effect of EC on shoot and root growth was reduced by HT in wheat. Furthermore, the interactive effects of the two factors in wheat negatively affected photosynthetic performance, respiration, N assimilation, and mineral content during grain filling (Jauregui et al., 2015) and repressed genes involved in photosynthesis, respiration, and N metabolism at anthesis (Vicente et al., 2015a). The discrepancies found in wheat responses to EC × HT could likely be explained by the differences in the severity and the duration of the temperature rise, among other factors.

The aim of this work was to further the understanding of the molecular, biochemical, and physiological mechanisms underpinning the response to EC and moderately HT of durum wheat grown in the field in temperature-gradient chambers. The effect of extreme temperature events is out of the scope of this study. Given the importance of these environmental conditions on plant growth and metabolism, here we complement our previous study (Vicente et al., 2015a) to test the hypothesis that, besides primary C-N metabolism, other metabolic processes including cell expansion, hormone synthesis, and secondary metabolism, among others, may be associated with the adaptive mechanisms to these environmental factors, in particular at earlier developmental stages where a lower predominance of resource remobilization is expected as compared to anthesis. The plants were sampled at ear emergence, the start of the period when most of the carbohydrates in the grains are produced by photosynthesis or remobilized (Aranjuelo et al., 2011). We extend precedent qRT-PCR information, limited to genes related to primary C and N metabolism (Vicente et al., 2015a), with transcriptome-wide RNA-Seq analysis combined with functional data to better understand the crop behavior under changing climate conditions. The transcriptome response may improve the understanding of the molecular mechanisms of plant adaptation to EC and HT. Since the transcript changes may not result in parallel alterations in protein activity and metabolites, a complementary study of modifications in metabolites and enzyme activities can provide a more conclusive view.



Materials and Methods


Plant Material and Growth Conditions

The field experiment was conducted in a clay–sand soil at the experimental fields of the Institute of Natural Resources and Agrobiology of Salamanca (IRNASA-CSIC), in Salamanca, Spain (40°95′ N, 5°5′ W, 800 m a.s.l.), under Mediterranean climate conditions. After adding 60 kg ha−1 each of P and K nutrients (as P2O5 and K2O, respectively), durum wheat (Triticum durum Desf. cv. Regallo) seeds were sown at a rate of 200 kg ha−1 and 0.13 m row spacing on 29 October 2007. We chose cultivar Regallo (released in 1988) because it is a modern semi-dwarf durum wheat genotype with high yield, grain protein content, and adaptability to Mediterranean climate, widely commercialized in our region. N fertilization was applied by hand at 140 kg ha−1 as Ca(NO3)2 on 15 February 2008. This N supply was considered optimal based on previous experience from other experiments in the same location and soil. The crop was watered twice, sometimes once a week with a drip irrigation system, providing an amount of water nearly equivalent to the mean crop evapotranspiration [Allen et al., 2006; values for reference evapotranspiration (ETo) and crop coefficient (Kc) of 3 mm day−1 and 1.15, respectively] (Supplementary Figure 1). Six temperature-gradient chambers (Pérez et al., 2005; Gutiérrez et al., 2009a; Gutiérrez et al., 2009b; Gutiérrez et al., 2013; Vicente et al., 2015a) were mounted over the crop on 27 February 2008. They were 9 m long, 2.2 m wide, and 1.7 m high with transparent walls and roof, divided into three modules separated by polycarbonate septa to reduce the mixing of air between modules due to convection. Three of them were kept at ambient [CO2], 370 µmol mol−1, while [CO2] was increased to 700 µmol mol−1 in other three by injecting pure CO2 at the two inlet fans of each chamber during the light hours, controlled by an infrared gas analyzer as described in Pérez et al. (2005) and Gutiérrez et al. (2009b). The temperatures at the extreme chamber modules were set at ambient and 4 °C warmer by using two inlet and one outlet fans at the required speed, in combination with fan heaters to create a temperature gradient between modules (Pérez et al., 2005; Gutiérrez et al., 2009b) (Supplementary Figure 1). Plants received a total of 255 mm from sowing to ear emergence (Supplementary Figure 1). Flag leaves were harvested on 7 May 2008 at ear emergence (Zadoks 59) and 2 days after this stage, respectively, in plants grown at ambient and high temperature; for simplicity, thereafter this stage will be referred to as ear emergence. The leaves were immediately frozen in liquid N and stored at −80°C for biochemical and molecular analyses. In summary, four treatments were considered in this study for further analysis: ambient CO2 and temperature (AC-AT), ambient CO2 and high temperature (AC-HT), elevated CO2 and ambient temperature (EC-AT), and elevated CO2 and high temperature (EC-HT). A schematic representation of the experimental design is detailed in Figure 1.




Figure 1 | Schematic representation of the experimental setup. Physiological, biochemical, and transcriptome analysis were performed to characterize the durum wheat responses to elevated [CO2] and moderate high temperature in durum wheat grown in the temperature-gradient field chambers. RNA sequencing (RNA-Seq) analysis pipeline for the identification of differentially expressed transcripts is shown on right side.





Physiological and Biochemical Parameters

Gas exchange in the central segment of the flag leaves was recorded between 3 and 8 h after the start of the photoperiod at the respective growth CO2 concentration. Photosynthesis rate (An), stomatal conductance (gs), transpiration (E), and intercellular CO2 concentration (Ci) were measured at 300 ml min−1 air flow rate, 1,500 µmol m−2 s−1 irradiance, and 25°C temperature using the Peltier system in a 1.7 cm2 window leaf chamber connected to a portable infrared gas analyzer CIRAS-2 (PP Systems, UK). The measurements were done when inlet [CO2] was stable and after checking for leaks in the chamber. Shoots were collected to determine the dry weight of flag leaves and total shoot after drying in an oven at 60°C for 48 h. N concentration as a percentage of dry matter and the N content in flag leaves and shoots were determined as described by Vicente et al. (2015b). Briefly, dried samples were subjected to Kjeldhal digestion with H2SO4 using a Se catalyst and adjusting the pH to 3–4 using 1 M triethanolamine buffer (pH 7.2) and 5 M KOH. N, in the form of NH4+, was spectrophotometrically determined at 340 nm as the NADPH reduced during the conversion of NH4+ and 2-oxoglutarate into glutamate catalyzed by glutamate dehydrogenase (Ammonia Rapid kit, Megazyme, Ireland). After ethanol/water extraction, soluble sugars (glucose, fructose, sucrose, and fructans) and starch content were measured as mentioned in Morcuende et al. (2004). Firstly, glucose and fructose were measured spectrophotometrically in the supernatant with an assay coupled to NADP reduction based on Jones et al. (1977). After incubating another aliquot with sucrase to metabolize the sucrose in the sample, the released glucose and fructose related with sucrose were determined. Later, in a third aliquot the content of fructans in the form of glucose and fructose were measured after their hydrolysis with fructanases. Finally, starch was measured in the insoluble residue from the extraction after incubation with amyloglucosidase and α-amylase at 37°C overnight. Then, starch was measured in the form of glucose as mentioned above. Chlorophyll (chl) was extracted in 80% acetone and assayed at 645 and 663 nm for the calculation of total chl according to Arnon (1949). Total amino acids content was measured in the ethanol/water extracts by the ninhydrin method (Hare, 1977) as described by Aranjuelo et al. (2011). Soluble proteins were extracted and determined spectrophotometrically according to Bradford (1976). Rubisco protein was separated by SDS-PAGE electrophoresis and the content determined by densitometry (Pérez et al., 2011). Initial and total Rubisco activities were measured using a cascade reaction involving several enzymes exactly as described in Pérez et al. (2011), where activity was at a stoichiometry of 1:2 equivalent to the NADH oxidation recorded at 340 nm. Rubisco activation state was calculated as the ratio between initial and total Rubisco activity. Maximal activity and activation state of nitrate reductase (NR) were assessed by the formation of NO2− in the absence or presence of 10 mM Mg2+ as described by Morcuende et al. (2004) based on the procedure described by Scheible et al. (1997).



RNA Isolation, cDNA Library Construction, Illumina Sequencing, and Quality Control Processing of Raw Data

Total RNA was prepared by grinding the flag leaves in liquid N and extracting RNA using the method described by Morcuende et al. (1998). Three biological replicates were used per treatment. RNA integrity/degradation was examined on 1.5% agarose gels (Supplementary Figure 2). RNA quality and concentration were assessed using NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA) and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) as shown in Supplementary Table 1. RINe (RNA integrity number equivalent) scores were greater than 8.0 for all samples, as recommended by the manufacturer. Twelve cDNA libraries (one per sample) were generated by using Illumina TruSeq RNA Library Preparation Kit (Beckman Coulter Genomics, Beverly, USA). RNA sequencing was performed on each library to generate PE reads of length 100 nucleotides on two lanes of Illumina HiSeq 2000 (Beckman Coulter Genomics, Beverly, USA). Quality of raw data was verified by FastQC software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapters and contaminated sequences were removed, and low-quality bases from both ends of each read were trimmed at a Phred quality scores threshold of Q20 (< 1 error per 100 bp) from the raw data in FastQ format using PE mode of Trimmomatic (Bolger et al., 2014). Figure 1 also contains an overview of the RNA-Seq analysis pipeline followed. Whole data set has been deposited in the European Nucleotide Archive with accession number PRJEB34302.



De Novo Assembly and Functional Annotation

All the quality-controlled PE reads from the 12 libraries were de novo assembled using Trinity (Grabherr et al., 2011), with a fixed k-mer size of 25, to generate a durum wheat transcript data set. Trinity has a good performance in wheat RNA-Seq experiments (Duan et al., 2012; Oono et al., 2013), and it was the most successful assembler after testing four different ones (Li et al., 2013). With a minimum k-mer coverage of 10 (minimum count of k-mers to be assembled), 196,843 contigs in 60,209 transcripts (unigenes/loci) were obtained. Transcript redundancy was tested using CD-HIT software with identity of 95%, although the number of redundant transcripts was negligible. Functional annotation of the durum wheat transcript data set was based on the large amount of public data for wheat and other plant species. Firstly, all transcripts were submitted to Mercator web tool (Lohse et al., 2014), which generated functional predictions by searching a variety of reference databases (TAIR release 10; SwissProt/UniProt Plant Proteins; TIGR5 rice proteins; clusters of orthologous eukaryotic genes database, KOG; and conserved domain database, CDD), using a BLAST cutoff of 40. Furthermore, a BLASTN/BLASTX search for all the transcripts against different databases (TAGI release 12 for bread wheat, TIGR release 1 and 2 for bread and durum wheat, Brachypodium genome v1.2 at PlantGDB, and rice genome release 7) was achieved using BLAST+ and an E-value cutoff of 1e−3 to improve transcript annotation.



Mapping of Reads to Durum Wheat Transcript Data Set, Normalization, and Identification of Differentially Expressed Transcripts

Quality-controlled PE reads for each sample were mapped back to the durum wheat transcript data set with the alignment program BWA (Li and Durbin, 2009), with the aim to find the location where each short read best matches the reference (Oshlack et al., 2010). The data were summarized in a table of counts, rows for transcripts, and columns for counts, which represent the total number of reads aligning to each non-redundant contig of the durum wheat transcript data set. Differential gene expression analysis across experimental conditions was performed using the R/Bioconductor package edgeR. The library sizes were computed from the column sums of the counts. Using the plants grown under ambient CO2 and temperature as the control treatment, we focused on the EC-, HT- and EC × HT-responsive transcripts. We considered as differentially expressed (DE) transcripts the ones with a false discovery rate (FDR) < 0.05 and an induction or repression ratio ≥ two-fold.



Visualization of RNA-Seq Results and Functional Enrichment Analysis

Venn diagram analysis of DE transcripts was made in BioVenn (Hulsen et al., 2008). Visualization of metabolic pathways was performed using MapMan (Thimm et al., 2004). Previously, MapMan BINs (hierarchical functional categories assigned to certain biological processes) were assigned with Mercator to all input sequences with the aim to create a mapping file for MapMan (see section De Novo Assembly and Functional Annotation). For the transcripts incorporated to BIN 35.2 (unknown sequence) by Mercator, but annotated by BLAST+ using TAGI database, Brachypodium, and rice genomes, new BINs were assigned. A special BIN category (2.1.3) was created for the genes involved in fructan biosynthesis, due to its strong over-expression under EC in this study and in previous ones of our group (Vicente et al., 2015a; Vicente et al., 2016). Analysis of functional categories of the DE transcripts was performed based on the MapMan categories using the BINs assigned previously. Likewise, Gene Ontology (GO) terms provided by the GO project (http://www.geneontology.org/) were assigned to the DE transcripts based on the GO terms downloaded from the Brachypodium distachyon and rice genome annotation projects and UniProtKB database. GO terms for UniProtKB database were assigned after running Argot2 tool using default parameters (Falda et al., 2012). The R/Bioconductor package GOseq was used to correct gene length bias. Only GO terms with corrected P values <0.05 were considered significantly enriched, and the results were visualized and summarized using a clustering algorithm with the web server ReviGO (Supek et al., 2011) with default parameters.



Validation of RNA-Seq Data by qRT-PCR

The validation of the RNA-Seq results and reverse transcription reactions were performed using qRT-PCR as described in Vicente et al. (2015a). Two technical replicates were analyzed for each one of the three biological replicates per treatment. The relative transcription levels were analyzed using the 2−ΔΔCt method and compared with expression levels of RNA-Seq. The ADP-ribosylation factor was used as reference gene for qRT-PCR normalization (Vicente et al., 2015a; Vicente et al., 2016) and is listed in Supplementary Table 2 together with the genes used for the validation.



Statistical Analysis

The experiment had three blocks with all the factorial combinations of two atmospheric [CO2] (370 and 700 µmol mol−1) and two temperatures (ambient and 4°C warmer). Treatment effects and interactions were determined through an analysis of variance (ANOVA) using GenStat software for physiological and biochemical parameters. When differences between treatments were significant (P <0.05), they were evaluated using the least significant difference test (LSD). As mentioned above, DE transcripts were considered significant with FDR <0.05 and a fold-change cutoff of 2 using edgeR. Multivariate statistical analysis of the physiological and biochemical data was performed using principal component analysis (PCA) with Canoco for Windows (Biometris, Plant Research International).




Results


Physiological and Biochemical Responses to Elevated CO2 and High Temperature

EC stimulated net photosynthetic rates (An) by 32% compared to AC at ear emergence (Table 1). This increase was greater in plants grown at AT than HT, although the CO2 × temperature interaction did not reach statistical significance. EC led to a reduction of stomatal conductance (gs) and transpiration (E), and an increase in intercellular [CO2] (Ci), with greater Ci values at AT than HT. Shoot biomass was promoted by 17% by EC, while no differences in leaf dry weight were observed with an elevation of [CO2] or temperature. The content of some carbohydrates was altered by EC, HT, or their interaction. Starch content increased by two-fold and glucose decreased by 25% under EC. In contrast, starch decreased by 70% and glucose increased by 60% at HT compared to AT. Furthermore, EC increased significantly fructan content, with larger content at AT relative to HT. Neither fructose nor sucrose contents were modified by growth conditions.


Table 1  | Photosynthesis rate (An), stomatal conductance (gs), transpiration (E), intercellular CO2 concentration (Ci), dry weight (DW), N concentration, total N content (Nt), chlorophyll (chl), glucose, fructose, sucrose, fructan, starch, total amino acid, soluble and Rubisco protein contents, Rubisco as a percentage of soluble protein, initial and total Rubisco activities (Rbco act.), Rubisco activation state (Rbco %act.), maximal nitrate reductase (NR) activity, and activation (NR %act.) in durum wheat grown at ambient (AC, 370 µmol mol−1) or elevated (EC, 700 µmol mol−1) [CO2] and ambient temperature (AT) or ambient + 4°C (HT).



N concentration in leaves and shoots was consistently reduced by EC (16% and 21%, respectively), together with a decline of 17% in total shoot N content (Table 1). N-rich compounds were also affected by environmental conditions. Chl content was reduced by EC, HT, or the EC × HT interaction compared to AC and AT. Growth at EC caused a decrease in total soluble proteins (32%) and Rubisco content (36%), together with a decline (12%) of Rubisco as a percentage of soluble protein. HT also decreased significantly Rubisco content by 11%. Enzyme assays for key proteins of C (Rubisco) and N (NR) metabolism also revealed some changes caused by growth conditions. Similar to chl content, initial and total Rubisco activities were remarkably reduced under EC, HT (45–48%), or the EC × HT interaction (36–43%; Table 1). NR activity was diminished by 38% under EC, while the activation state of the enzyme strongly increased by 56% compared to AC. This increase in the activation state under EC was not supported at HT.

The differences in physiological and biochemical traits between treatments were supported by PCA (Figure 2). There were variations caused by changes in air [CO2] and temperature, represented by the first and second principal components, respectively, which were large for air [CO2]. Most of the traits related to N content, N-rich compounds, and enzyme activities were concentrated in the same area, showing that the AC-AT control treatment reached the highest values. Warmer temperatures consistently decreased these traits and showed an increase in glucose content. Treatments under EC were clearly separated from those under AC, although differences due to changes in temperature were significantly reduced under EC relative to AC. Carbohydrates tended to increase under EC, especially fructans, starch, and sucrose at AT and fructose at HT. Growth at EC and AT promoted shoot biomass and the activation of NR enzyme.




Figure 2 | Principal component analysis of the physiological and biochemical traits of durum wheat flag leaves in response to ambient (AC, 370 µmol mol−1) or elevated (EC, 700 µmol mol−1) [CO2] and ambient temperature (AT) or ambient + 4°C (HT). Data analysis was carried out with the results included in Table 1.





Transcriptome Sequencing and De Novo Assembly

A total number of 395 million PE short-read sequences (77.2 Gb), were generated for the 12 libraries and used for downstream analysis, with an average of 65.9 million reads per sample (Supplementary Table 3). All reads were de novo assembled. An average of 88.21% reads was uniquely mapped per library (Supplementary Table 3). We obtained a durum wheat transcript data set of 60,209 transcripts. Functional annotation of this transcript data set was achieved by using Mercator tool (15,402 transcripts; 25.6% of the total), durum (4,994 transcripts; 8.3%), and bread (30,713 transcripts; 51.0%) wheat sequences available in TIGR, bread wheat sequences available in TAGI (24,558 transcripts; 40.8%), Brachypodium genome (protein sequences; 25,662 transcripts; 42.6%), and rice genome (protein sequences; 25,336 transcripts; 42.1%). Thus 38,869 transcripts were annotated by at least one database. Nonetheless, it is important to consider that some matches described a homologous locus/gene in other species without any annotation. The transcript levels of seven genes involved in primary metabolism were evaluated by qRT-PCR (Supplementary Table 2). The results of the relative expression of these genes under EC, HT, and its combination from qRT-PCR and RNA-Seq analysis were compared (Supplementary Figure 3). A similar pattern of changes were obtained from both techniques, which validates the RNA-Seq results.



Identification of Differentially Expressed Transcripts and Their Classification Using MapMan Categories

Based on FDR values, a total of 1,051 DE transcripts were detected in at least one treatment compared with the control treatment with AC and AT (Figure 3A). Venn diagrams exhibited an overlap of 419 DE transcripts between, at least, two treatments, while 223 of them were altered in all three treatment combinations relative to the control. A total of 27% and 29% of the DE transcripts were uniquely responsive to EC and HT, respectively, while only 4% was unique for EC × HT. Upregulation of 210, 19, and 36 genes, and downregulation of 465, 669, and 294 genes was detected under EC, HT, and EC × HT relative to control treatment, respectively (Figure 3B). A detailed summary of the DE transcripts is provided in Supplementary Table 4.




Figure 3 | (A) Venn diagram analysis of the differentially expressed (DE) transcripts and (B) number of DE transcripts which were up (blue) or downregulated (red) under ambient [CO2] and high temperature (AC-HT), elevated [CO2] and ambient temperature (EC-AT), or elevated [CO2] and high temperature (EC-HT), relative to control treatment at ambient [CO2] and temperature in durum wheat flag leaves.



For the whole durum wheat transcriptome, we annotated 21,512 transcripts (35.7%) with MapMan BINs of known function, after running the Mercator web tool and using the BINs previously assigned to TAGI database and Brachypodium and rice genomes. Using these BINs, the DE transcripts were classified into 34 categories (Table 2), while 307, 319, and 146 transcripts differentially expressed, respectively, with EC, HT, and EC × HT were assigned to BIN 35 “no ontology/unknown”. The results using the MapMan categories highlight that only a small proportion of genes related to primary and secondary metabolisms were up or downregulated (Table 2). Most of the genes that were DE belonged to categories such as stress, RNA and DNA metabolisms, miscellaneous enzyme families, protein and signaling. While several genes were upregulated under EC or the interaction EC × HT relative to control treatment, most of them were downregulated under HT.


Table 2 | Analysis of the differentially expressed (DE) transcripts based on the functional MapMan categories.





Biological Insight Into Metabolic Pathways of the Differentially Expressed Transcripts

The MapMan BINs assigned to the transcripts allowed displaying gene expression results onto biological pathways using the MapMan application (Figures 4–6, Supplementary Figure 4). An overview of plant metabolism showed that EC increased the expression of several genes related to photosynthesis and carbohydrate metabolism relative to control treatment: two genes of light-harvesting complex II, CP12 (Calvin-Benson cycle), Mg protoporphyrin IX methyltransferase (tetrapyrrole synthesis), sucrose:fructan 6-fructosyltransferase (fructan synthesis), a vacuolar invertase, and a gene of raffinose synthase family protein (Figure 4, Supplementary Figure 4, Supplementary Table 4). However, seven genes from light harvesting (e.g. two photosystem II polypeptide subunits and several protein kinases) and three from minor carbohydrate metabolism (two involved in callose synthesis and one galactose mutarotase) were downregulated. EC also downregulated two genes of the cytosolic glyceraldehyde-3-phosphate dehydrogenase, involved in glycolysis pathway. EC strongly induced five of the six DE genes of mitochondrial electron transport (three cytochrome c oxidases and two ATP synthases). Although a gene involved in proline biosynthesis was upregulated, chiefly N metabolism was repressed by EC, as indicated by the downregulation of glutamate synthase, a gene of methionine synthesis, and four genes of the synthesis of aromatic amino acids (chorismate and tryptophan), and by the upregulation of one involved in the degradation of threonine. Most of the genes belonging to secondary metabolism were upregulated, including those involved in isoprenoid (e.g. carotenoids), phenylpropanoid (lignin), alkaloid, sulfur (glucosinolates), and flavonoid pathways. As for other plant functions, EC modified gene expression for hormone metabolism, inducing those related to gibberellins (DELLA protein) and jasmonates (12-oxophytodienoic acid reductase), and repressing those related to auxins, brassinosteroids, and ethylene (Supplementary Table 4). Eight of 11 genes related to RNA processing and transcription were downregulated, while the expression of 21 TFs from very diverse families was modified. Moreover, EC affected the expression of 46 genes involved in protein synthesis (mainly ribosomal proteins), posttranslational modification, and degradation (e.g. cysteine and serine proteases and ubiquitin). Regarding signaling functions, EC strongly reduced the transcript abundance of 53 out of 56 DE genes, including many receptor kinases (mainly leucine-rich repeat protein kinase family, DUF26 family of cysteine-rich receptor-like kinases, and cell wall–associated kinases) and other genes with unspecified functions. Transcript changes associated with transport revealed that, in general, EC induced the expression of transporters for amino acids (permease family protein), sulfate (transmembrane transporter), potassium (calcium-activated potassium channel), and peptides (proton-dependent oligopeptide transporters), as well as aquaporins (subfamily PIP) (Supplementary Table 4). EC repressed the expression of two porin genes and a plasma membrane ATP synthase, and modified the expression of genes encoding for several ABC and mitochondrial membrane transporters. Eighty-nine DE genes under EC were identified as stress-responsive genes, most of them downregulated relative to control treatment and lacking a good annotation. However, at variance with the other growth conditions, 12 stress-responsive genes were upregulated, mainly associated with heath shock proteins. The large enzyme families with more significant changes under EC were cytochrome P450 and oxidases (Supplementary Table 4).




Figure 4 | Significant changes in transcript levels associated with metabolic pathways under elevated [CO2] relative to the treatment under ambient [CO2] and temperature. White indicates no change, blue upregulation, and red downregulation as shown in the color key for a log fold-change scale. The main pathways affected associated with primary and secondary metabolism are highlighted.



Relative to control treatment, HT clearly repressed many metabolic pathways (Figure 5, Supplementary Figure 4). Thus, HT reduced the transcript abundance for genes involved in light reactions (diverse protein kinases associated with state transitions and a photosystem II polypeptide subunit), carbohydrate metabolism (galactose mutarotase and three enzymes involved in callose synthesis), glycolysis (3-phosphoglycerate kinase and two glyceraldehyde-3-phosphate dehydrogenases), mitochondrial electron transport (NADH dehydrogenase), cell wall (cellulose synthase, fasciclin-like arabinogalactan protein, leucine-rich repeat receptor protein kinase, glycoside hydrolase, and xyloglucan endotransglucosylase/hydrolase), lipid metabolism (several genes involved in fatty acid elongation, lipid transfer, and degradation), N and amino acid metabolisms (glutamate synthase and seven genes involved in the synthesis of methionine, chorismate, and tryptophan), and the glutathione–ascorbate cycle (Figure 5, Supplementary Table 4). Additionally, HT also repressed genes for secondary metabolism (related to non-mevalonate pathway, terpenoids, lignin, and other phenylpropanoids, alkaloids, glucosinolates, and flavonoids), a carbonic anhydrase, and an iron–sulfur enzyme related to NAD biosynthesis (quinolinate synthetase); and unexpectedly upregulated gene expression for ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco) large subunit and for Rubisco activase. All genes from hormone metabolism were also repressed by HT, such as those associated with abscisic acid, brassinosteroids, ethylene, gibberelins, and jasmonates. A total of 29 genes associated with RNA processing, transcription, binding, and regulation of transcription were downregulated, including TFs of the NAC, MYB, and WRKY families, auxin response factor, Constans-like zinc finger, and argonaute proteins, among others. Moreover, many genes involved in other regulation processes were downregulated, such as those related to DNA metabolism (DNA synthesis/chromatin structure and others with unspecified function), protein synthesis, posttranslational modification and degradation (similar to those altered under EC, but here all were downregulated), and signaling (leucine-rich repeat protein kinase family, DUF26 family of cysteine-rich receptor-like kinases, cell wall-associated kinases, LRK10 receptor-like protein kinases, and others associated with 14-3-3 proteins, phosphinositides, and light) (Supplementary Table 4). In transport category, we observed that HT repressed the expression of transporters for sugars (zinc induced facilitator), nitrate and ammonium (high affinity transporter members), peptides (proton-dependent oligopeptide transporters), as well as a plasma membrane ATP synthase, a cation efflux family protein, an ABC transporter, two porins, a cyclic nucleotide-gated ion channel, a mitochondrial substrate carrier family protein, and an aquaporin of TIP subfamily. Eighty-one DE genes corresponded to stress-responsive genes, all downregulated under HT relative to control treatment (Supplementary Table 4). Regarding changes in large enzyme families under HT, we highlight the downregulation of several members of cytochrome P450, UDP glucosyltransferases, oxidases, glutathione S-transferases, and GDSL-lipases, among others (Supplementary Table 4).




Figure 5 | Significant changes in transcript levels associated with metabolic pathways under high temperature relative to the treatment under ambient [CO2] and temperature. White indicates no change, blue upregulation, and red downregulation as shown in the color key for a log fold-change scale. The main pathways affected associated with primary and secondary metabolism are highlighted.



For the combined effects of EC and HT on gene expression, we observed lower number of total DE genes than under EC or HT (Figure 3C). EC × HT relative to control treatment decreased the expression of genes for light reactions (two photosystem II polypeptide subunits and some protein kinases associated with state transitions), minor carbohydrate metabolism (galactose mutarotase and two enzymes involved in callose synthesis), glycolysis (two glyceraldehyde 3-phosphate dehydrogenases), mitochondrial electron transport (NADPH:quinone oxidoreductase type 2), lipid degradation (glycerophosphodiester phosphodiesterase), amino acid metabolism (synthesis of chorismate and tryptophan), and secondary metabolism (related to terpenoids, phenylpropanoids, and synthesis of glucosinolates) (Figure 6, Supplementary Figure 4, Supplementary Table 4). In contrast, EC × HT upregulated the gene for sucrose:fructan 6-fructosyltransferase (fructan synthesis), aldose reductase (minor carbohydrate metabolism), xyloglucan endotransglucosylase (cell wall), fatty alcohol oxidase (lipid degradation), and another gene related to the degradation of glucosinolates. In the hormone metabolism, EC × HT only repressed two genes involved in the brassinosteroid signal transduction. The expression of genes for RNA metabolism were modified, with a general downregulation of those related to RNA transcription, binding, some TFs (basic helix-loop-helix and MYB families), an argonaute protein, and a DNA methyltransferases, while other TFs were upregulated (MADS box, MYB, and NAC families) (Supplementary Table 4). A few genes with unspecified function were downregulated in DNA metabolism, although some exonucleases and a helicase-like protein were overexpressed. Similar gene families related to protein synthesis, posttranslational modification and degradation, and signaling processes were downregulated under EC × HT relative to control as compared with HT, although the quantity was significantly lower. The transcript abundance of several transporters at the mitochondrial membrane and ABC transporters were altered (up and downregulated) under EC × HT, while those related with the transport of amino acids (amino acid–polyamine transporter), unspecified cations (organic cation/carnitine transporter), potassium (potassium ion transmembrane transporter), a plasma membrane ATP synthase, and a porin were downregulated. A total of 44 stress-responsive genes were downregulated, whereas a few genes of large enzyme families were modified by EC × HT: repression of two genes of cytochrome P450, three oxidases, and one alcohol dehydrogenase, and induction of two cytochrome P450 and two GDSL-lipases (Supplementary Table 4)




Figure 6 | Significant changes in transcript levels associated with metabolic pathways under the combination of elevated [CO2] and high temperature relative to the treatment under ambient [CO2] and temperature. White indicates no change, blue upregulation, and red downregulation as shown in the color key for a log fold-change scale. The main pathways affected associated with primary and secondary metabolism are highlighted.





Functional Enrichment Analysis Using Gene Ontology Terms

To complement functional categories based on MapMan annotations, we evaluated the GO terms associated with the DE genes. A total of 387, 376, and 213 GO terms were related to durum wheat responses to EC, HT, and the EC × HT interaction, respectively (Supplementary Table 4). Attending to the GO terms with the highest occurrence under the different environmental growth conditions, we found that the top five high frequency GO terms for molecular function, cellular component, and biological process were nearly the same for EC, HT, and EC × HT relative to control treatment. These GO terms were transferase activity, nucleotide binding, metal ion binding, oxidoreductase activity, and ATP binding for “molecular function”; cell, membrane, cytoplasm, integral component of membrane, and plasma membrane for “cellular component”; and cellular metabolic process, oxidation–reduction process, transmembrane transport, transcription, and regulation of transcription for “biological process.” Therefore, the main differences between the growth conditions were found in many GO terms with low frequency (Supplementary Table 5).




Discussion


Elevated CO2 Enhances Photosynthesis and Shoot Biomass and Leads to Changes in Central C-N Metabolism That Are Accompanied by Marked Changes in the Expression of Genes Involved in Photosynthesis, Amino Acid Metabolism, and Respiration

Photosynthesis has long been recognized as sensitive to environmental conditions. In our study, the exposure to EC enhanced flag leaf photosynthesis in good agreement with the well-documented stimulation of CO2 assimilation rate in response to CO2 enrichment in C3 plants (Long et al., 2004; Ainsworth and Rogers, 2007). Other widely observed response of plants to EC was a decrease in stomatal conductance (gs) (Long et al., 2004). In FACE experiments, the lower gs at EC did not appear to be caused by a significant change in stomatal density (Estiarte et al., 1994). Therefore, it is likely that changes in stomatal aperture rather than density determine the response of gs to EC (Ainsworth and Rogers, 2007). Gene expression analysis showed an increase in transcript abundance for genes annotated as S-type anion channel SLAH3 (SLAC1 homologue 3) and calcium-activated potassium channel, which are components of the guard cell signaling network for stomatal closure in response to CO2 (Laanemets et al., 2013) and could contribute to the gs decrease. The greater shoot biomass accumulation was consistent with the increased photosynthetic rate at EC, as we have previously reported (Aranjuelo et al., 2011; Vicente et al., 2015a). Higher fructan and starch contents were also found in the flag leaves, which may be indicative of a sink limitation (Ainsworth et al., 2004). The fructan accumulation was associated with the induction of fructosyltransferases, as reported in rice (Fukayama et al., 2011) and wheat (Vicente et al., 2015a). The increase in photosynthesis caused by EC results in an increase in carbohydrate production, which may alter the C/N balance of wheat plants. Indeed, EC led to a decrease in the shoot N, on a weight and whole-organ basis, as well as the leaf N on a weight basis, suggesting that the plant N content of wheat plants decreased at EC (Taub and Wang, 2008; Aranjuelo et al., 2011), especially in leaf tissues (Seneweera et al., 2011; Gutiérrez et al., 2013; Vicente et al., 2015a). This decrease in N content could be associated with a limitation in N uptake or any other mechanism (del Pozo et al., 2007; Taub and Wang, 2008). Additionally, flag leaf NR activity was significantly decreased by EC. These results reflect that EC directly restrict leaf nitrate reduction, in agreement with other published works with wheat (Bloom et al., 2002; Bloom et al., 2010; Vicente et al., 2015a). However, higher (Vicente et al., 2016) or unaltered (Dier et al., 2017; Torralbo et al., 2019) NR activity in EC has been found. The decline with EC of foliar levels of most organic N compounds, such as Rubisco, amino acids, and soluble proteins, resembles previous findings (Bloom et al., 2002; Pérez et al., 2005; del Pozo et al., 2007; Gutiérrez et al., 2009a; Vicente et al., 2015a) and is consistent with an inhibition of N assimilation (Bloom et al., 2010). The fact that EC repressed the gene encoding glutamate synthase and genes linked to methionine and aromatic amino acid synthesis adds further support to a limitation in the assimilation of inorganic N into amino acids. A decline in foliar glutamine content, along with the increase in sucrose, could contribute to increase NR activation (Scheible et al., 1997; Morcuende et al., 1998). Interestingly, the approximately six-fold stronger induction of the proline synthesis enzyme delta-1-pyrroline-5-carboxylate synthetase by EC could lead to the accumulation of proline, which acts as a compatible osmolyte, protective agent for membranes and enzymes, scavenger of radicals, and/or transient storage form of organic N (Aswani et al., 2019).

The decrease in Rubisco amount, both in absolute terms and as a percentage of total soluble protein, could account for the lower Rubisco activity found in EC (Pérez et al., 2005), even though transcript levels for Rubisco large and small subunits were not altered. These findings indicate that gene transcription was not the only regulator of the enzyme. The maintenance of transcript abundance for Rubisco is consistent with our prior study in field-grown spring wheat at ear emergence (Pérez et al., 2005) and differs from the lower transcript levels found in durum wheat at anthesis (Vicente et al., 2015a), bread wheat (Nie et al., 1995), and rice (Fukayama et al., 2011; Seneweera et al., 2011). It therefore seems unlikely that sugar-mediated repression of Rubisco gene expression plays a dominant role in the loss in Rubisco protein found in our study (Moore et al., 1999), which presumably might be linked to a decrease in the leaf N status (Nakano et al., 1997; Pérez et al., 2005). The decrease in leaf glucose content could alleviate a possible carbohydrate repression of Rubisco gene expression (Moore et al., 1999). Although the foliar level of N compounds was lower under EC, the leaf chl content was not consistently decreased, possibly due to the increased transcripts for magnesium protoporphyrin IX methyltransferase (Alawady and Grimm, 2005). Likewise, two genes encoding light-harvesting complex (LHCII) were induced, whereas a set of genes encoding proteins involved in photosynthetic electron transport, including that encoding the photosystem II PsbR protein, were repressed (Vicente et al., 2015a), which may restrict the photosystem II functioning. Hence, it is tempting to speculate that a preferential decline of the photosystem proteins might be associated with a photo-oxidative damage, promoting proline accumulation to achieve redox homeostasis and counterbalance the adverse effect of the formation of reactive oxygen species (ROS).

In spite of the repression of a couple of genes encoding the glycolytic enzyme cytosolic glyceraldehyde-3-phosphate dehydrogenase (Vicente et al., 2015a; Vicente et al., 2016), dark respiration rates can be enhanced (Leakey et al., 2009; Markelz et al., 2014) owing to the carbohydrate buildup at EC. This is in line with the observation that genes encoding proteins linked to mitochondrial electron transport chain and transport on the mitochondrial membrane were strongly induced. These included different subunits of the cytochrome c oxidase and mitochondrial ATPase, along with a dicarboxylate transporter. Therefore, our observations are consistent with an enhancement in the leaf respiratory rates to provide C skeletons, energy, and reducing power for N assimilation and other metabolic pathways to ensure maintenance of plant metabolism and growth. Further research is needed to measure dark respiration rate and its relation with the respiratory enzyme activities and the level of primary metabolites.



Elevated CO2 Also Leads to Widespread Changes in the Expression of Genes for Secondary Metabolism, Hormones, and Transcriptional Regulators

CO2 enrichment increased transcript levels for several genes linked to phenylpropanoid and isoprenoid biosynthetic pathways, e.g., a gene encoding 4-cuomarate CoA ligase 2 (4CL2), a key enzyme that provides the precursors for the synthesis of a large variety of secondary compounds, such as lignin, flavonoids, or phytoalexins (Stuible et al., 2000). Moreover, EC led to a decrease in transcript abundance for a cellulose synthase-like A protein that polymerizes the 1,4-β–linked backbone of mannans and glucomannans (Liepman and Cavalier, 2012), while increasing transcripts for a gene encoding an expansin-like A1 enzyme. This mediates the cell wall loosening that may contribute to cell wall expansion (Marowa et al., 2016). These data add support to the fact that the cell wall remodeling is vital for plant growth and leaf expansion at EC. Likewise, lignin accumulation may enhance the cell wall mechanical strength and protect against abiotic and biotic stresses (Liu et al., 2018). A large accumulation of secondary metabolites, including phenylpropanoids, alkaloids, glucosinolates, etc., has also been observed in plants exposed to elevated CO2 (Ghasemzadeh et al., 2010; Klaiber et al., 2013). Similarly, our data at transcriptional level resemble previous work with nitrate deficient tobacco plants that showed a marked decrease in the aromatic amino acid content, together with the induction of genes for secondary metabolism, the accumulation of products of the phenylpropanoid pathway, and the lignification of the stem (Fritz et al., 2006). Overall, the results point to a shift away from N-rich compounds towards increased levels of C-rich metabolites by regulating the distribution of photosynthetic C and assimilation of N to aromatic amino acids and phenylpropanoid biosynthesis, along with the closely related lignin synthesis (Cong et al., 2013). Our finding provides evidence that the impairment of primary metabolism induced by EC may have marked consequences for secondary metabolism, as reported previously in other plant species (Ainsworth et al., 2006).

EC also increased transcripts for a gene encoding a member of DELLA proteins, which promote the expression of downstream negative components of the gibberellin-signaling pathway providing a direct feedback mechanism for regulating gibberellin homeostasis (Zentella et al., 2007). This phytohormone mainly regulates cell elongation as well as other events as flowering and pollen maturation (Davière and Achard, 2013). The upregulation of genes encoding members of the 12-oxo-phytodienoic acid reductase protein family suggests an induction of jasmonic acid synthesis, at variance with the repression found in other studies (Zavala et al., 2008). Genes linked to auxin and ethylene metabolism were repressed (Zavala et al., 2008; Córdoba et al., 2017), as well as others related to brassinosteroids, although an induction has been reported by Jiang et al. (2012). Taken together, these results indicate a complex regulatory hormone metabolism towards growth modulation and adaptation to EC.

In agreement with previous findings by Ainsworth et al. (2006), the gene expression for members of different TF families was found to be influenced by EC, including bHLH, DOF, GATA, NAC, MADS-box, Homeobox, and WRKY, most of them being upregulated. It has recently been reported that WRKY family specifically responded to N deficiency in durum wheat (Curci et al., 2017), suggesting that it might contribute to N stress tolerance. Therefore, we might hypothesize that the transcriptional response of those TFs at EC could be associated to a decrease in the leaf N status.

Interestingly, EC increased transcripts for a set of genes encoding heat shock proteins, mainly HSP70, which act as molecular chaperones protecting proteins from aggregation, contributing to maintenance of protein homeostasis, translocation, and degradation (Wang et al., 2004). This result suggests that EC presumably promotes protein turnover, concurrent with the induction of several genes assigned to protein synthesis/degradation, and posttranslational modifications. Heat shock proteins have also been implicated in regulation of oxidative stress (Wang et al., 2004). In line with this observation, several genes encoding proteins involved in ROS detoxification and protection from oxidative damage were upregulated, as glutathione-S-transferase and β-carotene hydroxylase (You and Chan, 2015). A few orthologues to cytochrome P450 family, which catalyze the oxidation of different compounds in plants and are major players in detoxification of pesticides and other pollutants (Morant et al., 2003), were also upregulated. It is important to highlight that developmental processes are tightly regulated by redox states (Foyer and Noctor, 2011). The proline accumulation could also be related with the control of redox balance, as mentioned above. These findings provide evidence of the activation of a complex network for maintaining redox homeostasis.

Additionally, the transcript levels for several ABC transporters, which are involved in transport of phytohormones, peptides, sugars, alkaloids, inorganic acids, lipids, etc. (Kang et al., 2011), were increased. The upregulation of a gene encoding for oligopeptide transporter adds further support to the suggestion that protein turnover might occur in the flag leaf with subsequent transportation of N containing compounds, such as peptides. Consistent with this observation and the previous one, our data indicate that protein degradation in leaves is catalyzed by proteases through the proteasome ubiquitin system (Kurepa and Smalle, 2008). EC increased transcripts for a gene encoding a member of the UDP glucosyltransferase protein family. These mediate the transfer of sugars to a wide range of acceptor molecules, thus regulating certain properties such as their bioactivity, solubility, and transport within the cell and throughout the organism (Ross et al., 2001). A gene encoding a sulfate transporter was also induced. Taken together, these results reflect there were changes in cellular transport for maintenance of plant cellular homeostasis and growth in response to EC.

Finally, most of genes annotated as biotic or abiotic stress–related genes were strongly downregulated by EC. It may therefore be inferred that these plants were not subjected to significant stress conditions, in agreement with previous work of ourselves in barley (Córdoba et al., 2017) and of others in sugarcane (De Souza et al., 2008). A similar pattern of changes was also found in the expression of genes related to cellular functions as DNA synthesis and signaling (receptor kinases, sugar, and nutrients), in contrast with previous works (Ainsworth et al., 2006; Córdoba et al., 2017).



High Temperatures Do Not Affect Photosynthesis and Nitrate Reductase Activity, But Decrease the Starch Content and Transcript Levels for Primary and Secondary Metabolism-Related Genes as Well as Those Required for Other Cellular Processes

In our experiment with durum wheat, 4 °C higher than AT did not inhibit photosynthesis, in agreement with our earlier reports in spring (Gutiérrez et al., 2009a) and durum wheat at later growth stages (Vicente et al., 2015a), and consequently had no significant impact on shoot biomass. However, the Rubisco protein content and the activity of the enzyme were decreased (Vu et al., 1997; Pérez et al., 2005), whereas the transcript levels for the Rubisco large subunit were increased. This result differs from the lower transcripts found not only for the Rubisco large subunit (Vicente et al., 2015a), but also for the small subunit in wheat (Pérez et al., 2005; Vicente et al., 2015a) and soybean (Vu et al., 1997). Interestingly, HT increased transcripts for a gene encoding a Rubisco activase, in spite of the usual decrease in Rubisco activation state in many plant species (Salvucci and Crafts-Brandner, 2004). This increase in our experiment could contribute to the maintenance of the Rubisco activation state. Furthermore, HT led to a decline in the starch and fructan contents that was accompanied by an increase in glucose, which may originate from the degradation of the former. These data presumably reflect the stimulation of C mobilization into multiple metabolic pathways and/or other organs for growth rate adjustment at higher temperatures.

Furthermore, there was a decreasing trend in NR activity at HT that was accompanied by similar changes in leaf and shoot N, on a weight and whole-organ basis, whereas the amino acid content remained unaltered and the transcript levels for several amino acid metabolism and nitrate and ammonium transporter genes were decreased. These findings show that HT does not restrict nitrate reduction and further amino acid biosynthesis at ear emergence, in contrast with the decrease reported at later growth stages (Vicente et al., 2015a). The fact that the leaf glucose content increased with HT could contribute to the maintenance of NR activity (Morcuende et al., 1998). Along with these changes, HT led to a general decline of transcripts involved in photosynthesis, cell wall synthesis, C metabolism, glycolysis, TCA cycle, and respiration, in agreement with our previous work (Vicente et al., 2015a). Such decrease was also observed in genes related to secondary metabolism, in contrast to the upregulation found at EC, reflecting a shift away from C-rich secondary metabolites as a mechanism to adjust C requirements according to cellular needs at HT.

Intriguingly, the majority of genes potentially involved in regulation, as those for hormone metabolism, protein kinases and phosphatases, receptor kinases, TFs, etc., were repressed (Bita and Gerats, 2013). The repression of genes involved in cell growth found in our experiments, such as histones and DNA polymerases, has also been reported in other studies (Sakata and Higashitani, 2008). It is worth nothing that moderately warm temperatures can trigger ROS generation and induce oxidative stress responses. Several studies have shown that moderate oxidative stress downregulates the expression of various genes including TFs (Morel and Barouki, 1999). Overall, the results presented here at the transcriptional level suggest that prolonged exposure to moderately warm temperatures have little effect on gene expression as compared to short-term heat stress. Further studies are required to assess the effects of extreme temperature events, rather than a continuous 4°C temperature increase, on photosynthesis, N content, biomass, and gene expression.



The Transcriptional Response Induced by Elevated CO2 Combined With High Temperature Resembles That Reported for High Temperature Alone, Although It Was Partially Alleviated by Elevated CO2

In our study, wheat plants grown in EC and HT compared to those grown in AC and AT showed quite similar patterns of physiological and biochemical changes to plants exposed to EC as outlined above. Briefly, combined environmental factors led to a decrease in NR activity that was accompanied by a decline in leaf organic N compounds, including Rubisco protein, chl, and amino acids, whereas fructan content was increased in association with the upregulation of a gene encoding sucrose:fructan 6-fructosyltransferase, as in our prior study (Vicente et al., 2015a). The downregulation of genes linked to the shikimate pathway for the aromatic amino acids synthesis resembles previous findings in rice grown under low N (Xin et al., 2019) and is consistent with an inhibition of N assimilation and a decline in leaf N status.

Despite the repression of several genes involved in photosynthesis, C metabolism, glycolysis, and respiration under combined elevation of the factors studied, only a gene linked to phenylpropanoid and another linked to isoprenoid biosynthetic pathways were repressed, suggesting that possibly secondary metabolism is less sensitive to the effects of combined than separate elevation of these factors. Hence, it is possible that a proportion of excess C was diverted into secondary metabolism under HT and EC compared to HT alone. In addition, the transcript levels for a gene involved in glucosinolate degradation were increased. It is tempting to speculate that plants may catabolize glucosinolates to use the released sulfur to assist primary metabolism, such as protein synthesis in the leaf, allowing a readjustment to adverse conditions. Moreover, a gene encoding xyloglucan endotransglucosylase was induced, contrary to the repression observed at HT alone, which may contribute to cell wall loosening and elongation and the deposition of cellulose under combined factor elevation (Liu et al., 2007). Interestingly, most of the genes related to hormone metabolism remained unaltered compared to HT alone, except for the downregulation of two specific genes encoding brassinosteroids signaling proteins. This fact suggests that the hormonal response is translated into organ growth control (Wolters and Jurgens, 2009). Overall, the transcriptional response of plants to combined EC × HT was similar to, but weaker than, that reported for HT alone, indicating that it was partly attenuated by EC.




Conclusions

The increasing threat of global warming on agricultural production worldwide requires dissecting the mechanisms that regulate plant responses not only to EC or HT, but also to the interaction of both factors, in order to develop stress-tolerant crops. The transcriptome sequencing is a powerful tool for the identification of relevant metabolic processes and underlying molecular mechanisms in the response of durum wheat to climate change. Confirming the hypothesis of the present study, the use of an integrated approach combining physiological and biochemical traits along with the transcriptome response has reported evidences that the inhibition of N assimilation triggered by EC led to a C/N imbalance in the flag leaf that was accompanied by an induction of secondary metabolism as a mechanism to divert excess C from central metabolism. The reprograming of the mitochondrial electron transport pathway was consistent with increased coupling of respiration to ATP production. It also provides novel information with respect to genes involved in the activation of cell expansion and growth, maintenance of protein homeostasis, and ROS detoxification and protection from oxidative damage in response to EC. In turn, the repression of genes associated to secondary metabolism driven by HT point to a shift away from C-rich secondary metabolites as a mechanism to adjust C requirements for growth under such environmental cue. The biochemical and transcriptional response under combined EC × HT provides new insights into the complex coordination of central metabolism with other secondary metabolic pathways involving plant hormones, transcriptional regulators, etc., in plant acclimation. These findings support that the combination of environmental factors imposes a specific metabolic demand compared to EC or HT alone, demonstrating the ability of plants to respond to complex environmental conditions that may occur under field conditions. This study has identified a comprehensive set of genes involved in modulation of durum wheat responses to future climate change.
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Peanut (Arachis hypogaea L.) is a globally important oil crop, which often experiences poor growth and seedling necrosis under low nocturnal temperatures (LNT). This study assessed the effects of supplementary calcium (Ca2+) and a calmodulin inhibitor on peanut growth and photosynthetic characteristics of plants exposed to LNT, followed by recovery at a higher temperature. We monitored key growth and photosynthetic parameters in a climate-controlled chamber in pots containing soil. LNT reduced peanut growth and dry matter accumulation, enhanced leaf nonstructural carbohydrates concentrations and non-photochemical quenching, decreased the electron transport rate, increased the transmembrane proton gradient, and decreased gas exchange rates. In peanuts subjected to LNT, foliar application of Ca2+ restored growth, dry matter production and leaf photosynthetic capacity. In particular, the foliar Ca2+ application restored temperature-dependent photosynthesis feedback inhibition due to improved growth/sink demand. Foliar sprays of a calmodulin inhibitor further deteriorated the effects of LNT which validated the protective role of Ca2+ in facilitating LNT tolerance of peanuts.
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Introduction

Arachis hypogaea L. (peanut or groundnut), originally from tropical South America (Bolivia and adjoining countries), is primarily grown in tropical and subtropical agro-climatic areas of Asia, Africa, Oceania, and the Americas. It is an important oil crop globally, providing the main source of edible oil and protein in many developing countries (Prasad et al., 2003; Bertioli et al., 2016). Low-temperature stress, particularly low nocturnal temperature (LNT), is a major limiting factor curtailing productivity and limiting the cultivation distribution of peanuts (Wan, 2003). Tropical and subtropical plants are generally sensitive to chilling stress due to a lack of cold acclimation (Zhu et al., 2007; Liu et al., 2013; Hajihashemi et al., 2018). Low-temperature stress often negatively influences plant growth, development and photosynthetic carbon assimilation, especially during early growth. Low-temperature stress significantly reduced leaf area in rice (Zhou et al., 2018), maize (Wang et al., 2018), sunflower, sorghum (Tardieu et al., 1999) and Chinese crab apple seedlings (Li et al., 2017) and inhibited root growth and dry matter accumulation in maize (Mozafar and Oertli, 1990; Wang et al., 2018). In addition, low-temperature stress reduced the tillering rate and leaf expansion in rice (Huang et al., 2013; Liu et al., 2018) and induced rice spikelet sterility (Haque, 1988). The frequent and intense extreme climate environments of LNT stress followed by warm sunny days are common in temperate peanut-cultivating regions globally, particularly in north China (Wan, 2003). Peanut often experiences poor growth and seedling necrosis under LNT stress, which severely reduces peanut yield and seed quality (Bagnall et al., 1988; Wan, 2003; Liu et al., 2013).

Plants of tropical or subtropical origin are often susceptible to suboptimal, but non-freezing (chilling) temperature environments (Bauer et al., 1985; Damian and Donald, 2001; Zhu et al., 2007; Liu et al., 2013). LNT stress significantly reduces leaf growth and Chl a and Chl b concentrations in grapevine, which has a negative impact on photosynthesis (Bertamini et al., 2005). Photosynthesis is very sensitive to LNT stress (Allen et al., 2000; Yu et al., 2002; Zhang et al., 2014; Hajihashemi et al., 2018). LNT stress inhibits carbon fixation reactions and photosystem II (PSII) repair by suppressing de novo synthesis of the D1 protein and photoreaction center activity (Allakhverdiev and Murata, 2004; Murata et al., 2007; Liu et al., 2012). Temperature changes have a strong impact on photosynthetic reactions. When air temperature declined by 10°C, the activity of enzymes associated with carbon assimilation reduced by 50% (Yamori, 2016). The reduced consumption of NADPH results in the subsequent accumulation of reductants downstream of photosystem I (PSI) (Donald et al., 1996; Yamori and Shikanai, 2016). Furthermore, both PSI and PSII accelerate the production of reactive oxygen species under excess excitation energy which causes photoinhibition (Asada, 2006). Plants have a highly responsive regulatory system to prevent photodamage when subjected to chilling stress (Yamori, 2016). In addition to harnessing a non-photochemical quenching (NPQ) mechanism, which serves to dissipate excess excitation energy accumulated in PSII without causing adverse effects; cyclic electron flow (CEF) is another major photoprotection mechanism (Bukhov et al., 1999; Zhang et al., 2014).

Calcium, an essential element for plants, serves not only as a structural component in plant cells but also as a key signaling molecule involved in multiple signal-transduction pathways in its ionic form Ca2+ (White and Broadley, 2003; Tian et al., 2019). In particular, calcium has well-documented roles in mediating plant responses to abiotic and biotic stimuli (Cachorro et al., 1994; Skórzyńska-Polit et al., 1998; White and Broadley, 2003; Ding et al., 2018; He et al., 2018; Naeem et al., 2018; Patrick et al., 2018). Low-temperature stress often leads to an increase in free Ca2+ in plants, followed by cold-induced protein phosphorylation and the accumulation of the cold acclimation-specific genes that improve the adaptation of plants to cold stress (Monroy and Dhindsa, 1995). In addition, exogenous calcium improves the cold tolerance of plants through two ways: one is the maintenance of the cell membrane and cell wall structure, and an enhanced activity of protective enzymes; the other is the transfer of low-temperature signals which induce the expression of cold-tolerance genes (White and Broadley, 2003; Li et al., 2017). In response to chilling stress, the pre-treatment of exogenous Ca2+ significantly improved the physiological response including growth and photosynthesis in low-temperature sensitive plant species such as peanut (Liu et al., 2013), wheat (You et al., 2002), Chinese crab apple (Li et al., 2017) and tomato (Zhang et al., 2014). It is generally believed that plant cell wall, mitochondria and chloroplasts have enormous capacity to store Ca2+ (Hepler, 2005; Chen et al., 2015); moderate Ca2+ concentrations can sustain cell wall growth and membrane integrity as well as osmotic functioning (Poovaiah and Leopold, 1973; Hepler, 2005; Qu et al., 2012); mitochondrial NADH dehydrogenase activity is regulated by Ca2+ (Anderson and Cormier, 1978; Møller et al., 1981); furthermore, the Ca2+/calmodulin is involved in the regulation of NAD kinase and photosynthesis (Jarrett et al., 1982; Rocha and Vothknecht, 2012). In our previous study, exogenous Ca2+ enhanced peanut photosynthate production under LNT stress (Liu et al., 2013); however, its underlying physiological mechanisms are largely unknown. Therefore, this study examined the effects of exogenous Ca2+ and a calmodulin inhibitor, trifluoperazine (TFP, which have been extensively used to demonstrate calmodulin-mediated plant growth response), on the growth and photosynthetic function of peanut exposed to LNT and the following recovery from LNT stress.



Materials and Methods


Plant Material and Experimental Design

Fenghua 1, the common high-yielding peanut cultivar in China, was used in this study. Uniform seeds of peanut were pre-germinated in a Petri dish for one day at 27°C and then planted in 32-cavity trays for 7 days before selecting 72 uniform peanut seedlings for transplantation into 72 pots (200 mm height, 260 mm diameter) filled with 4 kg of standard horticultural nutrient substrate (Changchun Xihe Agro-technology co. Ltd, Jilin, China). The pots were then placed in an artificial climate chamber (Conviron, Winnipeg, Canada), with a daytime temperature of 25°C and nocturnal temperature of 20°C at a relative humidity (RH) of 60 ± 5%. All plants received a 12 h daytime photoperiod at a photosynthetic photon flux density (PPFD) of 600 μmol quanta·m–2·s–1 and a CO2 concentration of 400 ± 5 μmol·mol–1. After 3 days of acclimation, the pots were divided equally into four treatment groups: (1) CK (normal nocturnal temperature of 20°C/normal daytime temperature of 25°C + foliar spray of type 1 ultrapure water), (2) LNT (LNT of 10°C/normal daytime temperature of 25°C + foliar spray of type 1 ultrapure water), (3) LNT + Ca (LNT of 10°C/normal daytime temperature of 25°C + foliar spray of 15 mmol·L–1 CaCl2) and (4) LNT + TFP (LNT of 10°C/normal daytime temperature of 25°C + foliar spray of 5 mmol·L–1 TFP). CK was defined as the normal temperature control group at normal nocturnal temperature (20°C), while the other groups were subjected to LNT (10°C) stress for 5 days (5 DoT, days of LNT treatment). After 5 days of LNT stress, the peanut seedlings from (2), (3), and (4) treatment groups mentioned above were recovered for another 5 days (5 DoR, days of normal temperature recovery) at a normal nocturnal temperature of 20°C and a normal daytime temperature of 25°C to simulate the common cold wave with LNT attack and recession in peanut production.

The optimal levels of exogenous Ca2+ (15 mmol·L–1 CaCl2) and TFP (5 mmol·L–1 TFP), a calmodulin (CaM) inhibitor which disrupts the binding between Ca2+/calmodulin and effector proteins, as well as the application technique, were established in a previous experiment (Liu et al., 2013). Leaves were sprayed carefully and evenly using moisture sprayers 3 days before the LNT stress (twice a day for 3 days). The LNT treatments were subjected to 12 h (from 18:00 to 6:00 h) LNT treatments at 10°C by transferring the peanut seedlings to an artificial climate chamber (Conviron, Winnipeg, Canada).



Plant Sampling and Measurements

Three peanut seedlings per treatment were sampled twice—after 5 days of LNT treatment (5 DoT, days of LNT treatment) and after another 5 days of recovery from LNT stress (5 DoR, days of normal temperature recovery) for the measurement of leaf area and photosynthetic pigments. Leaf area was measured using an LI-3000C (LI-COR Biosciences, Lincoln NE, USA). Chlorophyll a, chlorophyll b and carotenoid concentrations of the third youngest fully expanded leaves were determined using the spectrophotometer method (Lichtenthaler, 1987). Another six peanut seedlings from each treatment were sampled at 5 DoT and 5 DoR. All samples were oven-dried at 105°C for 30 min and then at 70°C to a constant weight. In addition, oven-dried leaflets from the third youngest fully expanded leaves of six peanut seedlings per treatment were pooled in three biological replicates and ground to a powder, and a total of three biological replicates/pools (six peanut seedlings) were used for carbohydrates measurements. Soluble sugars were extracted from approximately 100 mg of the oven-dried leaf powder with 80% (v/v) ethanol at 85°C and quantified using the microtiter method (Hendrix, 1993). Pellets containing starch were oven-dried overnight at 60°C. Starch in the pellet was first gelatinized by addition of 1 ml of 0.2 mol·l–1 KOH and incubated in a boiling water bath for 30 min (Rufty and Huber, 1983). After cooling, 0.2 ml of 1 mol·l–1 acetic acid was added, and the solution incubated with 2 ml acetate buffer (pH 4.6) containing amyloglucosidase (six units, Roche) at 55°C for 1 h. The reaction was terminated in a boiling water bath, and the resulting supernatant analyzed for glucose.

Leaf gas exchange was measured on the third youngest fully expanded leaves using an open system of gas exchange equipment (GFS-3000, Heinz Walz GmbH, Effeltrich, Germany) at 1, 3, and 5 DoT and 1, 3, and 5 DoR. During gas exchange measurements, the leaf cuvette temperature was set to 25°C and 60% RH. The CO2 concentration was maintained at 400 μmol·mol–1. An LED array provided a PPFD of 600 μmol quanta·m–2·s–1. The third youngest fully expanded leaf was kept in the chamber by ensuring the thermocouple touching it from the underside. Gas exchange parameters included net photosynthetic rate (Pn), stomatal conductance (gs), atmospheric CO2 concentration (Ca), transpiration rate (Tr), intercellular CO2 concentration (Ci), water-use efficiency (WUE = Pn/Tr), and leaf stomatal limitation (Ls = 1 – Ci/Ca).

The software Dual-PAM v1.19 was used to control the Dual-PAM 100 measuring system (Heinz Walz, Effeltrich, Germany) and measure chlorophyll fluorescence and P700 parameters on the third youngest fully expanded leaf (ca. 1 cm2); all steps were carried out in accordance with the standard protocols provided by the manufacturer (Heinz Walz, Effeltrich, Germany) and earlier research (Shi et al., 2019). The fluorescence slow-kinetics were measured after a dark adaptation of 30 min. The intensity of saturation pulse light (red light) and actinic light (red light) were set as 10,000 and 132 μmol quanta·m–2·s–1, respectively. Chlorophyll fluorescence parameters were calculated as follows: Fo and Fm are the minimum and maximum fluorescence yields of the dark-adjusted sample with all PSII center open and closed, respectively. Fo’ and Fm’ are the minimum and maximum fluorescence yield of the illuminated sample with some PSII center open and closed, respectively. F is the fluorescence yields measured briefly before applying a saturation pulse. Fv/Fm = (Fm – Fo)/Fm indicates the maximal/intrinsic photochemical efficiency of PSII (Kitajima and Butler, 1975). Y(II) = (Fmʹ– F)/Fm is the actual quantum yield of PSII (Genty, 1989). Y(NO) = F/Fm is the non-regulated energy loss in PSII. Y(NO) represents the fraction of energy that is dissipated as heat and fluorescence, and high values of Y(NO) reflects the inability of the plant to protect itself against damage by excess excitation (Cailly et al., 1996; Klughammer and Schreiber, 2008). Y(NPQ) = 1 – Y(II) – Y(NO) is the regulatory quantum yield in PSII and represents the fraction of energy dissipated in the form of heat through the regulated photoprotective NPQ mechanism (Kramer et al., 2004). ETR(II) = PAR·Y(II)·0.84·0.5 is the relative electron transfer rate in PSII. PAR (μmol quanta·m–2·s–1) is photosynthetically active radiation (Genty, 1989; Schreiber et al., 1995).

The PSI photosynthetic parameters were measured using a Dual-PAM 100 device based on the P700 signal (absorption differences between 830 and 875 nm). The quantum yields of PSI were determined using the saturation pulse method (Klughammer and Schreiber, 1994). The P700 parameters were calculated as follows: Y(NA) = (Pm – Pmʹ)/Pm is the quantum yield of PSI non-photochemical energy dissipation due to the acceptor-side limitation. Y(ND) = 1 – P700red is the quantum yield of PSI non-photochemical energy dissipation due to the donor-side limitation (Cailly et al., 1996). Y(I) = 1 – Y(NA) – Y(ND) is the actual quantum yield in PSI under light (Klughammer and Schreiber, 1994; Klughammer and Schreiber, 2008). ETR(I) = PAR·Y(I)·0.84·0.5 is the relative electron transfer rate in PSI (Klughammer and Schreiber, 2008). Pm is the maximum oxidation state of PSI under far-red light (720 nm). Pm’ is the maximum oxidation state of PSI under actinic light (420 nm). P700red is the P700 reduction parameter under the light. The CEF was estimated as CEF = ETR(I) – ETR(II). Similarly, Y(CEF)/Y(II) = [Y(I) – Y(II)]/Y(II) was calculated as the ratio of the quantum yield of CEF to Y(II) and later used to estimate cyclic electron transfer (Munekage et al., 2002; Yamori and Shikanai, 2016).

The dual-beam 550 nm to 515 nm difference signal (electrochromic shift) was monitored simultaneously using the P515/535 module of the Dual-PAM 100 (Klughammer and Schreiber, 2008; Zhang et al., 2014). Three independent peanut seedlings per treatment were selected at 5 DoT for the determination of the following indicators. After 1 h of dark acclimation, P515 changes induced by saturating single turnover flashes were recorded to evaluate thylakoid membrane integrity. After 10 min of pre-illumination at 600 μmol quanta·m–2·s–1 and 4 min of dark acclimation, P515 changes induced by saturating single turnover flashes were recorded to evaluate ATP-synthase activity. Slow dark–light–dark induction transients of the 550 to 515 nm signals reflected changes in membrane potential (electrochromic pigment absorbance shift). Actinic light (AL; 600 μmol quanta·m−2·s−1) was turned on at 30 s and off at 330 s.



Statistical Analysis

Statistical analyses were carried out using one-way ANOVA in SPSS 19.0. A total of 72 uniform peanut seedlings were included in this study, which were allocated to four different treatments (i.e. 18 seedlings per treatment). Three out of the 18 peanut seedlings per treatment were used for the non-destructive measurement of leaf gas exchange, chlorophyll fluorescence and P700 parameters. The remaining peanut seedlings per treatment were used for the destructive sampling for peanut seedlings growth observation and photography as well as the measurement of leaf area, biomass accumulation, photosynthetic pigments concentrations, and carbohydrates. The results were presented as mean values and standard error of three biological replicates. Post-hoc LSD tests at P = 0.05 were performed to highlight the differences among the four treatments. The significant differences P-value is indicated as the *(P ≤ 0.05) and **(P ≤ 0.01), respectively, among the treatments.




Results


Effect of Exogenous Calcium (Ca2+) and a Calmodulin Inhibitor (TFP) on Peanut Growth After 5 Days of Low Nocturnal Temperature Stress Followed by 5 Days of Recovery

The LNT treatment significantly inhibited peanut growth, which did not recover after 5 days of recovery (Figure 1). Exogenous Ca2+ application (LNT + Ca) counteracted the LNT stress and benefited the recovery process. The calmodulin inhibitor (LNT + TFP) further reduced peanut growth and biomass when compared with LNT (Figure 1).




Figure 1 | Effect of exogenous calcium (Ca2+) and a calmodulin inhibitor (TFP) on peanut growth after 5 days of low nocturnal temperature (LNT) (5 DoT) followed by 5 days of recovery (5 DoR). CK, normal nocturnal temperature of 20°C/normal daytime temperature of 25°C + foliar spray of type 1 ultrapure water; LNT, low nocturnal temperature of 10°C/normal daytime temperature of 25°C + foliar spray of type 1 ultrapure water; LNT + Ca, low nocturnal temperature of 10°C/normal daytime temperature of 25°C + foliar spray of 15 mmol·l–1 CaCl2; LNT + TFP, low nocturnal temperature of 10°C/normal daytime temperature of 25°C + foliar spray of 5 mmol·l–1 TFP.



The LNT treatment significantly decreased leaf area in peanut. The LNT + Ca treatment had more leaf area than the LNT treatment, while the LNT + TFP treatment had less. LNT stress reduced dry matter accumulation in the roots, stems and leaves. The LNT + Ca treatment significantly increased root, stem and leaf dry weights, relative to LNT. The control (CK) had the highest chlorophyll a and b concentrations, followed by LNT + Ca and LNT, with the lowest in LNT + TFP. LNT stress significantly reduced the chlorophyll a and b concentrations while had no significant effect on the carotenoid level. LNT + Ca significantly enhanced the chlorophyll a and b concentrations in peanuts leaves. No significant difference in carotenoid concentration was observed among the four treatments at either 5 DoT or 5 DoR (Table 1).


Table 1 | Effect of exogenous calcium (Ca2+) and a calmodulin inhibitor (TFP) on peanut leaf area, dry matter and pigment concentrations (chlorophyll a and b, carotenoid) after 5 days low nocturnal temperature (LNT) (5 DoT) followed by 5 days of recovery (5 DoR).





Effect of Exogenous Calcium (Ca2+) and a Calmodulin Inhibitor (TFP) on Solub rations of Peanut Leaves After 5 Days of Low Nocturnal Temperature Stress Followed by 5 Days of Recovery

The LNT treatment significantly increased the concentration of soluble sugars in leaves at 5 DoT (Figure 2A); the LNT + Ca treatment produced lower and the LNT + TFP treatment produced higher concentrations of soluble sugars than the LNT treatment. The CK treatment had the lowest concentrations of starch and total nonstructural carbohydrates at 5 DoT, followed by LNT + Ca and LNT, and LNT + TFP with the highest (Figures 2B, C). Soluble sugar, starch and total nonstructural carbohydrate concentrations did not differ between treatments at 5 DoR.




Figure 2 | Effect of exogenous calcium (Ca2+) and a calmodulin inhibitor (TFP) on the concentration of soluble sugars (A), starch (B) and total nonstructural carbohydrates (C) after 5 days of low nocturnal temperature (LNT) (5 DoT) followed by 5 days of recovery (5 DoR). Values are means of three biological replicates ± SE (n = 3). * and ** indicate significant differences at P ≤ 0.05, and P ≤ 0.01, respectively, among the treatments. The significance between the three treatments under LNT and CK at 5 DoT and 5 DoR was shown in parenthesis.





Effect of Exogenous Calcium (Ca2+) and a Calmodulin Inhibitor (TFP) on Gas Exchange During 5 Days Low Nocturnal Temperature Stress Followed by 5 Days of Recovery

Leaf gas exchange parameters did not differ between treatments at 1 DoT, but CK and LNT differed at 3 and 5 DoT. The LNT treatment reduced Pn, gs, Tr, and Ls (Figure 3) and increased Ci significantly. Compared with LNT, LNT + Ca significantly increased Pn, gs, Tr, and Ls and decreased Ci while LNT + TFP significantly reduced Pn, gs, Tr, and Ls, but increased Ci further. During the 5 days recovery at a normal nocturnal temperature, LNT-treated plants continued to increase Pn, gs, Tr, and Ls and decrease Ci. The same pattern was observed for LNT + Ca but at a slightly lower level.




Figure 3 | Effect of exogenous calcium (Ca2+) and a calmodulin inhibitor (TFP) on peanut gas exchange characteristics [net photosynthetic rate (Pn, A), stomatal conductance (gs, B), transpiration rate (Tr, C), intercellular CO2 concentration (Ci, D), water-use efficiency (WUE, E) and leaf stomatal limitation (Ls, F)] during 5 days of low nocturnal temperature (1, 3, and 5 DoT) followed by 5 days of recovery (1, 3 and 5 DoR). Values are means of three biological replicates ± SE (n = 3). * and ** indicate significant differences at P ≤ 0.05, and P ≤ 0.01, respectively, among the treatments. The significance between the three treatments under LNT and CK was shown in parenthesis.





Effect of Exogenous Calcium (Ca2+) and a Calmodulin Inhibitor (TFP) on Peanut Photosystem Activities During 5 Days of Low Nocturnal Temperature Stress Followed by 5 Days of Recovery

The maximum quantum yield of PSII (Fv/Fm) declined markedly under LNT stress (Figure 4). In particular, the Fv/Fm of the LNT + Ca treatment recovered fully by 5 DoR, it was significantly higher than that of LNT and LNT + TFP.




Figure 4 | Effect of exogenous calcium (Ca2+) and a calmodulin inhibitor (TFP) on peanut maximum quantum yield of PSII (Fv/Fm) during 5 days of low nocturnal temperature (LNT) stress followed by 5 days of recovery. Values are means of three biological replicates ± SE (n = 3). * and ** indicate significant differences at P ≤ 0.05, and P ≤ 0.01, respectively, among the treatments. The significance between the three treatments under LNT and CK was shown in parenthesis.



The LNT treatment decreased Y(II) significantly (Figure 5A). The actual quantum yield of PSII in LNT treatments declined significantly and dissipated excess energy by gradually increasing Y(NPQ), the regulatory quantum yield of PSII (Figure 5B). Y(II) tended to decrease gradually with the onset of LNT stress. The heat dissipation was not enough to dissipate the excess excitation energy in LNT treatments. Consequently, Y(NO) increased to a higher level (Figure 5C). During the 5 days recovery at a normal nocturnal temperature, Y(II) recovered gradually, while Y(NO) and Y(NPQ) decreased slowly. In general, the PSII self-repair process in the LNT + Ca treatment was significantly greater than that in the LNT and LNT + TFP treatments. LNT stress decreased Y(I) and increased Y(NA) (Figures 5D, F). At 1 DoT, Y(ND) did not differ between treatments (Figure 5E), increasing gradually during the LNT stress; by 5 DoT, the LNT + Ca treatment had higher Y(ND) than LNT and LNT + TFP (Figure 5E). At 5 DoT, the LNT + Ca treatment had significantly higher Y(I) and lower Y(NA) than LNT, while the LNT + TFP treatment had significantly higher Y(NA) and lower Y(I) than LNT. During the recovery, Y(ND) did not differ between treatments. It is noteworthy that Y(NA) and Y(I) in the LNT and LNT + TFP treatments were partially restored during the recovery, but not to the same levels as those in LNT + Ca and CK (Figures 5D, F).




Figure 5 | Effect of exogenous calcium (Ca2+) and a calmodulin inhibitor (TFP) on peanut photosystems parameters during 5 days of low nocturnal temperature (LNT) stress followed by 5 days of recovery. (A) Y(II): PSII photochemistry effective quantum yield; (B) Y(NPQ): PSII regulated energy dissipation quantum yield; (C) Y(NO): PSII non-regulated energy dissipation quantum yield; (D) Y(I): PSI photochemistry effective quantum yield; (E) Y(ND): PSI non-photochemical energy dissipation due to the donor-side limitation; (F) Y(NA): PSI non-photochemical energy dissipation due to the acceptor-side limitation. Values are means of three biological replicates ± SE (n = 3). * and ** indicate significant differences at P ≤ 0.05, and P ≤ 0.01, respectively, among the treatments. The significance between the three treatments under LNT and CK was shown in parenthesis.



The LNT treatment reduced ETR(II) and ETR(I) and enhanced CEF and Y(CEF)/Y(II) (Figure 6). Compared with LNT, LNT + Ca had higher ETR(II), ETR(I), CEF and Y(CEF)/Y(II), while LNT + TFP had lower ETR(II), ETR(I), CEF and Y(CEF)/Y(II). During the recovery, ETR(II) and ETR(I) of LNT and LNT + Ca treatments increased rapidly, while CEF and Y(CEF)/Y(II) decreased, more so in LNT + Ca. At 5 DoR, ETR(II) and ETR(I) of LNT + TFP had not recovered to the control level and were significantly lower than those of the other treatments.




Figure 6 | Effect of exogenous calcium (Ca2+) and a calmodulin inhibitor (TFP) on peanut photosynthetic electron transport during 5 days of low nocturnal temperature (LNT) stress followed by 5 days of recovery. (A) ETR(II): PSII photosynthetic electron transport rate; (B) CEF: cyclic electron flow around PSI; (C) ETR(I): PSI photosynthetic electron transport rate; (D) Y(CEF)/Y(II): the ratio of quantum yield of CEF to Y(II). Values are means of three biological replicates ± SE (n = 3). * and ** indicate significant differences at P ≤ 0.05, and P ≤ 0.01, respectively, among the treatments. The significance between the three treatments under LNT and CK was shown in parenthesis.





Effect of Exogenous Calcium (Ca2+) and a Calmodulin Inhibitor (TFP) on the Proton Motive Force, Thylakoid Membrane Integrity and ATP-Synthase Activity of Peanut Leaves After Low Nocturnal Temperature Stress

The LNT treatment significantly reduced thylakoid membrane integrity and ATPase activity, based on P515 signals (Figures 7A, B). The LNT + Ca treatment maintained thylakoid membrane integrity and ATPase activity in peanut leaves, while LNT + TFP further exacerbated thylakoid membrane damage. The LNT treatment also reduced thylakoid membrane potential (Δψ) and increased transmembrane proton potential (ΔpH) (Figures 7C, D). Compared with LNT, LNT + Ca increased Δψ and decreased ΔpH markedly, while LNT + TFP had the opposite effect.




Figure 7 | Effect of exogenous calcium (Ca2+) and a calmodulin inhibitor (TFP) on thylakoid membrane activity in peanut leaves after 5 days of low nocturnal temperature (LNT) stress. (A) Rapid kinetics of P515 induced by saturating single turnover flashes in peanut leaves after dark acclimation for 1 h; (B) Fast kinetics of P515 induced by saturating single turnover flashes in peanut leaves after pre-illumination for 10 min at 600 μmol photons·m−2·s−1 followed by 4 min darkness; (C) Proton gradient (△pH) and (D) membrane potential (△ψ) by using the slow ‘dark–light–dark’ signal induction transients of 515 nm signal after fully dark-acclimated (12 h). Values are means of three biological replicates ± SE (n = 3). * and ** indicate significant differences at P ≤ 0.05, and P ≤ 0.01, respectively, among the treatments. The significance between the three treatments under LNT and CK at 5 DoT was shown in parenthesis.






Discussion


Effect of Low Nocturnal Temperature on Peanut Growth and Photosynthetic Capacity

We demonstrated that LNT stress significantly inhibited peanut growth, which could not be fully restored during the recovery period (Figure 1). Previous studies also showed that, below the peanut threshold temperature of 15°C, the leaves usually exhibit poor growth and necrotic injury in the field (Wan, 2003). Exposing peanuts to a dark chilling environment significantly inhibits seedling growth, with reduced leaf area and shoot and root dry matter accumulation (Solanke and Sharma, 2008; Dias et al., 2011; Hajihashemi et al., 2018). While leaf expansion rates generally vary with air temperature, low-temperature stress can reduce the rates of leaf initiation and expansion and final leaf area in sunflower, maize and sorghum (Tardieu et al., 1999). LNT stress also reduced leaf growth, the concentration of photosynthetic pigments and the shoot and root dry matter accumulation in tomato (Latef and He, 2011; Liu et al., 2011), and damaged leaf structure and growth in tobacco (Kasuga et al., 2004). In addition, our results showed that LNT stress increased soluble sugar, starch and total nonstructural carbohydrate concentrations in peanut leaves (Figure 2). The accumulation of leaf end-products (soluble sugars, starch) is important for balancing photosynthesis and the use of sugars for growth. In particular, there is a close two-way relationship between photosynthesis and growth, rather than a simple dependence of growth on photosynthesis. Carbohydrate synthesis occurs in photosynthetically active leaves (sources); sugars are then exported to support sinks (e.g., for leaf expansion, stem and root growth) (Adams et al., 2013; Cohu et al., 2014). Our results suggested that LNT stress directly inhibits peanut growth and source-to-sink sugar transport, and induces the accumulation of nonstructural carbohydrates in leaves (Figure 2), which is consistent with the previous findings in maize (Adams et al., 2013).

LNT stress significantly reduced photosynthetic activity in this study (Figure 3). Photosynthesis is the principal process of capturing light energy to form carbohydrates and is very sensitive to the low-temperature environment (Adams and Demmig-Adams, 2004; Stewart et al., 2016). Particularly, we found that the effects of LNT on peanut photosynthesis might be mainly due to reduced peanut growth and leaf expansion, and the export of nonstructural carbohydrates as we only exposed the peanuts to low-temperature during the nocturnal phase. Compared with the normal temperature control, transpiration and photosynthetic rates decreased in response to LNT stress, while intercellular CO2 concentration increased (Figure 3) which is consistent with findings in maize (Zhu et al., 2010). Photosynthesis and transpiration are often tightly linked, as they both depend on stomatal conductance (Wong et al., 1979; Gago et al., 2016). Based on our results (Figure 3), LNT stress had a negative impact on photosynthesis in peanut leaves due to non-stomatal limitations, because Ci increased and Ls decreased. The results from the present study are consistent with previous studies on tomato and coffee tree (Bauer et al., 1985; Allen et al., 2000). The non-stomatal limitation was reported previously and attributed to a reduced rate of RuBP regeneration. There are three plausible reasons when RuBP regeneration becomes limiting under low-temperature environment: (i) limitation of the rate at which light-harvesting and electron transport produce ATP and NADPH; (ii) limitation of the rate at which the stromal bisphophatases regenerate RuBP in the photosynthetic carbon reduction cycle; or (iii) restriction of the rate at which end-product synthesis consumes triose-phosphates and regenerates inorganic phosphate (Pi) for photophosphorylation (Allen et al., 2000; Allen and Ort, 2001; Usuda et al., 2006). Taken together, the non-stomatal limitation might be the dominant factor contributing to the down-regulation of photosynthesis under LNT stress.

Our study showed that LNT stress decreased Fv/Fm in peanut, based on chlorophyll fluorescence signal as subtle reflections of the primary reactions of photosynthesis (Figure 4). Other studies also suggest that LNT stress followed by warm sunny days with high light can induce severe photoinhibition in tomato and grapevine (Bertamini et al., 2006; Liu et al., 2012). In addition, chilling stress causes irreversible photoinhibition in leaves of other chilling-sensitive plants such as chickpea and cucumber (Sonoike, 1999; Turan and Ekmekçi, 2011). In particular, we found that the effects of LNT on peanut photosynthesis were mediated through sink feedback thereby down-regulating photosynthesis, but induced significant photoinhibition in peanuts leaves. Our interpretation was consistent with previous findings that insufficient sink activity and growth inhibition can lead to severe accumulation of foliar carbohydrates and leading to photoinhibition (Adams et al., 2013). Indeed, the low temperature can inhibit the activities of photosynthetic reaction centers, thus restricting the electron transport chain and carbon fixation rate (Kasuga et al., 2004; Baker, 2008). Our results also showed that thylakoid membranes integrity and ATPase activity decreased during LNT stress (Figure 7). LNT stress indirectly increased Y(NO)—the non-regulated energy loss in PSII—indicating the fraction of energy that was dissipated as heat and fluorescence; a high value of Y(NO) reflects the inability of the plant to protect itself against damage by excess excitation (Figure 5). It is also plausible that the PSII super-complexes were photodamaged during LNT stress. Both PSI and PSII are sensitive to excess light under chilling stress; PSII is easily inactivated by an excess of excitations and PSI more prone to potential photo-damage caused by excess electrons coming from PSII (Sonoike, 1996; Suorsa et al., 2012). Impairment of the photosynthetic electron transport chain from the donor side of PSII and up to the reduction of end-acceptors of PSI likely limits the production of reduction equivalents and alters the rate of carbon fixation (Song et al., 2018). In this study, the decline in linear electron transport and increase in cyclic electron transport lead to an increase in P700+, thereby increasing Y(ND) accordingly (Figures 5 and 6). In addition, the low-temperature condition restricts the Calvin cycle, reducing the need for NADPH (Huang et al., 2012). In due course, NADPH accumulates downstream of PSI, altering the ATP/NADPH ratio and causing an over-reduction of the PSI acceptor side (Müller et al., 2001; Rumeau et al., 2007; Noctor et al., 2014).



Ca2+ Improved Peanut Growth and Photosynthetic Capacity During Low Nocturnal Temperature And Its Recovery

Our results showed that foliar application of Ca2+ enhanced leaf growth and dry matter accumulation of peanut roots, stems and leaves under LNT stress and improved the recovery (Figure 1). Previous studies have also shown that the pre-treatment of exogenous Ca2+ improves plant growth and photosynthesis, and enhances cold resistance (Brauer et al., 1990); for example, in peanut (Liu et al., 2013), wheat (You et al., 2002), Chinese crab apple (Li et al., 2017) and tomato (Zhang et al., 2014; Liu et al., 2015). High-yielding peanuts are a calcium-demanding oil crop, with calcium critical for peanut growth and development (Wan, 2003). The LNT + Ca treatment restored the concentration of chlorophyll a to a level similar to that in CK, while the concentration of chlorophyll b was lower than that in CK while higher than that in LNT. Peanut seedlings in the LNT + TFP treatment showed more severe growth inhibition and had lower levels of the main photosynthetic pigments (Table 1). Our results also indicated that exogenous Ca2+ relieved the excess accumulation of nonstructural carbohydrates (fructose, glucose, sucrose and starch) in peanut leaves under LNT stress (Figure 2). It is a well-established principle that plant growth and carbohydrate metabolism are closely linked since carbohydrates generated by photosynthesis are the primary source of building blocks and energy for the production and maintenance of biomass (Osorio et al., 2014). In particular, Ca2+, involved in regulating carbohydrate metabolism of plants, can contribute to the regulation of sucrose synthesis, such as the inhibition of cytosolic Fru1, 6bisPase and the activation of SPS (Sucrose-Phosphate Synthase) as well as the turnover of PPi (Brauer et al., 1990; Eckardt, 2001; Lu et al., 2013). In addition, Ca2+ is an important component of several signal transduction pathways including sugar signaling (Ohto and Nakamura, 1995; Gounaris, 2001), and Ca2+ regulation has been implicated in phloem function (Eckardt, 2001). Furthermore, our results showed that supplementary Ca2+ indirectly ameliorated the decline of gs and Tr and maintained Ci during LNT which prevented a major decline in Pn (Figure 3), which is in accordance with previous studies on Arabidopsis (Dong et al., 2013), cotton, tomato, and spinach (Joham, 1957; Brauer et al., 1990), where calcium improved the synthesis, phloem loading and translocation of photosynthetic carbohydrates (Joham, 1957; Eckardt, 2001; Lu et al., 2013). Taken together, exogenous Ca2+ application alleviated temperature-dependent photosynthesis feedback inhibition due to improved growth demand and reduced accumulation of nonstructural carbohydrates.

Exogenous Ca2+ can relieve photodamage as well as accelerating photosynthetic recovery in peanut leaves under LNT stress. The current study demonstrated that exogenous Ca2+ enhanced the PSII self-repairing process under LNT stress and during its recovery (Figures 4 and 5). Previous research has shown that the calcium-binding protein CAS is crucial for maintaining PSII activity, recovery, and turnover, as well as for driving high-light acclimation (Terashima et al., 2012). PSII is a multisubunit protein-pigment complex containing polypeptides, both intrinsic and extrinsic to the photosynthetic membrane. The extrinsic luminal protein PsbO can bind to calcium ions and stabilize the function of the oxygen-evolving complex (Heredia and Rivas, 2003; Sasi et al., 2018). In our study, exogenous Ca2+ decreased Y(NO) under LNT stress, whereas LNT and LNT + TFP increased Y(NO) indirectly (Figure 5). This suggests that the PSII reaction centers under the LNT and LNT + TFP treatments experienced severe photodamage. Conversely, the thylakoid lumen acidification (Figure 7) driven by CEF (Figure 6) with exogenous Ca2+ pretreatment under LNT stress possibly promoted calcium binding to PsbO, which is important in the assembly and stabilization of PSII reaction center (Yi et al., 2005). Moreover, Ca2+ might affect the expression of LHC stress-related protein 3, which is crucial for qE, the energy-dependent component of NPQ (Terashima et al., 2012). However, CEF contributes to the pH gradient across the thylakoid membrane which is required for efficient qE. Foliar application of exogenous Ca2+ may also increase the binding of calmodulin to NADK2, which is known to modulate the NAD/NADP balance (Rocha and Vothknecht, 2012). Furthermore, our study showed that ATPase activity was promoted by exogenous Ca2+ under LNT stress (Figure 7). This finding is in accordance with previous studies on tomato under LNT stress (Zhang et al., 2014) and tobacco under high-temperature stress (Tan et al., 2011). Exogenous Ca2+ can also enhance the activities of several key enzymes in the Calvin cycle, which in turn boost cyclic electron transport and PSII reaction center activity (Terashima et al., 2012; Hochmal et al., 2015). Therefore, supplementary Ca2+ could indirectly reduce over-reduction damage on the PSI acceptor side of peanut leaves. The LNT + Ca treatment induced a rapid increase of CEF to minimize PSI photodamage (Figures 5 and 6). Therefore, exogenous Ca2+ could restore both PSII and PSI photodamage as well as accelerating the photosynthetic recovery in peanut leaves under LNT stress.

Our data showed that foliar application of a calmodulin inhibitor (trifluoperazine, TFP) exacerbated the inhibition of growth, dry matter accumulation and photosynthetic gas exchange in peanuts under LNT stress, with poor performance during the recovery stage (Figures 1–5, Table 1). The LNT + TFP treatment increased soluble sugar, starch and total nonstructural carbohydrate concentrations more than LNT (Figure 2). We found that LNT + TFP strongly reduced peanut photosynthetic capacity through its limitation on peanut growth, leaf expansion and nonstructural- carbohydrate export from leaves to support sink growth and development. TFP can enter plant cells through the cell membrane and prevent the formation of a Ca2+–CaM complex, thus inhibiting Ca2+–CaM effects (Hepler, 2005; Liu et al., 2013). It is plausible that the Ca2+–CaM complex plays an important role in facilitating Ca2+ signal transduction to restore peanut growth and photosynthetic capacity under LNT stress. The specific molecular mechanism underpinning the Ca2+–CaM complex–LNT stress interaction remains to be examined.




Conclusions

LNT decreased peanut growth and photosynthetic activity. The protective effects of foliar-applied calcium on peanut were mainly due to improved peanut growth and leaf expansion, and the export of nonstructural carbohydrates, secondarily increasing photochemical activity during exposure to LNT and its subsequent warm recovery. Therefore, exogenous Ca2+ restored temperature-dependent photosynthesis feedback inhibition by improving sink demand in peanut under LNT stress. In addition, TFP-treated peanut seedlings performed worst during LNT, which further confirmed the protective role of Ca2+ in LNT tolerance of peanut.
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Photosynthesis is highly sensitive to high temperature stress, and with the rising global temperature, it is meaningful to investigate the response of photosynthesis to growth temperature and its relationship with leaf anatomy plasticity. We planted 21 cultivars including eight indica cultivars, eight japonica cultivars, and five javanica cultivars in pot experiments under high growth temperature (HT, 38/28°C, day/night) and control treatment (CK, 30/28°C, day/night). Photosynthetic rate (A), stomatal conductance (gs), transpiration rate (E), stomatal density (SD), vein density (VD), minor vein area (SVA), and major vein area (LVA) were measured after 30 treatment days. Results showed HT significantly increased A, gs, and E, while significantly decreased SD and LVA. There was no significant difference in A among the three subspecies both under CK and HT, while the javanica subspecies had higher gs, E, SVA, and LVA under HT, and the indica cultivars had higher VD and SD both under CK and HT. The javanica subspecies had higher relative value (HT/CK) of A, gs, and E, while difference was not observed in the relative value of SD, VD, and LVA among the three subspecies. The relative value of A was positively related to that of gs, while the latter was not correlated with the relative value of SD, VD, SVA, and LVA. Overall, the results suggested the increase of A and gs at HT was not attributed to leaf anatomy plasticity in respect of stomata and vein under HT.
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Highlights

	High growth temperature (HT) significantly affected rice leaf photosynthetic rate (A), stomatal conductance (gs), transpiration rate (E), stomatal density (SD), and major vein area (LVA).

	The javanica subspecies had higher gs, E, and LVA under HT, and possessed higher heat resistance than indica and japonica subspecies.

	Across different cultivars, the response of A and gs to HT were not related to leaf anatomy plasticity such as stomatal and vein anatomy.





Introduction

Rice is a stable food for more than half of the global population (Khush, 2013). China is the top rice producer in the world, accounting for almost 30% of the global rice production (Tang et al., 2014). However, after a remarkable 86% increase in cereal production from 1980 to 2005, recent crop yield growth in China has been slow (Huang and Rozelle, 2015). Further improvement of crop yield potential through crop improvement is the best way to increase the grain yield (Peng, 2014). Yield potential of grain crop is defined as the grain yield obtained under optimum conditions without pests, diseases, weeds, and other stresses (Evans and Fischer, 1999). It is determined by the following factors, i.e. the total incident solar radiation on the land throughout the growing season, the light interception efficiency of plant canopy, the photosynthetic conversion efficiency of leaves and the harvest index (Monteith, 1977). Over the past few decades, the yield potential has been successfully achieved through increasing the light interception efficiency and harvest index, there is limited scope for further improvement when they reach 0.9 and 0.6, respectively (Beadle and Long, 1985; Hay, 1995). Therefore, it is more effective to increase crop yield by increasing photosynthetic capacity, which is known as the new ‘green revolution' (Zhu et al., 2010; Long et al., 2015).

Global warming represents a continual challenge for agricultural production and food security. For example, each 1°C increase in growing season temperature can result in up to 17% decrease in corn and soybean yield (Lobell and Asner, 2003), and a 10% decrease in rice yield (Peng et al., 2004). The mean surface air temperature has increased globally by ∼1°C in the last 100 years and will further increase by 1 to 4°C in this century (Zhao et al., 2017). Nevertheless, photosynthesis is highly sensitive to high temperature stress and is often inhibited before other cell functions are impaired (Berry and Bjorkman, 1980). Photosynthesis usually peaks at ~30°C in rice plants, and CO2 assimilation may decrease significantly after suffering a heat stress (Yamori et al., 2011; Xiong et al., 2017). Mathur et al. (2014) concluded that high temperature stress mainly inhibited various redox and metabolic reactions taking place in Photosystem II, Photosystem I, Cytochrome complex, and Rubisco, eventually resulting in a decrease in photosynthetic rate (A). Huang et al. (2017) indicated that Rubisco activity, regeneration capacity of RuBP, rate of electron transport, and CO2 diffusion capacity are sensitive to temperature and negatively impacted by high temperature stress.

Under high temperature conditions, plants exhibit short-term avoidance or acclimation mechanisms such as transpirational cooling, stomatal closure, and so on (Mathur et al., 2014). This means a close relationship exist between CO2 delivery and water transportation in a leaf. Stomata, through which CO2 and water vapor diffuse into and out of the leaf, are involved in the regulation and control of photosynthesis and transpiration responses (Farquhar and Sharkey, 1982; Jones, 1998). Stomatal density (SD) and size are leaf anatomical traits contributing to build the leaf gs to gas diffusion (Franks et al., 2010). Under high temperature, stomata closure is another reason for impaired photosynthesis that affects the intercellular CO2 (Hasanuzzaman et al., 2013). The leaf venation system as water transport channel in vascular plants plays an important role in maintaining adequate E (Sack and Holbrook, 2006; Tholen et al., 2012). An increased VD may facilitate a higher photosynthetic capacity by allowing for more efficient photosynthate export from mesophyll cells (Amiard et al., 2005).

Rice is cultivated under a wide range of climatic conditions. Indica rice and japonica rice are two subspecies with different genotypic background that evolved from different temperature environment. Indica rice has stronger heat tolerance and is more suitable for high temperature environment than japonica rice (Weng and Chen, 1987). Javanica rice (tropical japonica) mainly distributes in tropical mountains of Indonesia, Malay Peninsula, the Philippines, e.g. which has strong resistance to abiotic stresses (Xiao and Yuan, 2009). Zhao et al. (2013) proposed that maintaining a higher level of photosynthesis and osmoregulation substance was the physiological basis for heat tolerance in javanica rice. Leaves have evolved in different environments showing great variation in morphology and anatomy, and investigating relationships between leaf anatomy and photosynthetic features can lead to the identification of structural features for enhancing crop productivity and improve our understanding of plant evolution and adaptation (Evans, 1998).

At present, there have been many studies about the effect of temperature treatment on photosynthesis, and the relationship between leaf anatomies and photosynthesis. However, the difference in response of A to HT among different subspecies (indica, japonica, and javanica rice) is still obscure. Exploring the natural genotypic variation in leaf anatomy plasticity in relation to photosynthesis at HT will facilitate rice genetic improvement especially under future climate conditions. Therefore, the objectives of the present study were to determine the contribution of gs to photosynthetic acclimation to HT for the three subspecies in rice, and examine its relationship with leaf plasticity.



Materials and Methods


Site Description and Growth Conditions

Pot experiments were conducted in controlled-growth chamber at the Huazhong Agricultural University, Wuhan city, Hubei province, China (114.37°E, 30.48°N) in 2017. In the chamber (Model GR48, Conviron, Controlled Environments Limited, Winnipeg, MB, Canada), the air temperature was set to 30/28°C (day/night, the control treatment) and 38/28°C (day/night, the high temperature treatment), with a relative humidity of 75%, photosynthetic photon flux density (PPFD) of 1,500 μmol m−2 s−1 and a light/dark regime of 12/12 h. Eleven-liter plastic pots were filled with 10.0 kg air-dried, pulverized, and well-mixed soil taken from the top 25 cm layer of a field located at the Experimental Station in the campus. The soil used in this study was a clay loam with a pH of 7.1, organic matter of 6.7g kg−1, Olsen-P of 6.27 mg kg−1, exchangeable K of 129 mg kg−1, and total N of 0.063%.



Experimental Design and Crop Management

Twenty-one rice cultivars were used in present study, including eight indica cultivars: Shenglixian (SLX), Huangguaxian (HGX), Zhenzhuai (ZZA), Ezhong2 (EZ2), Guichao2 (GC2), Huanghuazhan (HHZ), Yliangyou900 (YLY900), and Yangliangyou6 (YLY6), eight japonica cultivars: Guihuaqiu (GHQ), Guihuahuang (GHH), Xudao2 (XD2), Yanjing2 (YJ2), Zhendao88 (ZD88), Huaidao5 (HD5), Huaidao9 (HD9), and Lianjing7 (LJ7), and five javanica cultivars: PEMBE (J-1), TREMBESE (J-2), ASE BOLONG KAMANDI (J-3), PADI SEGUTUK (J-4), and BULUH BAWU (J-5) (Table S1). Particularly, the eight indica cultivars and eight japonica cultivars we used were historical cultivars from 1940s to present in China. Pre-germinated seeds were sown in a nursery plates on 27 August and transplanted to pots on 11 September with a density of three hills per pot and two seedlings per hill. Each cultivar was planted in six pots with three replicates. Equal pots were transferred to two growth chambers with different temperature treatments on 20 September. Other managements: 0.8 and 0.6 g N as urea per pot were applied at 1 d before transplanting and 7 d after transplanting, respectively; 1.5 g P as monocalcium phosphate and 1.5 g K as potassium chloride per pot were applied at 1d before transplanting. Three to 5 cm of standing water was kept in the pots throughout the experiment. Weeds were removed manually. Pests and diseases were controlled by chemicals two to three times. The measurements were conducted at the maximal tillering stage, on 20 October.



Measurement of Leaf Gas Exchange

Gas exchange measurements were conducted at 30 days after treatment (or 53 days after sowing at tillering stage) from 09:00 h to 16:00 h on the newest fully expanded leaves using a portable photosynthesis system (LI-6400XT; LI-COR Inc., Lincoln, NE, USA) with a 6400-40 leaf chamber. In the leaf chamber, the PPFD was maintained at 1,500 μmol m−2 s−1, the leaf-to-air vapor pressure deficit (VPD) was 1.5 to 2.0 kPa, and the CO2 concentration was adjusted to 400 μmol mol−1 using a CO2 mixer. The block temperature during the measurement was set to the same as the growth condition temperature. After equilibration to a steady state, the gas exchange parameters including net photosynthesis rate (A), gs, and E were recorded.



Measurement of Leaf Anatomy

After measuring the photosynthetic parameters, the middle part of the corresponding leaf blade was sampled. Half of it was stored in a distilled water to measure the leaf SD and VD. The other half of the leaf was cut into slices broadwise for determination of leaf vascular bundle anatomies, including SVA and major vein area (LVA). Specifically, the inverted fluorescence microscope (U-TVO.5XC; Olympus, Tokyo, Japan) was used to observe and photograph the leaf vein, stomata, and vein anatomies. The number of leaf stomata and vein, as well as the length and width of major vein and minor vein in each photograph were manually measured using ImageJ (Wayne Rasband/NIH, Bethesda, MD, USA). The leaf stomata density and VD were calculated by the formula: no./actual area, and the SVA and major vein area were calculated by the formula: π * ((length + width)/4)2.



Statistical Analysis

Two-way analysis of variance (ANOVA) was used to assess the effects of high temperature and subspecies on each parameter using Statistix 9 software (Analytical Software, Tallahassee, Florida, USA). Linear regression analysis was performed to test the correlations between gs and A, SD and gs, and VD and vein area using SigmaPlot 12.5 (Systat Software Inc., California, USA).




Results


Photosynthetic Rate, Stomatal Conductance, Transpiration Rate, and Intrinsic Water Use Efficiency (WUEi)

Temperature (T) significantly affected the A, but subspecies (S) had no significant effect on A (Figure 1A). Compared with the control treatment (CK), HT increased A by 23% averagely across all cultivars. There were no significant differences in A among the three subspecies both at high temperature and CK treatments. Stomatal conductance (gs) and E were significantly affected by temperature and subspecies (Figures 1B, C). HT increased gs and E by a mean value of 35% and 162%, respectively. Japonica cultivars had significantly higher gs than indica and javanica cultivars at CK, however, javanica cultivars had significantly higher gs than indica cultivars at HT treatment (Figure 1B). There was no significant difference in E among the three subspecies at CK, while E of javanica cultivars was significantly higher than that of japonica cultivars and indica cultivars had the lowest value (Figure 1C). At CK, indica and javanica cultivars had the similar WUEi higher than japonica cultivars, while WUEi of indica cultivars was significantly higher than that of japonica and javanica cultivars at HT (Figure 1D).




Figure 1 | Light saturated photosynthetic rate (A, A), stomatal conductance (gs, B), transpiration rate (E, C), and intrinsic water use efficiency (WUEi, D) for the three rice (Oryza sativa L.) subspecies at high growth temperature (HT) and control (CK) treatments. Different lowercase and uppercase letters indicate significant differences between subspecies means and temperature treatments, respectively (p < 0.05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th percentiles, and the line within the box represents the mean values. For each cultivar, three flag leaves were measured (one leaf per plant), and the three values were averaged as one biological replicate. n (the biological replicates) was 8, 8, and 5 for the indica, japonica, and javanica cultivars, respectively.



Different response of A to HT was observed among indica, japonica, and javanica subspecies (Figure 2A). Compared to that at CK, the increment of A of indica, japonica, and javanica subspecies at HT were 23%, 18% and 29% on average, respectively. The response of A to HT varied significantly among the indica cultivars with the relative value of A ranging from 0.95 to 1.87, while the responses of A to high temperature in japonica cultivars were consistent. Similar results in the response to HT between the three subspecies were observed for gs and E (Figures 2B, C). For WUEi, only javanica cultivars showed a reduction in WUEi under HT in comparison with CK (Figure 2D).




Figure 2 | Relative value (HT/CK) of light saturated photosynthetic rate (A, A), stomatal conductance (gs, B), and transpiration rate (E, C), and intrinsic water use efficiency (WUEi, D) for the three rice (Oryza sativa L.) subspecies. Different lowercase letters indicate significant differences between subspecies means (p < 0.05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th percentiles, and the line within the box represents the mean values. For each cultivar, three flag leaves were measured (one leaf per plant), and the three values were averaged as one biological replicate. n (the biological replicates) was 8, 8, and 5 for the indica, japonica, and javanica cultivars, respectively.





Stomatal Density, Vein Density, and Vein Area

Temperature significantly affected SD and major vein area (LVA), while no differences were observed in VD and SVA between HT and CK (Figure 3). Compared to CK, HT decreased SD and LVA by a mean value of 7% and 8.9%, respectively (Figures 3A, D). At both CK and HT, indica cultivars had significantly higher SD than japonica and javanica cultivars on average, moreover, the genotypic variation was also larger within indica cultivars (Figure 3A). Similar results were observed for the VD (Figure 3B). There were no significant differences in SD and VD between the japonica and javanica cultivars (Figures 3A, B). Javanica cultivars had the largest vein area, which were significantly higher than that of indica cultivars in minor vein (Figure 3C) and that of indica and japonica cultivars in major vein (Figure 3D).




Figure 3 | Stomatal density (A), vein density (B), and vein area of minor (C), and major (D) veins for the three rice (Oryza sativa L.) subspecies at high growth temperature (HT) and control (CK) treatments. Different lowercase and uppercase letters indicate significant differences between subspecies means and temperature treatments, respectively (p < 0.05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th percentiles, and the line within the box represents the mean values. For each cultivar, three flag leaves were measured (one leaf per plant), and the three values were averaged as one biological replicate. n (the biological replicates) was 8, 8, and 5 for the indica, japonica, and javanica cultivars, respectively.



There were no significant differences in the response of SD, VD, and major vein area to HT (Figures 4A, B, D). Japonica cultivars had higher relative value of SVA than javanica cultivars (Figure 4C). Large variations were observed for all the leaf anatomy parameters within each subspecies, for example the relative value of SD ranged from 0.75 to 1.03 for the indica cultivars (Figure 4).




Figure 4 | Relative value (HT/CK) of stomatal density (SD, A), vein density (VD, B), and vein area of minor (C) and major (D) veins for the three rice (Oryza sativa L.) subspecies. Different lowercase letters indicate significant differences between subspecies means (p < 0.05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th percentiles, and the line within the box represents the mean values. For each cultivar, three flag leaves were measured (one leaf per plant), and the three values were averaged as one biological replicate. n (the biological replicates) was 8, 8, and 5 for the indica, japonica, and javanica cultivars, respectively.





Correlations Between Vein Density and Vein Area, gs and A, Stomatal Density, and Gs

Significantly negative correlations between VD and SVA, as well as between VD and major vein area were observed both under CK and HT (Figures 5A, B). Stomatal density significantly correlated with VD at CK (R2 = 0.15), but not at HT treatment (Figure 5C). A was positively related to gs both under CK and HT (Figure 6A), but the correlation coefficient under CK was much larger than that under HT (R2 = 0.63 and 0.19), which was due to the integral higher gs under HT. Nevertheless, gs was not related to SD both under CK and HT (Figure 6B). The responses of A and E to HT were significantly correlated to the response of gs to HT (R2 = 0.45 and 0.62, Figure 7).




Figure 5 | Correlations between vein density (VD) and vein area of minor vein (SVA, A) and major vein (LVA, B), and between VD and stomatal density (SD, C) at high growth temperature (HT) and control (CK) treatments for the three rice (Oryza sativa L.) subspecies.






Figure 6 | Correlations between light saturated photosynthetic rate (A) and stomatal conductance (gs), and between stomatal conductance (gs) (B) and stomatal density (SD) at high growth temperature (HT) and control (CK) treatments for the three rice (Oryza sativa L.) subspecies.






Figure 7 | Correlations between the relative value of light saturated photosynthetic rate (A) and the relative value of stomatal conductance (gs), and between the relative value of transpiration rate (B) and conductance (gs) and the relative value of gs for the three rice (Oryza sativa L.) subspecies.






Discussion


Photosynthetic Acclimation to High Growth Temperature

In present study, HT significantly increased A of all cultivars except two indica cultivars, EZ2 and GC2 (Figure 1 and Figure S1). Among the three subspecies, javanica (the tropical japonica) is closer to japonica at the genomic level (Wang et al., 2018). This was also manifested by the similar leaf anatomy of the two subspecies (Figure 3). However, javanica subspecies possessed higher heat resistance than indica and japonica subspecies in respect of the photosynthetic physiology, for example the response of A, gs, and E to high temperature (Figure 2). This is possible because javanica cultivars mainly distributes in tropical mountains with strong resistance to abiotic stresses (Xiao and Yuan, 2009). Javanica cultivars could maintain a higher level of photosynthesis and osmoregulation substance under HT (Zhao et al., 2013).

The thermal response curve of A usually peaks between 25 and 30°C in C3 photosynthetic species (Sage and Kubien, 2007; Yamori et al., 2014; Xiong et al., 2017), although some C3 species can maintain high A at temperatures as high as 45°C (e.g. Lawson et al., 2014). Two main biochemical hypotheses have been put forward to explain why A decreases above the optimum temperature: Rubisco activase heat lability and electron transport declines (Dusenge et al., 2019). It is notable that tissues that develop after a shift in temperature often show greater acclimation to that new temperature than those that developed prior to the change in temperature (i.e. “long-term” > “short-term”; e.g. Campbell et al., 2007). Many studies have shown that the response of A to temperature depends on the temperature experienced by the plant over longer time periods, a response termed temperature acclimation (Berry and Bjorkman, 1980; Hikosaka et al., 2006; Way and Yamori, 2014; Yamori et al., 2014). For example, Way and Yamori (2014) found that about half of the 103 species in their database had increased A in response to warming. Within C3 species, annual herbaceous plants (A of high temperature/low temperature, 1.31 ± 0.07) show greater A temperature response than evergreen woody plants (0.99 ± 0.03), deciduous woody plants (1.19 ± 0.12), and perennial herbaceous plants (1.03 ± 0.07, Yamori et al., 2014). In present study, rice plants were treated at HT for one month, and A at high temperature treatment was higher than that at control treatment by 23.7% on average.



Physiological Mechanisms Underlying the Temperature Acclimation

The physiological mechanisms underlying photosynthetic acclimation of A to warmer temperatures have been extensively investigated (Sage and Kubien, 2007; Yamori et al., 2014). Proton leakiness of the thylakoid membrane has been frequently proposed as a problem at high temperatures, since it could lead to the impairment of the coupling of ATP synthesis to electron transport. Increases in cyclic electron flow around PSI at high temperature can compensate for thylakoid leakiness, allowing ATP synthesis to continue (Bukhov et al., 2000; Yamori et al., 2014). In many plant species, the Rubisco activation state decreases at short-term high temperature due to the insufficient activity of Rubisco activase, however, in plants adapted to HT, a different isoform of Rubisco activase that confers heat stability can be produced by some species, including spinach, cotton, and wheat (Yamori et al., 2014). Moreover, expression of heat-shock proteins (HSPs)/chaperones at high temperature contributes to the temperature acclimation through their effects in protein folding and assembly, stabilization of proteins and membranes, and for cellular homeostasis at high temperature (Barua et al., 2003).

Under high temperature, transpirational cooling is also an important acclimation mechanism in plants (Crawford et al., 2012; Mathur et al., 2014). Heat stress may be somewhat mitigated if transpiration-mediated cooling can be maintained, for example, rice can remain productive in air temperatures of 40°C if humidity remains low (Jagadish et al., 2014). In Blueberry, the thermal tolerant cultivars could improve their heat dispersing efficiency through regulating stomatal traits (Hao et al., 2019). In present study, the E of all cultivars was significantly increased under high temperature. The increase in A and E at HT was mainly related to the significantly increased gs (Figures 6 and 7A).



Anatomical Mechanisms Underlying the Temperature Acclimation

Photosynthetic acclimation to long-term high temperature may be partly due to the structural changes in leaf tissues (Sage and Kubien, 2007; Yamori et al., 2014). In higher plants, water from the stem enters the petiole and moves through xylem in different vein orders, then exits into the bundle sheath and moves through mesophyll tissue before evaporating into the intercellular airspace and diffusing through stomata (Xiong et al., 2016). Stomatal density, leaf vein systems include VD and vascular bundle features, were strongly correlated with the hydraulic conductivity and maximum A (Brodribb et al., 2007). In present study, there was no significant difference in the response of SD, VD, and vein area to high temperature between the three subspecies (Figure 4), however, significant genotypic variation was found within each subspecies (Figure S2). High temperature significantly reduced SD and SVA (Figures 3A, D). This was consistent with previous studies in the model species Arabidopsis thaliana and Scots pine (Pinus sylvestris L.) (Luomala et al., 2005; Vile et al., 2012). Crawford et al. (2012) illustrated that increased stomatal spacing by lowering SD, may facilitate evaporative cooling in high temperature conditions, through increasing the inter−stomatal space available for vapor diffusion. However, some other studies found significant increase in SD at high temperature in soybean (Jumrani et al., 2017) and rice (Caine et al., 2018). Therefore, more studies are needed to examine the plasticity of other leaf structures in response to high temperature and its effects on photosynthetic physiology.




Conclusion

The current study revealed rice leaf photosynthetic physiology exhibited high temperature acclimation, and the javanica subspecies possessed higher heat resistance than indica and japonica subspecies. Large genotypic variation in response of A, gs, E, and other leaf anatomies to HT as well as correlation analysis showed the response of A and gs among different cultivars to HT was not related to the plasticity of leaf anatomy (mainly the stomatal and vein structure).
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Environmental stress factors caused by climate change affect plant growth and crop production, and pose a growing threat to sustainable agriculture, especially for tree crops. In this context, we sought to investigate the responses to climate change of two Prunus rootstocks (GF677 and Adesoto) budded with Catherina peach cultivar. Plants were grown in 15 L pots in temperature gradient greenhouses for an 18 days acclimation period after which six treatments were applied: [CO2 levels (400 versus 700 µmol mol-1), temperature (ambient versus ambient + 4°C), and water availability (well irrigated versus drought)]. After 23 days, the effects of stress were evaluated as changes in physiological and biochemical traits, including expression of relevant genes. Stem water potential decreased under drought stress in plants grafted on GF677 and Adesoto rootstocks; however, elevated CO2 and temperature affected plant water content differently in both combinations. The photosynthetic rate of plants grafted on GF677 increased under high CO2, but decreased under high temperature and drought conditions. The photosynthetic rates of plants grafted onto Adesoto were only affected by drought treatment. Furthermore, in GF677–Catherina plants, elevated CO2 alleviated the effect of drought, whereas in those grafted onto Adesoto, the same condition produced acclimation in the rate. Stomatal conductance decreased under high CO2 and drought stress in both grafted rootstocks, and the combination of these conditions improved water-use efficiency. Changes in the sugar content in scion leaves and roots were significantly different under the stress conditions in both combinations. Meanwhile, the expression of most of the assessed genes was significantly affected by treatment. Regarding genotypes, GF677 rootstock showed more changes at the molecular and transcriptomic level than did Adesoto rootstock. A coordinated shift was found between the physiological status and the transcriptomic responses. This study revealed adaptive responses to climate change at the physiological, metabolic, and transcriptomic levels in two Prunus rootstocks budded with 'Catherina'. Overall, these results demonstrate the resilient capacity and plasticity of these contrasting genotypes, which can be further used to combat ongoing climate changes and support sustainable peach production.




Keywords: Prunus rootstocks, elevated CO2, warming, drought, osmotic potential, water-use efficiency, soluble sugars, gene expression



Introduction

Peach is the third most important temperate fruit tree species of the Rosaceae family, behind apples and pears (FAOSTAT, 2018; http://faostat.fao.org), with China being the largest producer (14.3 million tons), followed by European countries (Spain, Italy, and Greece) and the United States. In 2017, world growth area and production were 1.52 million hectares and 24.7 million tons, respectively. Peach is grown in temperate areas and it is routinely grafted on rootstocks for adaption to different soil and climate conditions. Predictions for new climate scenarios, which include an increase in temperature, alterations in rainfall patterns, and increasing frequency of extreme climate events, are likely to negatively affect global agriculture, especially in Mediterranean regions (IPCC, 2014; FAO, 2016; IPCC, 2018). This concern is especially relevant for peach trees because warming temperatures will impact negatively flowering and production (Gogorcena et al., 2020). In this situation, it is still more critical to choose the correct rootstock–scion combination to cope with the effects of climate change.

In the last century, climate change (high CO2 concentration and temperature, and limited availability of water) has become a major concern for the scientists. According to long-term warming trends since pre-industrial times, temperatures are estimated to have increased by 0.1 to 0.3°C per decade across the world (IPCC, 2014; IPCC, 2018) and the mean global temperature is expected to increase by 1.5°C between 2030 and 2052 if it continues to rise at the current rate (IPCC, 2018). Atmospheric CO2 concentrations have risen at an accelerated pace since the start of the industrial revolution. For the one thousand years prior to the industrial revolution, CO2 levels were stable at about 280 µmol mol-1. Nowadays, this concentration is approximately 53% higher at 414 µmol mol-1 (NOAA Mauna Loa Atmospheric Baseline Observatory, 2019). By the end of this century, it is predicted to reach 700 µmol mol-1 (Long et al., 2004; Ainsworth et al., 2008; Salazar-Parra et al., 2018). To cope with such catastrophic climate change, plants need to develop a width spectrum of physiological, biochemical, and molecular programs to rapidly sense change and adapt. In this context, understanding how peach may respond and adapt to future increases in CO2 concentration, temperature, and drought is critical for the agricultural fruit sector.

Previous studies have shown that elevated CO2 concentrations stimulate photosynthetic carbon gain and net primary production (Leakey et al., 2009; Medina et al., 2016; Afzal et al., 2018). However, in long-term experiments, it has been reported that the initial stimulation of photosynthesis decreases due to acclimation of photosynthetic capacity (Leakey et al., 2009; Aranjuelo et al., 2011; Salazar-Parra et al., 2015; Medina et al., 2016), and that environmental or genetic factors predispose plants to greater or lesser variation (reviewed in Arp, 1991; Leakey et al., 2009 and references therein; Medina et al., 2016). Moreover, elevated CO2 improves nitrogen-use efficiency and decreases water use in leaves (Medina et al., 2016). Furthermore, elevated CO2 stimulates leaf dark respiration via a transcriptional reprogramming of metabolism in soybean, but not in other species (Leakey et al., 2009).

It is well accepted that water scarcity will dramatically increase due to climate change and will become a major problem for crop production by limiting the growth and productivity of many crop species. Water limitation in the near future has resulted in strong interest in drought tolerance afforded by rootstocks (Serra et al., 2014), which enable the scion to grow and bear fruit. Plant responses to water limitation are usually monitored through select morphological and physiological traits (Jiménez et al., 2013; Santana-Veira et al., 2016; Fathi et al., 2017; Afzal et al., 2018). Drought inhibits the growth and development of plants, directly affecting the photosynthetic process, resulting in physiological limitations and transcriptional responses that may cause severe decreases in plant yield (Jiménez et al., 2013; Nakashima et al., 2014; Ksouri et al., 2016). Under these stress conditions, there are physiological changes such as reduction of net photosynthesis, and decreases in stomatal conductance and internal CO2 concentrations (Jones, 2007; Cattivelli et al., 2008; Lovisolo et al., 2010). The decrease of stomatal conductance may lead to the reduction of transpiration and water losses as well as to overproduction of reactive oxygen species (ROS) and activation of antioxidant enzymes (Gogorcena et al., 1995; Salazar-Parra et al., 2012; Haider et al., 2017). The accumulation of metabolites such as soluble carbohydrates and proline in leaves and roots of Prunus (Jiménez et al., 2013; Haider et al., 2018), carbohydrates and proline in leaves of pearl millet (Fabbrin et al., 2015), and carbohydrates in citrus rootstocks (Pedroso et al., 2014; Santana-Veira et al., 2016) have all been reported previously as a consequence of drought stress.

Plant responses to elevated CO2 in combination with drought stress and/or temperature increases have been widely studied in different plant species, such as wheat (Erice et al., 2014; Medina et al., 2016), grapevines (Kizildeniz et al., 2015; Salazar-Parra et al., 2015; Martínez-Lüscher et al., 2016; Kizildeniz et al., 2018), alfalfa, soybean, and other plant species (Aranjuelo et al., 2005; Aranjuelo et al., 2006; Baslam et al., 2014; Gray and Brady, 2016 and references therein; Irigoyen et al., 2014; Kelly et al., 2016). These earlier studies have found that responses are genotype-dependent; however, conflicting experimental results make it difficult to draw general conclusions (Kelly et al., 2016). Some studies have shown positive effects of elevated CO2 on water stress tolerance in some wheat and grapevine genotypes, but these effects were not universal. In wheat, elevated CO2 promoted plant growth and mitigated the deleterious effect of drought on biomass decreases (Medina et al., 2016). In grapevines, a protective effect of CO2 independent of temperature was found concerning oxidative damage (Salazar-Parra et al., 2015) and plant growth (Kizildeniz et al., 2015). However, in bread wheat genotypes, the effect of CO2 and drought interacted to cause oxidative stress (Bencze et al., 2014), and in other woody species, such as American sycamore, sweet gum, and sugar maple, it negatively affected growth (Gray and Brady, 2016). Other changes under elevated CO2 and drought stress have been described, such as a decrease in Rubisco content and activity, changes in amino acids and N content, and an increase in carbohydrates in wheat (Aranjuelo et al., 2011), as well as increases in sugar and changes in organic acids and anthocyanin content in grape berries (Kizildeniz et al., 2015).

In fruit plant breeding, rootstocks have been shown to play an important role in drought tolerance by adjusting the water supply to the demands of shoot transpiration. In fact, rootstocks are considered to confer drought and heat tolerance to the scion (Iacono et al., 1998; Meggio et al., 2014; Serra et al., 2014). Morphological and physiological changes were observed in Prunus rootstocks subjected to water deprivation (Solari et al., 2006; Jiménez et al., 2013). Apart from these changes, water-stressed plants may accumulate proline and raffinose in leaves and roots to protect membranes and enzymes, and to deal with the deleterious effects of drought-induced oxidative stress (Jiménez et al., 2013). Proline content in roots and leaves, sorbitol in leaves, and raffinose in roots were all found to be associated with increases in water-use efficiency (Jiménez et al., 2013). Moreover, at the transcriptional level, changes in gene expression were consistently found to support the accumulation of these metabolites in root and leaf tissues in Prunus (Jiménez et al., 2013) and in grapevines (Haider et al., 2017).

As mentioned above, agriculture productivity is strongly affected by drought, temperature increases, and other forms of climate changes (FAO, 2016; Afzal et al., 2018). In the future, plants will not experience individual climate change factors, but will be exposed to several interacting environmental effects at the same time (Gray and Brady, 2016). Plant responses to elevated CO2, temperature, and drought are genotype-dependent (Kizildeniz et al., 2015; Medina et al., 2016; Kizildeniz et al., 2018) and the interactive effects of environmental conditions and genotypic influences cannot be anticipated by studying the effect of each individual climate change factor. For this reason, to investigate plant responses where CO2 concentration, temperature, and water availability can be modulated simultaneously, gradient temperature greenhouses are needed to enable comparisons of current climate with future predictions (Morales et al., 2014). Previous investigations in these facilities have been carried out by a number of authors for different herbaceous plant species (Sanz-Sáez et al., 2012; Sanz-Sáez et al., 2013; Fabbrin et al., 2015) and grapevines (Kizildeniz et al., 2015; Salazar-Parra et al., 2015; Martínez-Lüscher et al., 2016; Kizildeniz et al., 2018; Salazar-Parra et al., 2018), but never for Prunus spp and never taking into consideration rootstock plasticity.

The aim of the present work is to investigate the physiological, biochemical, and molecular responses of two contrasting Prunus rootstocks (GF677 and Adesoto) budded with Catherina peach cultivar to climate change-induced stresses (elevated CO2, elevated temperature, and water deficit). Understanding how rootstocks with different genetic background modulate the response of peach trees under stress conditions and disentangle the underlying molecular mechanisms will be very helpful to develop resilient rootstocks in future breeding programs.



Materials and Methods


Plant Material and Experimental Conditions

Micropropagated GF677 (Prunus dulcis Miller × P. persica L. Batsch) and Adesoto (P. insititia L.) rootstock plants were grown for two weeks in 300 cm3 pots containing a peat substrate, then they were micrografted with variety Catherina (P. persica L. Batsch). Plants were transferred to 15 L containers with a medium of 1:1 sand-peat substrate (TKS-1, Floragard, Oldenburg, Germany) and 2 g kg−1 osmocote 14-13-13 (The Scotts Company LLC, Marsyville, OH, USA). Plants were grown for two months in an experimental greenhouse in Zaragoza, Spain (41°43′N, 0°48′W) under normal day light conditions (14 h light/10 h dark photoperiod) with mean day and night temperatures and humidity of 24 and 18°C, and 51 and 67%, respectively. Plants were divided randomly into eight groups (20 plants per group) and were transferred to four greenhouses and grown at the University of Navarra (Pamplona, Spain, 42°48′N, 1°40′W). All temperature gradient greenhouses (TGGs) have been designed in a modular way to have a temperature gradient (ambient to + 4°C) and CO2 gassed inside to reach the desired CO2 concentration. Treatments were a combination of two CO2 levels (ambient, approximately 400 ppm and elevated, 700 ppm), two temperature regimes (ambient temperature and ambient + 4°C) for 18 d, a period that used for acclimation. Then plants were subjected to two regimes of irrigation. Well-watered plants were maintained at around 80% of the substrate field capacity. In the water-deficit treatment, plants were watered daily with the 80% of the evapotranspirated water (Jiménez et al., 2013). Then, in each greenhouse, plants were irrigated and partially irrigated for 23 d. Soil water sensors (Watermark soil moisture sensor, Spectrum Technologies Inc., IL, USA) were placed into the pots and used for irrigation control. Stems (leaves and main shoot) and roots were harvested at 23 d, weighed (fresh weight, FW), and then oven-dried (dry weight, DW) at 80°C for 48 h. For all treatments, specific leaf area (SLA) was measured and chlorophyll (Chl) concentration per unit leaf area was estimated using a SPAD 502 meter (Minolta Co., Osaka, Japan). Samples from plants submitted to ambient and elevated CO2, ambient and elevated temperature, and control and drought stress for 23 d were randomly collected. Root and leaf tissues from each treatment-plant (four biological replicates) were rinsed in distilled water, immediately frozen in liquid nitrogen and stored at -80°C until their use for the molecular determinations.



Water Status

A single mature leaf (fifth expanded leaf) of each of the four replicate plants was assayed for stem water potential (Ψstem) at day 23 of the experiment. Leaves were enclosed in aluminum foil-covered plastic envelopes to stop transpiration and allow equilibration with Ψstem 30 min before measurement. Midday Ψstem were measured using a Schölander-type pressure chamber (PMS instrument, Corvallis, OR, USA). After measurements, leaves were wrapped in aluminum foil, frozen in liquid nitrogen, and stored in plastic bags at -20°C (García-Sánchez et al., 2007). After thawing, osmotic potential (Ψπ) was measured with a Psychrometer Tru PSi SC10X (Decagon Devices, Inc., Pullman, WA, USA).

Leaf relative water content (RWC) was measured on a mature leaf (sixth expanded leaf) of the four replicate plants. Leaves were immediately weighed to obtain a leaf FW and petioles were submerged into water overnight in the dark. Fully hydrated leaves were reweighed to obtain turgid weight (TW) and dried at 80°C for 24 h to obtain DW. RWC was calculated as 100×(FW-DW)/(TW-DW) according to Morgan (Morgan, 1984).



Photosynthetic Parameters

Photosynthetic rate (AN), stomatal conductance (gs), intercellular CO2 concentration (Ci), and transpiration rate (E) were measured after 23 d using a portable photosynthesis system (LI-6400XT, Licor, Inc., Lincoln, NE, USA). Measurements were conducted between 10:00 and 12:00 (GMT) in the same leaves used for Ψstem determinations (n = 4). Parameters were measured with saturating light (1400 μmol m−2 s−1 provided by an external light source), 400 μmol mol−1 CO2 and 30.5°C (average leaf temperature during measurements). Water-use efficiency (WUE) or instantaneous water-use efficiency was calculated as the ratio between the photosynthetic rate and stomatal conductance (AN/gs).



Osmotic-Regulating Compounds: Soluble Sugars and Proline

Leaf and root soluble sugar content was determined by high-performance liquid chromatography (HPLC). Plant tissue (n = 4) was ground to a fine powder in a pre-cooled mortar with liquid nitrogen. Polar compounds from ~0.1 g FW were extracted into aqueous ethanol at 80°C, in three steps, each lasting 20 min (step 1: 0.75 ml of 80% ethanol; steps 2 and 3: 0.75 ml of 50% ethanol). The mixture of each step was centrifuged for 10 min at 4800g and slurries were pooled (Moing et al., 2004). The ethanol was allowed to evaporate in a speed-vac and dry extracts were solubilized in 1 ml double-distilled water. Soluble sugars were purified using ion exchange resins (Bio-Rad AG 1-X4 Resin 200-400 chloride form, Bio-Rad AG 50W-X8 Resin 200-400 mesh hydrogen form, Bio-Rad, Hercules, CA, USA). Samples were concentrated to 0.2 ml, filtered and 20 μl was injected and analyzed by HPLC, using a Ca-column (Aminex HPX-87C 300 mm × 7.8 mm column Bio-Rad) flushed with 0.6 ml min−1 double-distilled water at 85°C with a refractive index detector (Waters 2410) (Milford, MA, USA). Concentrations of the main sugars (fructose, glucose, raffinose, sorbitol, sucrose, and xylose) were calculated for each sample, using mannitol as an internal standard. Sugar quantification was carried out with Empower Login software from Waters, using commercial standards (Panreac Química S.A. Barcelona, Spain). The amounts of soluble sugars were reported as mg g−1 DW.

Leaf and root proline were determined using the methodology described previously (Bates et al., 1973; Ábrahám et al., 2010). Plant tissue (n = 4) was ground to a fine powder in a pre-cooled mortar with liquid nitrogen. About 0.1 g of FW per sample was homogenized with 3% sulfosalicylic acid (Panreac Química S.A.) and the supernatant was reacted with ninhydrine (Sigma-Aldrich, St. Louis, MO, USA). The absorbance was read at 520 nm and the free proline concentration was calculated from a calibration curve using proline as a standard (Sigma-Aldrich). Free proline content was reported as mg g−1 DW.



RNA Isolation and RT-qPCR

Frozen plant tissue (four biological replicates) was ground to a fine powder in a pre-cooled mortar with liquid nitrogen and subsequently total RNA was isolated from ~100 mg of FW following the protocol of Meisel et al. (2005) with some modifications. After DNase I treatment (Thermo Scientific, Waltham, MA, USA) to eliminate possible genomic DNA contamination, 2 μg of total RNA were reverse transcribed using an oligo-(dT) 18 as a primer with RevertAid H Minus first-strand cDNA synthesis system (Thermo Scientific). Samples from cDNA synthesis were used to evaluate the expression of genes involved in sorbitol metabolism and raffinose and proline synthesis. These included sorbitol dehydrogenase (SDH), sorbitol-6-phosphate dehydrogenase (S6PDH), raffinose synthase (SIP1), Δ-1-pyrrolyne-carboxylate synthase (P5CS), Δ-1-pyrrolyne-carboxylate reductase (P5CR), and ornithine aminotransferase (OAT), which encodes an enzyme that synthesizes a precursor for proline biosynthesis. Also, phosphatidylinositol 4,5-bisphosphate (PIP2), which plays a role in membrane transport, dehydration responsive element binding protein (DREB2), ABA responsive element binding protein (AREB2), and the homeodomain-leucine zipper protein (HAT22) genes were assayed (Supplementary Table 1). Gene sequences were identified by Blastn against the “Peach Genome v1.0 predicted transcripts” database in GDR (http://www.rosaceae.org) with an E-value of >1 × 10−5. Finally, gene-specific primers were designed using Primer3Plus (Untergasser et al., 2007). Real-time qPCR was carried out using the Kapa SYBR Fast Maxter Mix (Kapa Biosystems, Cambridge, MA, USA) on a Applied Biosystem 7500 Real Time PCR (Life Technologies, Carlsbad, CA, USA) as described previously (Ksouri et al., 2016). Fluorescence values were baseline-corrected and averaged efficiencies for each gene and quantification cycle (Cq) values were calculated using LinRegPCR program (Ruijter et al., 2009). Gene expression was determined with the gene expression Cq difference (GED) formula (Schefe et al., 2006) using Actin 2 as an internal reference gene. Gene expression levels were normalized relative to the values of the drought-tolerant GF677 under control conditions (Jiménez et al., 2013; Ksouri et al., 2016). Normalized data allowed for the comparison of the magnitude of gene expression both across treatments and genotypes.



Statistical Analysis

Data were evaluated by three-way (2 CO2 × 2 temperature × 2 water regimes) analysis of variance (ANOVA) for each genotype-tissue with SPSS 25.0.0 (Inc., Chicago, IL, USA). Previously, data were normalized and evaluated by Levene's homoscedasticity test and transformed if necessary. The main treatment parameters (CO2, temperature, and drought) were evaluated alone and as interactions. For simplicity in figures, only two-level interactions (CO2 × Te) or triple (CO2 × Te × drought) were labeled. When treatment interaction terms were significant (P ≤ 0.05), means were separated using Duncan's multiple range test at P ≤ 0.05. Means of two samples were compared using a Student t-test. Regression analysis was carried out by Pearson's correlation.




Results


Effect of Climate Change on Biomass, Water Status and Physiological Traits


Biomass

After 23 d of treatment, elevated CO2 and drought modified biomass in plants grafted on both genotypes whereas temperature did not affect plant growth. High CO2 concentrations increased leaf and root DW only in grafted GF677 plants, but decreased shoot/root DW ratio in both genotypes (Table 1). In GF677–Catherina plants, elevated CO2 decreased specific leaf area, while drought decreased the shoot/root ratio and increased SPAD values. Drought decreased leaf DW in both genotypes and, as a consequence, the shoot/root ratio also decreased.


Table 1 | Leaf and root dry weight (DW), shoot-to-root ratio, specific leaf area (SLA), and SPAD in control and stressed Prunus rootstocks (GF677 and Adesoto) budded with var. Catherina, after 23 days of treatment.





Stem Water and Osmotic Potentials

Drought stress reduced stem water and osmotic potentials in Catherina cv. grafted on both rootstocks, GF677 and Adesoto (P ≤ 0.001). The Ψstem in Catherina cv. grafted on Adesoto was also affected by the CO2 concentration and temperature (P ≤ 0.001) (Figure 1A). The osmotic potential, Ψπ, was significantly diminished by elevated CO2 and affected by temperature (P ≤ 0.001) in plants grafted on both rootstocks (Figure 1B). Elevated CO2 in plants grafted on Adesoto and elevated temperature in those grafted on GF677 increased stem water and osmotic potentials, respectively.




Figure 1 | (A) Stem water potential (Ψstem) and (B) osmotic potential (Ψπ) in peach plants (variety Catherina) grafted on GF677 (GF) and Adesoto (AD) and subjected to ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C) temperature, and control irrigation and drought for 23 days. Vertical bars indicate the standard error (n = 4). Significant differences: *** P ≤ 0.001 and ns: non-significant.





Photosynthetic Response and Gas Exchange

The photosynthetic rate (AN) of plants grafted on GF677 increased under elevated CO2, but decreased with high temperature and drought (Figure 2). However, when plants were grafted onto Adesoto rootstock, the photosynthetic rate decreased only under drought stress condition. Stomatal conductance (gs) of grafted plants on GF677 and Adesoto rootstocks decreased with elevated CO2 concentration and drought stress (Figure 2), while transpiration rate (E) decreased only under drought stress condition. Elevated temperature did not affect the Adesoto rootstock.




Figure 2 | Photosynthetic rate (AN), stomatal conductance (gs), transpiration rate (E), and water-use efficiency (AN/gs) in peach plants (variety Catherina) grafted on GF677 (GF) and Adesoto (AD) and subjected to ambient (CO2 amb) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C) temperature, and irrigation control (C), and drought (D) for 23 days. Vertical bars indicate the standard error (n = 4). Significant differences: * P ≤0.05, ** P ≤0.01, *** P ≤0.001 and ns: non-significant. For the significant double (CO2 × Te) and triple (CO2 × Te × D) interactions, differences among means are shown with different letters (Duncan's test, P < 0.05).



In both genotypes, the climate change-like conditions, except for elevated temperature in Adesoto, improved the WUE (Figure 2).

Interactive effects among treatments were found for both grafted GF677 and Adesoto rootstocks, between CO2 and temperature (AN in Adesoto, and gs in both genoypes, Figure 2), between CO2 and drought (AN, E in GF677, and gs in both genotypes), and between temperature and drought (E and WUE in both genotypes). A triple interaction was found only in Adesoto–Catherina for transpiration rate (E, Figure 2). Interaction between elevated temperature and drought resulted in a higher WUE in drought stressed plants in both genotypes.




Effect of Climate Change on Soluble Carbohydrates and Proline Content

The biochemical responses involving sugars and proline content in roots and leaves of 'Catherina' grafted on both rootstocks (GF677 and Adesoto) subjected to stresses associated with climate change for 23 d are shown in Tables 2 and 3. In roots, elevated CO2 increased the concentration of glucose and total sugars in both rootstocks, xylose in GF677, and fructose in Adesoto (Table 2). In this study, we noticed that the content of sorbitol and total sugars increased in response to high temperature, but only in roots of Adesoto (Table 2B). In roots, under drought stress condition, raffinose and proline concentration increased in GF677, sorbitol decreased in GF677, but increased in Adesoto rootstock, and fructose decreased in Adesoto (Table 2). The interactive effects between treatments also significantly increased the concentration of sugars (Supplementary Tables 2 and 3). In GF677 rootstock, the interaction between elevated temperature and irrigation increased root raffinose and xylose concentration. In contrast, in Adesoto rootstock, the interaction between elevated CO2 and irrigation increased root glucose content.


Table 2 | Root soluble sugars and proline (mg g-1 DW) concentration (n=4) in ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C) temperature, and control irrigation and drought-stressed GF677 (A) and Adesoto (B) Prunus rootstocks budded with cv. Catherina, after 23 days of treatment.



Concerning leaves of 'Catherina' grafted on GF677, elevated CO2 significantly increased the concentration of all sugars except xylose, while leaves of ‘Catherina’ grafted on Adesoto rootstock showed increases only for sucrose (Table 3). Elevated temperature affected only leaves of the GF677–Catherina combination, increasing the content of glucose and decreasing the content of sucrose and proline. Drought had the same effects for sucrose, xylose, and proline in leaves of both combinations. Under drought stress, sucrose decreased, while xylose and proline increased. Furthermore, in the GF677–Catherina combination, this stress condition led to decreased fructose and increased sorbitol content. Interactive effects of CO2 with irrigation in GF677–Catherina led to increases in leaf sorbitol and proline, but in Adesoto–Catherina, the triple interaction (CO2 × temperature × drought) seemed to maintain the levels of sucrose, sorbitol, and total sugars (Supplementary Tables 4 and 5).


Table 3 | Scion leaf soluble sugars and proline (mg g-1 DW) concentration (n = 4) in ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C) temperature, and control irrigation and drought-stressed GF677 (A) and Adesoto (B) Prunus rootstocks budded with cv. Catherina, after 23 days of treatment.





Correlations Between the Physiological Traits, Soluble Sugars, and Proline Content

Pearson correlation analysis was conducted between the physiological traits and content of biochemical compounds after 23 d of climate change-like conditions. Osmotic potential (ΨΠ) was negatively correlated with different sugar concentration depending on the tissue and genotype studied. In GF677–Catherina leaves, the content of sucrose, TSS, and proline was negatively correlated with osmotic potential. In the Adesoto–Catherina combination, the content of xylose in leaves, sorbitol and TSS in roots, and proline in both tissues showed negative correlation with osmotic potential. Photosynthetic rate in leaves of 'Catherina' grafted on GF677 and Adesoto were positively correlated with sucrose and proline. Positive correlations were also detected between WUE and content of sorbitol (0.521**, 0.534**), TSS (0.515**, 0.503**), and proline (0.461**, 0.474**) in leaves of GF677–Catherina and roots of Adesoto, respectively. Also in roots of plants grafted on GF677, WUE was positively correlated with TSS (0.543**) and proline (0.612***). The content of xylose in leaves of Adesoto–Catherina, and raffinose in roots of GF677, were negatively correlated with most of the physiological parameters except for WUE (Table 4).


Table 4 | Pearson correlations between the physiological traits and biochemical content in leaves and roots of ‘Catherina’ plants grafted on GF677 and Adesoto rootstocks and subjected to climate change conditions for 23 days (n = 32).





Effect of Climate Change on Transcriptional Responses

After 23 d of growth under climate change conditions, samples from roots and scion leaves of ‘Catherina’ budded on GF677 and Adesoto rootstocks were collected to study the transcriptomic responses. The transcript levels were evaluated by RT-qPCR for nine and seven genes, in roots and leaves, respectively. We focused on the significant changes under stress conditions concerning relative gene expression (RNorm) in both tissues and rootstocks (Tables 5 and 6).


Table 5 | Gene expression (Rnorm values) in root tissue (n = 4) under ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C) temperature, and control irrigation and drought-stressed GF677 (A) and Adesoto (B) Prunus rootstocks budded with cv. Catherina, after 23 days of treatment.




Table 6 | Gene expression (Rnorm values) in leaf tissue (n = 4) under ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C) temperature, and control irrigation and drought-stressed GF677 (A) and Adesoto (B) Prunus rootstocks budded with cv. Catherina, after 23 days of treatment.



For roots of GF677 rootstock (Table 5A), we found that the CO2 treatment significantly decreased the transcript level of raffinose synthase (SIP1), which encodes an enzyme involved in raffinose biosynthesis. The temperature treatment strongly affected the expression of genes related to sugar and proline metabolism, as well as other genes associated with the drought stress responses. We observed decrease expression of sorbitol dehydrogenase (SDH) and sorbitol-6-phosphate dehydrogenase (S6PDH), key enzymes of sorbitol catabolism and biosynthesis, respectively. Elevated temperature also decreased the expression of Δ-1-pyrrolyne-carboxylate synthase (P5CS), dehydration responsive element binding protein 2 (DREB2), ABA responsive element binding protein (AREB2), and homeodomain-leucine zipper protein (HAT22). Finally, water deficit in roots of GF677 also diminished the expression of SDH while the normalized expression of S6PDH, Δ-1-pyrrolyne-carboxylate synthase (P5CS), and Δ-1-pyrrolyne-carboxylate reductase (P5CR) was upregulated (Table 5A). These results were consistent with the increase in proline content in roots of GF677 under drought stress (Table 2A). In roots of the Adesoto rootstock, only four genes were affected by the climate change-like conditions (Table 5B). Elevated CO2 significantly increased the transcript levels of S6PDH and AREB2, while drought condition downregulated the expression of SDH. The interactive effect of CO2 and irrigation modified PIP2 gene expression, but without a clear trend (Supplementary Tables 6 and 7). It is important to note that under drought stress, gene regulation of sorbitol metabolism (downregulated catabolism) was consistent with the increase in sorbitol content in roots of Adesoto (Table 2B).

Our results showed that in ‘Catherina' scion leaves, elevated CO2 downregulated HAT22 when budded either on GF677 or Adesoto (Table 6). When 'Catherina' was grafted on GF677, drought stress significantly enhanced the expression of S6PDH, SIP1, and HAT22 (Table 6A, Supplementary Table 8). When 'Catherina' was grafted on Adesoto, elevated CO2 and temperature, as well as its interaction, significantly enhanced the expression of SDH in scion leaves (Table 6B, Supplementary Table 9). The transcript level of P5CR decreased in the same rootstock with elevated CO2 and drought stress treatments, but the double and triple interactions did not follow the same trend (Table 6B, Supplementary Table 9). Regarding the ornithine aminotransferase (OAT) gene, which encodes an enzyme that synthesizes a precursor for proline biosynthesis, significant differences in its expression were found only when plants were grafted on Adesoto in the triple interaction, but without a clear trend (Supplementary Table 9). Interestingly, under drought stress conditions, gene regulation related to sorbitol metabolism was consistent with the increase in sorbitol content in scion leaves of GF677 (Table 3A). Furthermore, the lack of accumulation of sorbitol in scion leaves of Adesoto under elevated CO2 and temperature may be due to the upregulation of its catabolism (SDH).

In summary, gene regulation under climate change conditions was divers and depended on the stress, tissue, and genotype (Supplementary Table 10). Concerning tissues, in roots nine different genes associated with specific treatments were modified; eight were affected in GF677, and four in Adesoto. In leaves, five genes were differently expressed on cv. Catherina budded on each rootstock, GF677 or Adesoto. Concerning genotypes, GF677 rootstock showed differences in the expression of 13 genes in both tissues, with roots (eight genes) being more affected than scion leaves (five genes). Adesoto rootstock was less affected and only nine genes were modified, four genes in roots and five in scion leaves, respectively. Finally, concerning stresses, in plants grafted on GF677 rootstock, elevated CO2 significantly modified the expression of only two genes, one in each organ tissue, while elevated temperature affected six genes (all in roots), and as a response to the irrigation treatment, seven genes (four in roots, three in leaves) were differentially expressed. Concerning plants grafted on Adesoto rootstock, CO2 treatment altered the expression of five genes (two in roots and three in scion leaves), while elevated temperature (in scion leaves) and irrigation (in roots and scion leaves) modified the expression of only one gene. Elevated temperature did not affect gene expression in leaves of 'Catherina' grafted on GF677 or roots of Adesoto rootstock. The triple interaction between CO2, temperature, and irrigation affected only one gene (SIP1) in 'Catherina' grafted on GF677 rootstock (in leaf tissue) and three genes in the Adesoto–Catherina combination (S6PDH in roots, and P5CR and OAT in scion leaves). The double interaction between treatments involved transcriptome variations mainly in leaf tissues.




Discussion


Effect of Climate Change-Like Conditions (Elevated CO2 and Temperature, and Low Irrigation) on Growth and Physiological Status

The decrease in shoot/root DW ratio under elevated CO2 and drought suggests that root growth is more stimulated than the aerial part, which was also reported in other plant species (Madhu and Hatfeld, 2013; Medina et al., 2016), although these changes depend on interactions between genotype and environment (Medina et al., 2016). Temperature did not affect biomass as was reported in other plant species (Gray and Brady, 2016). Drought decreased leaf DW and shoot/root ratio in both genotypes, which is in accordance with previous studies in grapevine and wheat (Kizildeniz et al., 2015; Medina et al., 2016) and in Prunus genotypes (Jiménez et al., 2013). Under water deficit, investment in root growth over leaf growth has the benefit of reducing the aerial part avoiding water loss via transpiration (Gray and Brady, 2016). This effect was more evident in plants grafted on the GF677 rootstock that also had increased SPAD values as a consequence of the chlorophyll accumulation. Elevated CO2 alone or in combination with elevated temperature attenuated the negative effect of drought on plant growth in both rootstocks (Fattahi et al., 2019), as was reported previously for elevated CO2 in drought-stressed grapevine plants (Kizildeniz et al., 2015) and in waterlogged cherry rootstocks (Pérez-Jiménez et al., 2018). In the future, climate change conditions may alleviate drought effects in Prunus species, as has been reported for other trees (Kelly et al., 2016).

The photosynthetic rates of plants grafted on GF677 were higher with elevated CO2, but lower with elevated temperature and drought stress. However, the photosynthetic rates of plants grafted on Adesoto decreased only under drought stress conditions. Previous work has shown that elevated CO2 can lead to increases in photosynthetic rates in some plant species, but often involve acclimation process that limit yield and production of biomass. Under such conditions, we found in plants grafted on GF677 an increase in photosynthesis and biomass, while those grafted on Adesoto showed not significant changes. After 23 d of exposure to elevated CO2, plants grafted on Adesoto rootstock showed acclimation effects irrespective of the temperature and drought stress conditions, as shown in grapevines (Leibar et al., 2015). Leakey et al. (2009) described genetic factors that predispose plants to a greater acclimation of photosynthesis and mentioned the importance of an unbalance in sink capacity leading to increases in foliar carbohydrates. Apparently, this is not the case in the Prunus rootstocks studied herein, because photosynthetic acclimation was not associated with carbohydrate accumulation in scion leaves of GF677 or Adesoto (see sugars leaf/root ratio as fold change in stress compare to control, Figure S1). Differences expressed in a logarithmic basis often allow for easier comparison of preferential compound accumulation in leaves or roots. A positive value [Log2 (Stress/Control) > 1] indicates a preferential accumulation in scion leaves under stress conditions. On the contrary, a negative value [Log2 (Stress/Control) < 1] indicates preferential accumulation in roots under stress conditions. We found that in GF677–Catherina plants, elevated CO2 led to increased leaf biomass, decreased SLA, and accumulation of carbohydrates in roots and scion leaves did not provoke acclimation. Similarly, a lack of such acclimation was found in other species as Populus trees that export photosynthates during the day and accumulate the overflow as starch to avoid acclimation, which acts to maintain AN at elevated CO2 (Scarascia-Mugnozza et al., 2006).

High temperature and drought are frequently co-occurring stresses and they have a substantial impact on the performance and vitality of plants (Afzal et al., 2018). However, at the physiological level, temperature only affected plants grafted on GF677. In these conditions, plants of GF677 showed significantly decreased photosynthesis rates, reduced stomatal conductance, and decreased transpirational water loss, compared to control plants, as reported for grapevine (Leibar et al., 2015). Under drought stress conditions plants grafted on Prunus rootstocks showed a significant decrease in stem and osmotic potentials, photosynthetic rate (AN), stomatal conductance (gs), and transpiration rate, which is in agreement with previous studies (Mellisho et al., 2011; Jiménez et al., 2013; Pedroso et al., 2014; Ksouri et al., 2016; Haider et al., 2018). Stomatal closure is one of the earliest responses to water deficiency adopted by plants as a water saving strategy (Long et al., 2006; Serra et al., 2014; Nakhforoosh et al., 2015; Vicente et al., 2015; Pazzagli et al., 2016) to decrease evaporative water loss and maintain a water balance.

In plants grafted on both rootstocks, the combination of climate change-like stress conditions improved water-use efficiency (AN/gs) (Figure 2) except for temperature in Adesoto–Catherina. Also, in both genotypes, the increase in atmospheric CO2 concentration, alone or combined with drought, decreased stomatal conductance and resulted in increases in WUE, as reported for grapevine (Leibar et al., 2015). On the contrary, Centritto and coworkers (Centritto et al., 1999) observed neither reduction of stomatal conductance nor changes in WUE in response to elevated CO2 in droughted cherry plantlets. In this study, elevated CO2 ameliorated the drought-induced decrease in photosynthesis only in plants grafted on GF677.



Metabolic Rearrangements and Transcriptional Regulation in Response to Climate Change-Like Conditions (Elevated CO2 and Temperature, and Low Irrigation)

Plant growth depends on assimilation of carbohydrates, which are accumulated and mobilized in the form of soluble sugars under stress conditions (Fabbrin et al., 2015; Sami et al., 2016). In this experiment, changes in sugar content in scion leaves and roots under climate stress conditions are summarized as fold changes [FC = log(2) (Stress/control)] in Figure S2. Changes (increase or decrease are positive or negative values, respectively) were different between genotypes and among treatments and are related to the biomass changes found in each genotype and tissue combination. The increase in total sugars in roots and leaves in plants grafted on GF677 was consistent with the increase in dry weight in both tissues under elevated CO2 (Figure S2, Table 1). In the same way, increases in fructose, glucose, and total sugars in roots of Adesoto were consistent with the increase in root growth (decrease of shoot/root DW ratio, Table 1). It has been established that metabolic adjustments in response to unfavorable conditions are dynamic and multifaceted and not only depend on the type and strength of the stress, but also on the cultivar and the plant species (Krasensky and Jonak, 2012). In this study, elevated CO2 led to an increase in sugars in scion leaves and in roots in GF677 (Figure S2). However, only fructose, raffinose, sucrose, and sorbitol accumulated (Figure S1) more in scion leaves than in roots. Interestingly, in Adesoto soluble sugar concentration, except for sucrose, increased mainly in roots (Figure S2) and accumulated there (Figure S1) being this tissue the main sink. In both genotypes, under elevated CO2, independently of acclimation, the increase and accumulation of sucrose in leaves did not limit photosynthesis neither in plants grafted on GF677 nor Adesoto, which was supported by the positive correlation between sucrose and AN. Furthermore, the increase in proline and its accumulation in leaves of GF677–Catherina plants under elevated CO2 may be linked to the role of proline as a ROS scavenger protecting the photosynthetic apparatus from oxidative damage.

Accumulation of particular osmolytes (soluble sugars and/or proline) has been observed in different plant species under stress conditions (Krasensky and Jonak, 2012; Baslam et al., 2014; Fabbrin et al., 2015; Yu et al., 2015; Haider et al., 2017; Pérez-Jiménez et al., 2018) and is thought to help maintain osmolarity. Higher accumulation of compatible solutes may contribute to drought tolerance by protecting the photosynthetic apparatus (Krasensky and Jonak, 2012; Jiménez et al., 2013) and maintaining osmotic homeostasis (Jiménez et al., 2013). In particular, the increases in sorbitol in leaves, raffinose in roots, and proline in both tissues were related to a decrease in osmotic potential and an increase in WUE in Prunus rootstocks (Jiménez et al., 2013). In this study, comparable results were found in GF677 grown under drought stress (increases in raffinose and proline in roots, and sorbitol, xylose, and proline in scion leaves). In the GF677 rootstock under drought stress, sugars accumulated in the same organs, but proline was allocated preferentially in roots. In Adesoto, sorbitol, xylose, and proline increased (Figure S2) and accumulated (Figure S1) under drought stress condition in the same organs, in roots (sorbitol) and in scion leaves (xylose and proline). These changes were also consistent with the negative correlations found between the content of sugar and proline in scion leaves and roots versus stem water and osmotic potentials, indicating a role in maintaining water status in plants grafted on GF677 and Adesoto rootstocks (Table 4). We suggest that the accumulation of sorbitol, xylose, and proline in different plant tissues may increase the tolerance of Prunus trees to progressive drought stress (Figure S1). According to our results, we suggest that proline may act as an osmolyte in roots of GF677 and as a ROS scavenger in leaves of Adesoto–Catherina (partially in GF677) to protect each from oxidative damage (Krasensky and Jonak, 2012). In this regard, each genotype has the capacity to accumulate active solutes as osmolytes and the ability to maintain its own strategy to increase WUE.

Sorbitol is a major end product of photosynthesis that under moderate drought conditions, is preferentially synthesized over sucrose (Escobar-Gutiérrez et al., 1998), which is in agreement with the significant increases in sorbitol content we observed in scion leaves and roots and the decreased sucrose levels in scion leaves in the drought-tolerant GF677. On the contrary, in Adesoto, another pattern was found for sorbitol, which increased only in roots and preferentially accumulated along with sucrose in roots (Figures S1 and S2). Several studies on Prunus rootstocks confirmed that sorbitol content in scion leaves (Ranney et al., 1991; Haider et al., 2018) and in roots (Ranney et al., 1991) were enhanced resulting in active osmotic adjustment and decreased osmotic potential, which increased plant resistance to drought stress (Arndt et al., 2000; Krasensky and Jonak, 2012). Apparently, scion leaf sorbitol in GF677–Catherina did not result in osmotic adjustment, while root sorbitol in Adesoto rootstock negatively correlated with osmotic potential (Table 4). Functions of sorbitol—other than osmotic adjustment—such as translocation and storage of carbon, cryoprotection, and prevention of reactive oxygen species, have been described previously (Lo Bianco et al., 2000). The osmotic adjustment of sorbitol in roots may influence shoot/root partitioning patterns and root growth, and may indirectly control plant growth in responses to water deficit (Turner, 1986). We may speculate that the allocation of sorbitol in roots of Adesoto may be a stimulus to increase the photosynthetic rate and evade or reduce the acclimation process.

In order to shed light on the complex regulatory networks of all changes at the molecular level caused by climate change-like stress conditions, we followed the expression of genes that regulate sugar and proline metabolism. Sorbitol levels were determined by the balance between biosynthesis and catabolism. Sorbitol is synthesized by S6PDH (sorbitol-6-phosphate dehydrogenase) in source leaves, translocated through phloem, and catabolized by SDH in fruit (Suzuki and Dandekar, 2014) and other sink organs. As a result of drought stress, the increase in sorbitol content in scion leaves of GF677 was consistent with the upregulation of S6PDH as found previously in peach leaves (Sakanishi et al., 1998). However under climate change-like stress conditions, SDH transcript levels were not correlated with sorbitol content, suggesting that other factors have significant regulatory effects, as other authors have pointed out under control conditions (Wu et al., 2010). Likewise, the enhanced expression of SIP1 in scion leaves of GF677 under drought stress did not provide evidence supporting a role of raffinose in stress tolerance as was reported in Prunus rootstocks (Jiménez et al., 2013) or in Arabidopsis plants (Krasensky and Jonak, 2012).

Proline is biosynthesized in plants through two successive reductions catalyzed by 1-pyrroline-5-carboxylate synthetase and pyrroline-5-carboxylate reductase (Verbruggen and Hermans, 2008). In the present study, the significant increases in P5CS and P5CR under drought stress were accompanied by higher proline content in roots of the tolerant rootstock GF677 as it was found in P5CS in GF677 and Cadaman rootstocks (Jiménez et al., 2013). However, in leaves of 'Catherina' grafted on Adesoto, we found the opposite. P5CR was downregulated while proline content increased under drought stress without evidences that confirmed the synthesis of proline precursor through the ornithine alternative pathway (Miller et al., 2009). The apparent inconsistency for the downregulation of P5CR under elevated CO2 and drought treatments and the increase of proline in scion leaves of Adesoto could be explained by gene regulation linked to the interaction. In line with the contrasting results found in both genotypes in this study, Szabados and Savoure (2010) reported that the correlation between proline content and abiotic stress in plants is not always positive and may be genotype-dependent.

Finally, to better establish differences among stresses and to understand the regulation of the physiological and molecular responses found among the genotypes, we explored gene expression of stress-inducible and -responsive genes. It has been described that many stress-inducible genes are enriched in motifs that are binding targets of transcription factors (drought or ABA-regulated genes) (Huang et al., 2008). Numerous gene families and transcription factors (TFs) are implicated in the defense responses to stress in plants through regulation of metabolites levels. DREB2, which encodes a DRE/CRT-binding protein, activates the expression of genes related to osmoprotectant and antioxidant biosynthesis and whose expression is rapidly induced by osmotic stress (Song et al., 2014). However, our results are in contrast with the upregulation found under high temperature in poplar (Song et al., 2014) and under drought stress in peach leaves (Haider et al., 2018). In our experimental conditions, the lack of activation of DREB2 could be due to elevated temperature or drought stress in Prunus rootstocks not related to oxidative damage as found in Arabidopsis (Hwang et al., 2012). Furthermore, AREB encodes a major TF involved in abiotic stress responses in Arabidopsis (Fujita et al., 2013; Nakashima et al., 2014). Overexpression of AREB1 in rice and soybean improved drought tolerance (Oh et al., 2005), while overexpression of AREB2 in apple led to increased sugar accumulation (Ma et al., 2017). In our study, the downregulation of AREB in roots of GF677 under elevated temperature may be linked to the lack of significant accumulation of sugars in this organ. On the contrary, upregulation of AREB in roots of Adesoto under elevated CO2 treatment may be linked to the accumulation of total sugars (Figure S1). Finally, the homeodomain-leucine zipper (HD-ZPII) gene (HAT22) was upregulated in scion leaves of GF677 under drought stress conditions, as was found previously in cotton plants as a response to drought stress (Hou et al., 2018) and in Arabidopsis in response to ABA treatment and drought (Liu et al., 2016). It has been reported that the dehydration-responsive homeodomain-leucine zipper gene family (HD-Zips) show modulated expression in response to dehydration in leaves and roots (Deng et al., 2002), supporting the role of HD-Zips in regulatory pathways that lead to desiccation tolerance. Results found in plants grafted on GF677 may be in agreement with the model proposed in Arabidopsis (Liu et al., 2016) concerning the role of HAT22/ABIG1 TF. In this combination, drought may act through ABA to increase HAT22 transcription to limit shoot growth and promote leaf senescence. In contrast, in Adesoto–Catherina the response concerning shoot growth and senescence was less evident.

Taken into account all these transcriptomic changes, it underscores the difficulty in understanding the global context of multi-stress responses. The broad number of genes that are differentially modified under environmental stress conditions reveals the complex regulatory network of TFs controlling plant responses at the morphological, physiological, and molecular level.




Conclusion

Climate change will alter future plant growth conditions and, in this scenario, knowledge of the plasticity of Prunus rootstocks will be critical for peach production. Elevated CO2, elevated temperature, and drought stress were applied to simulate future climate conditions and to compare two contrasting Prunus rootstocks for ‘Catherina' peach at the physiological, molecular, and transcriptomic level. This study revealed that the impact of climate change was not uniform for Prunus species and the responses depend on the genetic background and the performance of the genotypes facing the stress in a specific manner.

In response to stress, morphological and physiological changes were accompanied by molecular and transcriptomic changes in a coordinated manner, but depending on the rootstock. Elevated CO2 increased photosynthetic rates in plants grafted on GF677, while in plants grafted in Adesoto, acclimation was observed. At the molecular level, metabolite content was affected by climate change-like stress factors such that soluble sugars and proline were partitioned in different shoot:root patterns depending on the stress and the genotype. Under elevated CO2, osmoprotectants accumulated in leaves of GF677–Catherina, while in Adesoto–Catherina these metabolites accumulated mainly in roots. The metabolic adjustments developed in response to stress involved pathways controlling levels of sugar and proline that were highly coordinated and regulated at the transcriptomic level (SDH, S6PDH, SIP1, P5CR, and P5CS) in both tissues and genotypes.

Stress tolerance is a complex trait that is controlled by multiple genes. GF677–grafted plants showed more changes than those grafted on Adesoto, scion leaves were more affected than roots, although some responses were quite similar for both genotypes and varied depending on the stress and the affected tissue. We conclude that both peach rootstocks may be tolerant to climate change, but the strategies employed by each genotype in response to stress are different and are associated with the genetic background.

GF677 is a tolerant rootstock that utilizes a range of machinery to maintain good performance, and control plant growth and senescence under stress. At elevated CO2, plants increase AN, and as a consequence, the rootstock needs to control oxidative stress and plant growth. This genotype increased proline content in scion leaves as a ROS scavenger and downregulated HAT22 to avoid senescence and increase leaf growth, to create a better balance with root growth. At elevated temperature, no significant changes were found in growth, but all transcriptomic changes were in roots to control root growth and senescence via downregulation of genes (AREB2 to reduce the accumulation of sugars and HAT22 to restrict growth and senescence). Under drought stress, this rootstock controls leaf growth via the upregulation of HAT22, which may result in a decrease in aerial growth in favor of root growth to improve water uptake. Adesoto is a resilient rootstock suitable to grow under climate change stress conditions. Under elevated CO2, this rootstock is able to control photosynthesis, growth, and sugar biosynthesis. It is also insensitive to elevated temperature, and under drought stress, maintains water status through metabolic balance among tissues. In scion leaves, HAT22 was downregulated maintaining growth of the aerial part. In roots, AREB2 was upregulated to promote accumulation of sugars and indirectly stimulate photosynthesis. This study confirms the importance of rootstocks in sensing stress, regulating of scion growth, and conferring tolerance to the variety. This work establishes a basis for developing screening methods that may enable early selection of woody tree species adapted to new environmental scenarios.
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Heat stress negatively affects photosynthesis in crop plants. Chlorophyll fluorescence provides information about the efficiency of the light-dependent reactions of photosynthesis and can be measured non-destructively and rapidly. Four soybean (Glycine max) genotypes were grown in controlled environments at 28/20°C (control), followed by imposition of control, 38/28°C, and 45/28°C day/night temperature regimes for 7 days. Coordinated chlorophyll fluorescence, gas exchange, and chloroplast ultrastructure measurements were conducted over the course of the 7-day temperature treatments and revealed contrasting responses among the different genotypes. Although generally similar, the extent of the impact of elevated temperatures on net photosynthesis differed among genotypes. Despite dramatic effects on photosynthetic light reactions, net photosynthetic rates were not reduced by exposure to 45°C on the 1st day of treatment imposition. Temporal dynamics of light reaction characteristics over the course of the 7-day heat-wave simulation revealed distinct responses among the genotypes. Similarly, chloroplast ultrastructure examination identified contrasting responses of DT97-4290 and PI603166, particularly with respect to starch characteristics. These changes were positively associated with differences in the percent area of chloroplasts that were occupied by starch grains. Elevated temperature increased number and size of starch grains on the 1st day of DT97-4290 which was coordinated with increased minimum chlorophyll fluorescence (F0) and reduced leaf net CO2 assimilation (A). Whereas on the 7th day the elevated temperature treatment showed reduced numbers and sizes of starch grains in chloroplasts and was coordinated with similar levels of F0 and A to the control treatment. Unlike starch dynamics of PI603166 which elevated temperature had little effect on. The genotypic differences in photosynthetic and chloroplast ultrastructure responses to elevated temperatures identified here are of interest for the development of more tolerant soybean cultivars and to facilitate the dissection of molecular mechanisms underpinning heat stress tolerance of soybean photosynthesis.
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Introduction

Plants have the ability to cool their leaves below that of the air temperature. In areas like the US Southwest, leaf temperatures of plants can be up to 10°C cooler than air temperatures (Idso et al., 1982). However, in conditions where leaf cooling cannot keep pace with increasing air temperatures, elevated leaf temperatures can lead to reductions in photosynthesis (Fischer et al., 1998). Reduction of net photosynthesis with increased temperatures have been observed for numerous species, including tomato (Lycopersicon esculentum) (Abdelmageed and Gruda, 2009), cotton (Gossypium barbadense L.) (Carmo-Silva et al., 2012), wheat (Triticum aestivum L.) (Hassan, 2006), and soybean [Glycine max (L.) Merr.] (Vu et al., 1997). The impacts of elevated temperature on photosynthesis have primarily been attributed to inactivation of Rubisco mediated by effects on Rubisco activase stability (Crafts-Brandner and Salvucci, 2000; Sharkey et al., 2001; Salvucci and Crafts-Brandner, 2004; Kurek et al., 2007) and photosynthetic electron transport (Yamane et al., 1997; Zhang et al., 2010).

The light-dependent reactions of photosynthesis allow plants to harvest and convert light energy into chemical energy, including ATP and NADPH for use in carbon fixation reactions. Central to the light-dependent reactions are photosystems I and II (PS1 and PS2). The photosystems are the central hubs where the energy from absorbed light is used to excite electrons. Electrons originate from water and are transported from PS2 via mobile electron carriers and cytochrome b6f to PS1. The photosystems, cytochrome b6f and the mobile electron carriers as well as the bulk of the accessory proteins involved with the light-dependent reactions are located either within or near the thylakoid membrane (Maxwell and Johnson, 2000; Friso et al., 2004).

The location of the light-dependent reactions in and around the thylakoid membrane is critical for photosynthesis. The thylakoid membrane serves several roles for the light-dependent reactions, including maintenance of the proton gradient that is used for ATP production (Alberts et al., 2002). The interaction between the thylakoid membrane and the photosystems is also crucial for the light dependent reactions of photosynthesis (Loll et al., 2007). To balance the production of ATP and NADPH, the two photosystems are spatially separated in the thylakoid membrane (Albertsson, 2001). The separation of the photosystems leads to stacking of the thylakoid membranes rich in PS2 through electrochemical and protein-protein interactions (Andersson et al., 2003; Chow et al., 2005). The stacked thylakoid, grana, allow for regions that are concentrated with PS2 complexes and some PS1 complexes. The rest of the thylakoid that does not form into grana contains many more PS1and ATP synthases than grana. This separation of complexes and the organization of the thylakoid membrane allows for efficient NADPH production within the grana and ATP production primarily in the non-appressed regions (Kirchhoff et al., 2013). Grana stacking is often associated with efficient light-dependent reactions (Jenny et al., 2003). When grana stacking is interfered with under heat stress, the efficiency of the light reactions is reduced (Xu et al., 2006). Damage to the D1 protein of PS2 reduces the efficiency of NADPH production and this damage can disrupt the forces responsible for stacking (Fristedt et al., 2009). The full OJIP traits from the experiment can be found in Supplementary Table 1.

The critical role of chloroplast ultrastructure for the light-dependent reactions, warrants detailed investigations to assess changes that may occur because of heat stress. Indeed, previous investigations into the effects of heat stress have included analyses of chloroplast ultrastructure. Zhang et al. (2010) determined that increased air temperatures induced chloroplast swelling in Arabidopsis. This swelling was coordinated with increased non-photochemical quenching (NPQ). Chloroplast swelling has also been linked to increased chloroplastic pH and grana destacking (Semenova, 2002). Chloroplast ultrastructure changes have also been observed in response to potassium deficiency (Zhao et al., 2001), arsenic (Li et al., 2006), salt stress (Fidalgo et al., 2004), nitrogen fertilization (Bondada and Syvertsen, 2003), drought (Vassileva et al., 2012), and heat (Vani et al., 2001; Xu et al., 2006; Zhang et al., 2010). Genotypic variation in chlorophyll a/b ratios has been reported for soybean, but structural or functional implications were not investigated (Fritschi and Ray, 2007). Surprisingly, to date, no investigations of genotypic differences in chloroplast ultrastructure have been reported for soybean.

The primary route for energy from absorbed light is its use for the light-dependent reactions of photosynthesis. Excess energy can be dissipated as heat, NPQ, and as light in the form of fluorescence. Chlorophyll fluorescence can be evaluated rapidly and nondestructively, and can be used to provide information on the efficiency of the light-dependent reactions (Maxwell and Johnson, 2000). The vast body of work that exists about chlorophyll fluorescence and its relationship to the light-dependent reactions has allowed calculations that reflect the state of various processes of the light-dependent reactions. Thus, chlorophyll fluorescence measurements have significantly enhanced our understanding of the effects of abiotic stresses on the biochemical steps of the light-dependent reactions of photosynthesis (Strasser and Strasser, 1995). Chlorophyll fluorescence measurements have been used to assess the effects of abiotic stress factors on the light-dependent reactions, including the effects of nitrogen deficiency (Congming and Jianhua, 2000; Huang et al., 2004), salt stress (Misra et al., 2001; Woo et al., 2008), and heat stress (Schreiber and Berry, 1977; Briantais et al., 1996; Zhou et al., 2018). Damage to PS2 caused by elevated temperature can be observed as increases in minimum fluorescence (Briantais et al., 1996) and reduced grana stacking (Yamamoto et al., 2008). Damage to PS2 can lead to destacking of the grana and alter ATP and NADPH production ratios. Reductions in NADPH caused by damage to PS2 can limit the availability of reducing power for Rubisco and thus change both CO2 assimilation and Rubisco activase repair and synthesis (Murata et al., 2007). Although potentially valuable to devise strategies to improve soybean heat tolerance, detailed physiological studies about light-dependent reaction responses of soybean to heat stress are lacking.

This study was conducted to determine the effects of elevated temperatures on chloroplast ultrastructure, chlorophyll fluorescence, and gas exchange of soybean. To this end, four genotypes were grown in growth chambers and three temperature regimes were imposed for 7 days after initial growth in uniform conditions. The effects of the different temperature regimes on chloroplast ultrastructure, chlorophyll fluorescence, and gas exchange were assessed. The study provides novel information about the effects of high temperatures on the structure and function of soybean chloroplasts which may be used for crop improvement efforts and for studies aimed at further dissection of heat stress tolerance mechanisms in soybean.



Materials and Methods


Genotypes and Growth Conditions

Four soybean genotypes were selected for inclusion in this experiment based on the characterization of 120 diverse maturity group (MG) IV soybean genotypes. Briefly, the soybean genotypes were grown under control conditions (28°C) in a greenhouse until at least the 4th leaf stage after which they were exposed to elevated air temperature (> 40°C) on three non-consecutive days. Chlorophyll fluorescence measurements were conducted on each day of elevated air temperature. Two genotypes from this experiment were selected for inefficient (PI603166) and efficient (PI398226) photosynthetic parameters in elevated air temperature based on rankings of more than 20 chlorophyll fluorescence phenotypes. PI603166 was ranked in the bottom 5% whereas PI398226 was ranked in the top 5% based on chlorophyll fluorescence measurements. The remaining two genotypes, DS25-1 (tolerant) and DT97-4290 (sensitive), were included in the greenhouse screening and in the present study because they differ in germinability of seeds that developed under elevated temperature (Smith, 2017). Hereafter, genotypes will be referred to as PI-26, PI-66, DS25, and DT97 for PI398226, PI603166, DS25-1, and DT97-4290, respectively. Five seeds of each genotype were sown approximately 2.5 cm deep in each of six pots (12.7 cm × 12.7 cm × 30.5 cm) filled with top soil (Ri-Mor Mulch and Landscape, Columbia, MO, USA) placed in one of two PGR15 growth chambers (Controlled Environments Ltd, Winnipeg, MB, Canada). After plants had their 1st unrolled trifoliate (V1; Fehr et al., 1971) pots were thinned to a single plant, aiming for uniform height and vegetative stage across pots. Growth chamber conditions were set to 14 h of light (1,000 µmol m-2 s-1 PAR) and 28°C and 50% relative humidity during the light hours (6 am to 8 pm) and 22°C and 75% relative humidity in the dark. Temperatures were increased from 22 to 28°C 1 h after lights were turned on and returned to 22 from 28°C 1 h after lights were turned off. Plants were grown for three additional weeks until they reached four fully expanded trifoliate leaves. At that time, three temperature treatments were initiated, namely 28, 38, and 45°C maximum air temperatures which were imposed as follows: For the control treatment (28°C), the temperature regime was maintained the same as for initial growth. For elevated air temperature treatments, the temperature was increased gradually from 28°C at 7:00 am to reach 38 or 45°C by 9:00 am and held at these temperatures until 1:00 pm. Then the temperature was reduced from 38 or 45°C to 28°C from 1:00 pm to 3:00 pm and maintained at 28°C until 8:00 pm. Elevated temperatures that occur during the growing season often come in the form of heat waves that generally last a few to several days. Therefore, temperature treatments were imposed over the course of 7 days, at which point the experiments were terminated.

Each temperature regime was imposed in two separate experiments, once in each of the two growth chambers that were used for this study. Chlorophyll fluorescence measurements and gas exchange measurements were collected both times while samples for microscopy were collected in one of the two experiments. For each experiment, the four genotypes were grown in six replications arranged as a completely randomized design.



Chlorophyll Fluorescence and Net Photosynthesis Measurements

Chlorophyll fluorescence was measured every day during the 7 days of temperature treatment imposition, starting at 10:00 am (1 h after reaching maximum temperature in the 38 and 45°C treatments) and finishing at approximately 10:30 am. Leaf clips were attached to the center leaflet of the 2nd fully expanded trifoliate leaf for 20 min of dark adaptation. Chlorophyll fluorescence measurements were obtained using the OJIP protocol of a Fluorpen Z995-PAR (Qubit systems INC, Kinston Ontario, Canada). Due to the number of phenotypes, time points and treatments, only a subset of phenotypes (F0, FM, FV/FM, and ABS/RC) and time points (days 1, 3, 5, and 7) that simplified but captured the differences and similarities observed in chlorophyll fluorescence, were selected to be presented here.

The same leaves that were measured for chlorophyll fluorescence were also used for net photosynthesis measurements with a portable photosynthesis system (LI-6400XT, LI-COR, Lincoln, NE, USA). The conditions in the measurement chamber were controlled at ambient CO2 level (380 µmol mol-1), leaf block temperature was set to match the air temperature of the respective treatment (28, 35, or 45°C), and photosynthetically active radiation was set to 1,000 µmol m-2 s-1 to match the light intensity in the growth chamber. Gas exchange and leaf temperatures were measured in each replication on the 1st, 3rd, 5th, and 7th day of temperature treatment starting at approximately 10:30 am (~1.5 h after reaching maximum temperature in the 35 and 45°C treatments).



Chloroplast Ultrastructure Assessment

Tissue samples for chloroplast ultrastructure analysis were obtained on the 1st and 7th day of the 28 and 45°C treatments from genotypes DT97 and PI-66 at approximately 12:30 pm after leaf gas exchange measurement before temperatures began changing. These two genotypes and the 28 and 45°C temperature treatments were selected for examination of chloroplast ultrastructure based on the chlorophyll fluorescence measurements conducted during the greenhouse screening. One leaf disk (1 mm diameter) was collected from the area of the center leaflet of the 2nd fully expanded leaf that was used for chlorophyll fluorescence measurements and was immediately placed into primary fixative (5% glutaraldehyde). Samples were post fixed in osmium tetroxide (OsO4) and dehydrated in increasing concentrations of ethanol. Samples were embedded in Spurr’s epoxy and ultrathin sections were cut using a microtome set to 60 nm for the 28°C treatment and to 80 nm for the 45°C treatments (due to impaired integrity of the sections at 60 nm). All samples were post stained with Reynold’s Lead Citrate. Sections were viewed with a JEOL JEM-1400 transmission electron microscope (JEOL Ltd. Akishima, Tokyo, Japan). Images of chloroplasts were obtained at ×7,000 magnification. Multiple images were collected per chloroplast and were stitched to form one image of each chloroplast at ×7,000 using MS paint (Microsoft Corporation, Redmond, WA, USA). ImageJ (Schneider et al., 2012) was used to measure ultrastructural traits of chloroplasts using the 1 µm scale bar of the electron microscopic images to scale pixels. Twenty-five chloroplasts from each of the two temperature treatments and genotypes were analyzed for total grana number, total grana area, average grana area, total number of starch grains, total starch grain area, average starch grain area, chloroplast area, percent grana area, and percent starch grain area. To assess total grana number per chloroplast, each granum was counted for each of the chloroplasts and totaled. Total grana area was assessed by measuring the area of all grana by tracing lines around each grana of all chloroplasts and then summing the areas. Average grana area was calculated by dividing the total grana area by the number of grana for each chloroplast. Total number of starch grains was assessed by counting the number of starch grains present in each chloroplast. Total starch grain area was measured by tracing edges of starch grains and then adding all the areas together. Average starch grain area was calculated by dividing the total area of starch grains by the number of starch grains for each chloroplast. Chloroplast area was measured by tracing the outside of each chloroplast. Percent grana area was calculated by dividing the total grana area by the chloroplast area and multiplying by 100. Percent starch grain area was calculated by dividing the total starch grain area by chloroplast area and multiplying by 100.



Statistical Analysis

Statistical analyses were performed with SAS 9.4 (SAS institute Inc. 2004). Repeated measures analysis was performed by PROC MIXED with genotype by treatment by experiment nested within sample as the repeated measure and the model genotype, day of treatment, temperature treatment, and experiment as main effects and including the respective interaction effects for chlorophyll fluorescence and gas exchange data. While significant differences were found between repeat experiments for some phenotypes, data trends across days of treatments were the same. Therefore, statistical analysis and data presentation were considered together. Analysis of variance for chloroplast ultrastructure was performed with PROC GLM by genotype with temperature treatment, day of treatment, replication, and respective interaction effects included in the model. Pair-wise Tukey analysis was used to identify differences between treatments by genotype and day of treatment for the chloroplast ultrastructure.




Results


Effects of Temperature Treatments on Gas Exchange

Leaf net photosynthesis (A) was measured between 1.5 and 4 h after air temperatures in the growth chambers reached their respective treatment maxima on the 1st, 3rd, 5th, and 7th day of temperature treatments (Figure 1 and Table 1). In the 45°C treatment, A was greatest on the 1st day of treatment and declined over the course of the 7-day treatment period in all four genotypes (Figure 1). In contrast, A in the control treatment (28°C) was more stable over the course of the 7 days, decreasing slightly in DT97 or increasing somewhat in DS25, PI-26, and PI-66. While A at 45 and 28°C did not differ on the 1st day in PI-66, it was lower at 45°C on the 7thday. In contrast, A did not differ between 45 and 28°C in DT97, on the 1st or 7th days. Leaf net photosynthesis (A) of PI-26 at 28°C was lower than in the other three genotypes and started out lowest with 28 and 45°C treatments on the 1st day but did not differ from 38 and 45°C treatments on the 7th day. In general, A in the 38°C treatment was high in the beginning or even increased slightly early on and declined only after the 3rd or 5th day of treatment.




Figure 1 | Responses of photosynthetic rate (A), stomatal conductance (gs), internal CO2 (Ci), and leaf temperature of four soybean genotypes to the imposition of maximum day time temperatures of 28, 38, and 45°C over the course of 7 days. Measurements were taken from the uppermost middle trifoliate leaves 2 h after air temperatures reached the indicated temperature on days 1, 3, 5, and 7. Symbols represent mean values (N = 12) and whiskers indicate standard error.




Table 1 | Statistical groupings from Figure 1 for photosynthetic rate (A), stomatal conductance (gs), internal CO2 (Ci) and leaf temperature.



In general, stomatal conductance (gs) followed similar temporal patterns for the different temperature treatments as the responses of A (Figure 1). Stomatal conductance was lowest and more stable across the 7 days in the control treatment compared to the 38 and 45°C treatments. In the 45°C treatment gs decreased from the 1st to 7th day in all genotypes. In contrast, at 38°C, gs of all genotypes increased sharply from the 1st to the 3rd day of treatment, followed by a steady decline over the course of the remaining days with DS25 and PI-66. On average across the 7-day treatment period, gs at 28°C was lower in PI-26 than in the other three genotypes which had similar gs. This lower gs of PI-26 was consistent with the lower A observed for PI-26 in the control treatment.

Internal CO2 concentration (Ci) in the 28 and 38°C treatments followed a similar temporal pattern as gs across the 7-days for all genotypes (Figure 1 and Table 1). However, Ci in the 45°C treatment was more stable than gs and A did not exhibit a pronounced decline over the course of the heat treatment. In fact, in PI-66, a small increase in Ci occurred with the 45°C treatment over the course of the heat treatment period.

Treatments strongly influenced leaf temperatures of all genotypes (Figure 1). Leaf temperatures were relatively stable across the 7 days in the 28°C treatment in DT97, DS25, and PI-66. However, a small decline (1.2°C decrease) of leaf temperature from the 1st to 7th day was observed for PI-26 in the 28°C treatment. In the 38 and 45°C treatments, leaf temperatures of PI-26 (maximum difference among days ~1.3°C) and PI-66 (maximum difference among days <0.9°C) were relatively stable. While leaf temperatures in the 38°C of DT97 increased from the 3rd to 5th day, and a steady increase of leaf temperature with the 45°C treatment. A small decrease in leaf temperature on the 3rd day of 38°C was observed with DS25 followed by increasing leaf temperatures on the 5th and 7th days.



Temperature Treatment Influences on Chlorophyll Fluorescence

Minimum fluorescence (F0) provides information on the status of PS2 which is critical for the overall efficiency of the light reactions. Analysis of F0 by treatment across all 7 days revealed that F0 increased in all genotypes when exposed to 45°C as compared to the 28°C treatment (Figure 2). In DT97, PI-26, and PI-66, F0 at 38°C was lower than at 45°C and higher than in the 28°C treatment, whereas, in DT97, F0 at 38°C was similar to the 28°C treatment. Temporal analysis of F0 indicated that F0 was higher at 45°C than at 28°C throughout the 7-day heat treatment in DT97 and PI-66, while in DS25 and PI-26, it was higher on all but the last day of measurements (Figure 3 and Table 2). In the 38°C treatment, F0 tended to be intermediate in PI-26 and PI-66 or similar to the 45°C treatment in DS25 for much of the 7-day treatment period or similar to the 28°C treatment in DT97. The temporal pattern of F0 in the different temperature treatments generally were similar within a genotype, except for a dramatic drop on the 7th day in PI-26 grown at 45°C.




Figure 2 | Minimum fluorescence (F0), maximum fluorescence (FM), maximum photochemical efficiency (FV/FM), and absorption per reaction center (ABS/RC) of four soybean genotypes exposed to maximum day time temperatures of 28, 38, and 45°C over the course of 7 days. Data represents chlorophyll fluorescence measurements on the center leaflet of the upper-most fully expanded leaf after 1 h of temperature treatment on days 1, 3, 5, and 7 from two independent growth chamber experiments for each temperature treatment (N = 48). Lines within boxes represent the median and top and bottom of whiskers represent the 1st and 3rd quartiles respectively. Circles represent outlier data one and a half times the 1st and 3rd quartiles. Letters indicate similar treatments of phenotypes within genotype based on Tukey pairwise analysis.






Figure 3 | Responses of minimum fluorescence (F0), maximum fluorescence (FM), maximum photochemical efficiency (FV/FM), and absorption per reaction center (ABS/RC) of four soybean genotypes to the imposition of maximum day time temperatures of 28, 38, and 45°C over the course of 7 days. Measurements weretaken from the middle leafleft of the uppermost fully expanded leaf between one and two hours after air temperatures reached the indicated temperature on days 1, 3, 5, and 7. Symbols represent mean values (N = 12) and whiskers indicate standard error.




Table 2 | Statistical groupings for traits from Figure 3.



The capacity for energy utilization by the light-dependent reactions can be assessed with maximum fluorescence (FM). Across the 7 days of treatment, maximum fluorescence of DT97, PI-26, and PI-66 in the 45°C treatment was lower than in the 28 and 38°C treatments (Figure 2). However, the FM of DS25 was lower in the 28 and 45°C treatments than the 38°C treatment. Maximum fluorescence was relatively consistent throughout the 7-day period in the 28 and 38°C treatments in DT97 and PI-66 (Figure 3). In the 45°C treatment, FM generally varied more and was greater on the 7th day compared to the 28 and 45°C treatments in PI-26. While FM at 45°C was maximal on the 7th day in DT97, FM maxima occurred on day 5 in DS25 and PI-26, and in PI-66 a sharp increase was observed from day 1 to day 3 after which it remained steady.

Photochemical efficiency (FV/FM) is a measure of the maximum photosystem II efficiency. In general, FV/FM declined with increasing temperature in all four genotypes (Figure 2). In PI-26 and PI-66 the decrease in FV/FM was significant between every temperature regime, whereas in DT97, FV/FM was lower at 45°C than at both 28 and 38°C, which were not different from each other. On average, across all days and compared with FV/FM at 28°C, FV/FM at 45°C was reduced by 10.3, 5.39, 8.53, and 7.86%, in DT97, DS25, PI-26, and PI-66, respectively. Over the course of the 7-day treatments, a considerable increase in FV/FM was observed for all genotypes at 45°C whereas it increased only slightly or was relatively stable at 28 and 38°C. In DT97, DS25, and PI-66, increases in FV/FM from the 1st to the 3rd day were observed at 45°C, but no change was found after that. In contrast, a more gradual increase in FV/FM from 1st to 7th day was observed in PI-26 in 45°C treatment. The FV/FM in 45°C recovered from 85.5% of the control (28°C) on day 1 to 90.6% of the control on the 7th day in DT97, and from 90.1 to 93.9%, 87.3 to 94.1%, and 87.6 to 93.3% in DS25, PI-26, and PI-66, respectively.

The absorption per reaction center (ABS/RC) represents the total number of photons absorbed by chlorophyll molecules in proportion to the total number of active reaction centers. Across all measurement days, all genotypes showed an increase in ABS/RC with increasing temperature (Figure 2). Over the course of the 7 days, ABS/RC in the 28 and 38°C treatments were relatively stable and differed little between these two treatments (Figure 3 and Table 2). On the other hand, ABS/RC at 45°C was greater than that at 28°C in all genotypes and on all measurement days. On the 1st day, ABS/RC at 45°C was dramatically greater than at 38°C in all genotypes. However, by the 7th day ABS/RC had declined in the 45°C treatment such that differences between 38 and 48°C were not significant anymore in DS25, PI-26, and PI-66.



Effects of Heat Stress on Chloroplast Ultrastructure

Chloroplast ultrastructure was examined in leaf tissues sampled after gas exchange measurements on the 1st and 7th days from DT97 and PI-66 plants grown at 28 and 45°C. Representative transmission electron micrographs depicted in Figure 4 illustrate genotype differences at both 28 and 45°C as well as heat treatment effects on both genotypes. Quantitative assessment of chloroplast characteristics based on transmission electron microscopy (TEM) images revealed that the responses to 7 days of 28 or 45°C differed between genotypes for chloroplast area, percent starch grain area per chloroplast, starch area per chloroplast, and average area per granum (Figure 5). On the 1stday, the chloroplast area was greater at 45°C than at 28°C in DT97 but similar in PI-66. On the 1st day at 45°C, the number of starch grains and grana per chloroplast were greater than at 28°C in DT97. In contrast, no treatment effect on starch grain and grana numbers per chloroplast were found in PI-66 after the 1st day. Both percent grana area per chloroplast as well as grana area per chloroplast was greater at 45°C than at 28°C in DT97 on the 1st day but did not differ on the 7th day. In PI-66, no differences in the percent grana area per chloroplast were observed on either day, but the grana area per chloroplast was larger at 45°C than 28°C on the 1st day and smaller at 45°C than at 28°C on the 7th day. As can be seen in Figures 4 and 5, the starch area per chloroplast was greater in the heat stress treatment on the 1st day for DT97 but smaller than in the control by the 7th day. In contrast, the starch area per chloroplast in PI-66 was not affected by temperature on the 1st or 7th day. However, the percent starch area per chloroplast was increased in PI-66 but decreased in DT97 in the 45°C compared to the 28°C treatment on the 7th day. Overall, the starch was much less in DT97 than PI-66, and this was associated with smaller starch grains of DT97 than PI-66. In response to 45°C compared to 28°C, DT97 exhibited larger starch grains on the 1st day, but smaller starch grains on the 7th day. Unlike in DT97, the size of individual starch grains was not influenced by the temperature treatment in PI-66. These results for average starch grain area paralleled those observed for the starch area per chloroplast.




Figure 4 | Representative transmission electron microscope images of chloroplasts in upper-most fully expanded trifoliate leaves from DT97 (A–D) and PI-66 (E–H). Images were acquired from samples collected on the 1st day of 28°C treatment (A, E), 7th day of 28°C treatment (B, F), 1st day of 45°C treatment (C, G), and 7th day of 45°C treatment (D, H). Black bars represent 1.0 µm. Starch grains and grana are identified with + and *, respectively.






Figure 5 | Chloroplast ultrastructure characteristics in upper-most fully expanded leaves of DT97 and PI-66 from the 1st and 7th day of 28 and 45°C temperature treatments. Traits were assessed on transmission electron microscopy images of 25 chloroplasts for each time point and temperature treatment of both genotypes (N = 25). Lines within boxes represent the median and top and bottom of whiskers represent the 1st and 3rd quartiles respectively. Circles represent outlier data one and a half times the 1st and 3rd quartiles. Letters indicate similar treatments of phenotypes within genotype based on Tukey pairwise analysis.






Discussion


Temperature Treatment Effects on Leaf Temperatures and Gas Exchange Parameters

For the 7 days of temperature treatment imposition, air temperatures in the growth chambers were ramped up from 22°C (night time) over the course of 2 h to reach maximum daytime temperatures of 28 (control), 38, or 45°C by 9 am. These maximum temperatures were maintained for 4 h after which air temperatures were gradually reduced to the control temperature for the remaining time of the 14-h photoperiod, and then to night time temperature. Because plants were well-watered throughout the experiments, the imposition of these air temperature treatments, coupled with the control of relative humidity at 50% during the photoperiod, allowed for significant transpirational cooling which resulted in average leaf temperatures of 29.1, 31.9, and 34.5°C in the 28, 38, and 45°C treatments, respectively (Figure 1). Thus, the responses of gas exchange, chlorophyll fluorescence, and chloroplast ultrastructure of the genotypes to the three temperature treatments should be considered in the context of leaf temperatures and not only with respect to air temperatures.

In general, net photosynthetic rates observed in this study (18 µmol m-2 s-1—average across all genotypes) on the 1st day of 28°C were comparable with those documented by others for growth chamber experiments at the same or similar temperature. For instance, Djanaguiraman et al. (2011) reported net photosynthetic rates of ~22 µmol m-2 s-1 for soybean genotype K 03-2897 grown at 28°C, and Ziska and Bunce (1995) reported ~12 µmol m-2 s-1 18 days after emergence for the cultivar Clark grown at 25°C. Djanaguiraman et al. (2011) also exposed K 03-2897 to 38°C, and on the 2nd and 6th day measured net photosynthetic rates of ~20 and 17 µmol m-2 s-1, respectively. These values were similar to the net photosynthetic rates obtained in the present study on day 3 (~19 µmol m-2 s-1) and 7th day (~17 µmol m-2 s-1), but were considerably lower than those normally observed under well-watered field conditions which generally are above 25 µmol m-2 s-1 (Haile and Higley, 2003; He et al., 2016; Yao et al., 2017; Sakowska et al., 2018). A decline of net photosynthesis is commonly observed in crops in response to increased temperatures. Reduced net photosynthesis in response to elevated temperatures has been shown for cotton (Gossypium spp.) (Salvucci and Crafts-Brandner, 2004) and soybean (Harley et al., 1985; Djanaguiraman et al., 2011). At elevated day/night temperatures of 48/28°C, photosynthesis in greenhouse-grown soybean was reduced from 24.9 µmol m-2 s-1 at 28/22°C day/night temperatures to 16.0 µmol m-2 s-1 (Jumrani et al., 2017). Similarly, soybean exposed to multiple short term (4 day) heat waves reduced photosynthetic rate of field grown soybean from ~36 µmol m-2 s-1 to ~20 µmol m-2 s-1 on the 1st day of the 3rd heat wave (Siebers et al., 2015). Similar to these studies, net photosynthesis was at elevated temperature. On average, across the 7-day treatment, net photosynthetic rates were greater (17.5 µmol m-2 s-1) at 38°C than at 45°C (14.0 µmol m-2 s-1) and 28°C (13.3 µmol m-2 s-1). However, these average values mask distinct temporal responses among the three treatments as well as differences among the genotypes.

At 45°C a significant decline in net photosynthesis was observed over the course of the 7 days of treatment. On the 1st day of treatment, net photosynthesis at 45°C was greater than 28°C in DS25 and PI-26, but the decline was dramatic just as found for the other two genotypes. Similarly, while initially greater at 38°C than at 28°C in DS25 and PI-26, net photosynthesis at 38°C declined after 3 or 5 days and was not different from that in 28°C in any of the genotypes on 7th day. Declines in photosynthesis with exposure to elevated temperatures (starting around 35°C) over the course of several days have been reported for other crop species (Crafts-Brandner and Salvucci, 2002; Salvucci and Crafts-Brandner, 2004). These findings may explain the high net photosynthetic rates and the initial lack of response observed in the 38°C treatment in the present study as plants were able to maintain leaf temperatures at approximately 31°C. Thus, transpirational cooling allowed soybean plants to maintain leaf temperatures in the range of 27–37°C when grown at 38°C air temperature, which resulted in similar or greater net photosynthetic rates than when grown at 28°C and leaf temperatures in the range of 25–32°C. Additionally, it is important to note that gas exchange measurements were conducted starting approximately 1.5 h after maximum temperatures were reached. Thus, it appears that, in conjunction with the transpirational cooling, the duration of exposure to 45°C on day 1 was not long enough to significantly impair net photosynthesis and that these soybean genotypes have the ability to tolerate exposures to such high air temperatures in the short term.

The response of stomatal conductance (gs) in the 38°C treatment differed from that in 45°C treatment such that gs on the 1st day was much greater at 45°C than at 28°C but similar to that at 28°C in the 38°C treatment. However, gs increased dramatically from day 1 to day 3 in the 38°C treatment, to levels similar or greater than those observed in the 45°C treatment in all genotypes. This strong response suggests that day 1 exposure to 38°C preconditioned subsequent stomatal regulation. Similar responses of gs to increased temperature have been shown at an even shorter time scale of under one hour (Hamerlynck and Knapp, 1996). It is likely that the dramatic response in gs already occurred by day 2 of the treatment, but that remains to be shown.

Despite the low light environment, the photosynthetic rate of genotype PI-66 on the 7th day of the 45°C treatment was reduced compared to the 28 and 38°C treatments and was in concurrence with the accumulation of starch in chloroplasts as shown by TEM. Conversely, the lower starch accumulation by DT97 on the 7th day of the 45°C treatment compared to the control was associated with similar levels of photosynthetic rate between the 28 and 45°C treatments. Because of the importance of feedback mechanisms in photosynthetic regulation, determination of the effects of heat stress on the expression of photosynthetic genes and enzyme activities are important to advance mechanistic understanding of heat stress effects on photosynthesis in soybean.



Chlorophyll Fluorescence Responses to Elevated Temperature Stress

Chlorophyll fluorescence measurements have been used broadly to elucidate the effects of abiotic stress factors on photosynthetic light reactions. In the present study, chlorophyll fluorescence measurements were made on the 1st, 3rd, 5th, and 7th day of 7-day heat wave simulation treatments with maximum air temperatures of 38 and 45°C compared to a 28°C control treatment. Measurements of F0, FM, FV/FM, and ABS/RC revealed significant temperature treatment effects in all four soybean genotypes either throughout the heat stress period or at one of the four measurement days (Figure 2 and Figure 3). On average across the duration of the heat wave, F0 was significantly greater in all four genotypes when they were exposed to 45°C compared to 28°C air temperatures, and in all genotypes but DT97, F0was also greater in the 38°C treatment than in the control (Figure 2). Temporal F0 dynamics illustrated in Figure 3 and Table 1 indicate differences among genotypes in acclimation over the course of the heat wave. Among the four genotypes, F0 in the 45°C treatment reached control levels only for PI-26 and only by 7th day. It is well known that F0 increases in response to elevated temperature (Briantais et al., 1996; Yamane et al., 1997). Increases of F0 have been shown previously to occur in soybean in response to high light (Hong and Xu, 1999). Previous investigations of chlorophyll fluorescence in soybean in response to various abiotic stresses primarily reported on FV/FM (Kao et al., 2003; Van Heerden et al., 2004; Ohashi et al., 2006). Increased F0 is caused by photoinhibitory damage to photosystem II (PS2) which has been shown to occur at elevated temperatures (Yamane et al., 1997). Impairment of PS2 occurs through oxidative damage to the D1 protein and subsequent removal and replacement of D1 are essential to maintaining efficient light-dependent reactions (Aro et al., 1993). Photoinhibition is influenced by the repair capacity of PS2, light harvesting antenna size, (Tyystjarvi et al., 1992), cyclic electron flow (Takahashi et al., 2009), NPQ (Niyogi et al., 1998), and D1 protein turn over (Aro et al., 1993). Indeed, cyclic electron flow (Bukhov and Carpentier, 2000; Egorova and Bukhov, 2002), NPQ (Sinsawat et al., 2004; Zhang et al., 2010), and D1 protein turn over (Yoshioka et al., 2006) have been shown to increase at elevated temperatures. Thus, it is possible that the higher temperature required to produce a response of F0 with DT97 to a temperature increase was due to increased repair capacity, and/or NPQ. This response of F0 in DT97 was paralleled by reduced net photosynthetic rates of the 38°C treatment that were similar to the 28°C treatment and on the 5th and 7th day the 45°C treatment had similar A to the 28 and 38°C treatments. Additional physiological studies will be needed to determine how DT97 is responding to increased temperature with respect to photoinhibition and implications for CO2 assimilation.

Maximum fluorescence (FM) is related with the donor side capacity of PS2, and has been shown to decrease in response to heat stress (Pospı́šil et al., 1998; Mathur et al., 2011). Thus, the reduced FM observed in this study, particularly early during heat stress imposition (Figure 3), is consistent with previous reports and a reduction of donor side capacity of PS2. The overall response of DT97 was similar to that of F0 in that an increase in temperature from 28 to 38°C did not have a profound effect, while a substantial impact was observed in response to the 45°C treatment. In contrast, unlike F0, an increase in temperature from 28 to 38°C did not have any effects on FM in DT97, PI-26, and PI-66 and only an increase in temperature to 45°C lead to significant reductions in FM. In DS25, on average across days, an increase in temperature from 28 to 38°C lead to an increase in FM, but no difference was observed at 45°C compared to 28°C. The increase of FM in DS25 was due to high FM levels on the 1st and 3rd day and a return to the level of the 28°C treatment by the 5th day. Temporal dynamics of FM were more varied among the genotypes compared to F0. The FM of PI-66 in the 45°C treatment rapidly recovered (by the 3rd day) to the levels observed at 28°C, but FM in DT97 recovered more slowly, never completely reaching those in the 28°C treatment. Overall, the temporal responses of FM and F0 in the four genotypes indicate genotypic variation in the effects of high temperatures on the factors driving F0 compared to those underlying FM. Petkova et al. (2007), suggested that decreases in FM observed in common bean cultivars (Phaseolus vulgaris L.) exposed to 42°C temperatures were due to an increase in NPQ. This suggestion seems to hold true for PI-66 given the observed responses of F0 and FM to increased temperature. That is, FM was relatively stable over the temperature treatments and was contrasted by increased F0. Thus, the capacity for protection against photoinhibition associated with NPQ may be reduced with PI-66 resulting in photoinhibition and increased F0. In the short term this reduced protection of PI-66 yielded similar photosynthetic rates between the 28 and 45°C treatments. However, on the 7th day net photosynthetic rate at 45°C was lower than at 28 and 38°C. Reduced NPQ may have allowed more energy to be used by PI-66 in the 3rd and 5th days, while eventually causing increased damage resulting in reduced CO2 assimilation on 7th day. Measurements of NPQ in PI-66 exposed to different temperatures will be needed to ascertain if NPQ is not responding to increased temperature in this genotype and how this relates to net photosynthesis.

Only DT97 and DS25 were able to maintain similar levels of FV/FM in 38 and 28°C treatments (Figure 2). Genotypes PI-26 and PI-66 both exhibited reductions in FV/FM in response to a temperature increase from 28 to 38°C. All genotypes exhibited reductions in FV/FM with an increase in temperature from 38 to 45°C. Camejo et al. (2005), reported that the FV/FM of wild tomato genotypes were similar under control (28°C) and heat (45°C) conditions while the increased temperature resulted in lower FV/FM in a cultivar. Both FV/FM and F0 are reliable indicators of photoinhibition due to heat stress (Gamon and Pearcy, 1989), as well as of high light (Ogren and Sjostrom, 1990), water stress (Epron et al., 1992), and low temperature (Groom and Baker, 1992). Thus, compared to the other two genotypes which exhibited reductions in FV/FM in response to a temperature increase from 28 to 38°C, it appears that DT97 and DS25 can adapt to a 10°C increase. This was also supported by the net photosynthetic rates of DT97 which were similar at 45 and 28°C. Given the wealth of knowledge surrounding FV/FM and the FV/FM results for DT97 and DS25 documented here, soybean heat stress research and breeding may benefit from these two genotypes. To this end, DT97 may be of particular interest due to its ability to maintain lower levels of photoinhibition at higher temperatures compared to the other genotypes.

Absorption per reaction center (ABS/RC) represents the photon flux per reaction center. Overall, ABS/RC of all four genotypes increased with temperature. Temporal dynamics of ABS/RC at 45°C revealed rapid return to control or near-control levels in all genotypes except PI-26. The ABS/RC of PI-26 remained elevated compared to the other treatments until the 7th day when the level of the 45°C treatment was similar to the 38°C but not the 28°C treatment. Absorption per reaction center is strongly driven, by the number of active reaction centers. Increases of ABS/RC have been shown to occur in soybean exposed to elevated temperatures (De Ronde et al., 2004), high salt stress in salt-stressed wheat (T. aestivum) (Mehta et al., 2010), and in nitrogen deficient corn and tomato (Kalaji et al., 2014). In contrast, ABS/RC was reduced in drought-stressed rice (Redillas et al., 2011). De Ronde et al. (2004), attributed the observed increase in ABS/RC in response to heat stress in soybean to fewer active reaction centers. Although increased ABS/RC in response to higher temperatures was expected (De Ronde et al., 2004), it is unknown whether it was due to fewer active reaction centers. In contrast, the temporal response of ABS/RC in PI-26 was unexpected as there are no studies which report temporal responses of ABS/RC. Differences in repair dynamics of PS2 in PI-26 compared to the other three genotypes may have resulted in slower, more gradual recovery of ABS/RC over the course of the 7-day treatment. Additional studies will be required to determine if the observed temporal responses are due to antenna size, active reactions centers, or other factors. Genotypes with contrasting responses such as DS25 and PI-66 should be suitable for future studies aimed at elucidating the mechanisms underpinning the different temporal responses in ABS/RC and their relevance with respect to improvement of soybean heat tolerance.

At this time, it is unclear whether the rapid return of FV/FM and ABS/RC observed in DS25 or the slower recovery or acclimation observed for PI-26 is more advantageous for soybeans exposed to high temperatures. Information on FV/FM dynamics over the course of several days of heat stress from other species is limited and does not provide much insight in that regard and no reports on temporal responses of ABS/RC at this time could be found. Liu and Huang (2000) reported FV/FM from two varieties of creeping bentgrass that were exposed to control (22°C) and elevated temperature (35°C) treatments for 56 days. Temporal dynamics of FV/FM from creeping bentgrass varieties showed steady decline to ~.5 at the end of the 56 day elevated temperature treatment while control levels remained unchanged (Liu and Huang, 2000). Differences in the temporal responses of soybean light-dependent reactions to high temperatures may be of interest as the ability to respond flexibly to perturbations in the environment was evolutionarily programmed into the photosynthesis of plants with the fast and slow component of NPQ (Krause and Weis, 1991). These components allow photoprotection to respond on different timescales (Nilkens et al., 2010), which may be critical for plant fitness as well as crop productivity (Kromdijk et al., 2016). Indeed, enhancing relaxation kinetics of NPQ by increasing expression of violaxanthin de-epoxidase, zeaxanthin epoxidase, and PS2 subunit S which increased biomass accumulation of transgenic tobacco (Nicotiana tabacum) (Kromdijk et al., 2016). Thus, a better understanding of the mechanisms that determine temporal dynamics of stress responses may lead to the identification of promising targets for soybean stress tolerance improvement.



Effects of High Temperature Stress on Chloroplast Ultrastructure

Information about the impact of heat stress on chloroplast ultrastructure in soybean is largely lacking. Although Djanaguiraman et al. (2011) indicated that heat stress affected soybean chloroplast ultrastructure, including size, number, reduced grana stacking, they did not quantify the effects. Thus, to better understand the impact of heat stress on chloroplast ultrastructure as well as the relationship between ultrastructure and photosynthetic gas exchange and light reactions, chloroplast ultrastructure was assessed in DT97 and PI-66 plants exposed to the control day-time high air temperature of 28°C and the 45°C heat stress treatment for 1 day or for 7 days. The impact of heat stress was particularly pronounced on day 1 in DT97, whereas PI-66 showed little or no ultrastructure changes after 1 day of treatment (Figure 4 and Figure 5 and Table 2). In DT97, significant increases in chloroplast area (1.5×), percent grana area (1.5×), percent starch area (7.3×), total number of starch grains (3.8×), total starch area (12.1×), average area per starch grain (4.1×), total number of grana (1.4×), total grana area (1.2×), and average area per granum (1.7×) were measured. In contrast, no differences in any of these parameters, except for a 1.5-fold increase in the average area per granum, were observed in PI-66 in response to 1 day in the 45°C treatment. Given that, after 7 days of treatment, net photosynthetic rate of DT97 was more similar between the 45 and 28°C treatments than that of PI-66, the extensive chloroplast ultrastructural responses observed on day 1 in DT97 did not appear to have been detrimental to acclimation. The lack of differences between 28 and 45°C treatments on 7th day in the measured grana characteristics in DT97 and the reduction in total grana area and average area per granum in PI-66, suggest a greater sensitivity of PI-66 than DT97 to several days of high temperature stress in regard to these characteristics. The increases in all grana phenotypes on the 1st day of 45°C in DT97 was associated with greater F0, and lower FM and FV/FM values than in the 28°C treatment. Interestingly, while the grana characteristics of PI-66 were unchanged on the 1st day of 45°C F0, FM and FV/FM values responded in the same manner as in DT97 (Figures 3, 5). In contrast, starch grain number, area, and relative area per chloroplast were reduced in DT97 but not in PI-66 after 7 days of exposure to 45°C day-time elevated temperatures. These reduced levels of starch in DT97 were associated with net photosynthetic rates that did not differ between 45 and 28°C treatments, whereas net photosynthetic rates in PI-66 at 45°C were lower than at 28°C. These contrasting responses are consistent with differential sensitivity and acclimation ability of the two genotypes.

Zhang et al. (2010), reported swelling of chloroplasts in Arabidopsis thaliana leaves in response to 30 min of 40°C exposure, but did not report on differences in starch grain area or the effect of an extended heat stress treatment. However, their representative images had visibly more starch grain area after heat stress. The changes in starch abundance is noteworthy as starch dynamics of chloroplasts are indicative of carbon-use efficiency and can lead to limitations in growth (Ainsworth and Bush, 2011). Increases in soluble sugars can have profound effects on photosynthesis. Feedback mechanisms exist in which expression of photosynthetic genes are down regulated and starch synthesis related gene expression is increased in response to increased sugars (Sheen, 1990). Possible issues caused by heat stress may lead to decreased triose transport out of the chloroplast and/or increased sugar production which leads to metabolic feedback inhibition of photosynthesis. Given that net photosynthetic rate was maintained relative to the control treatment, the reduction of starch area in DT97 observed on the 7th day of 45°C heat stress may be the result of increased sugar transport. Greater carbon export appears to be the likely reason for the reduced starch area in DT97 chloroplasts. The distinct effects of high temperature imposition on grana and starch characteristics of the two genotypes, highlight the need for further physiological and molecular characterization to elucidate the mechanisms involved in the regulation of thylakoid membrane and starch dynamics in heat stressed soybean.




Conclusion

Exposure of soybean genotypes to elevated air temperatures for a 7-day period strongly influenced gas exchange, chlorophyll fluorescence, and chloroplast ultrastructure. Although general responses in gas exchange and chlorophyll fluorescence were similar, genotypic differences in the temporal dynamics over the course of the 7-day heat treatment were observed for numerous traits. Chloroplast ultrastructure analyses in two genotypes revealed contrasting phenotypes in chloroplast, grana, and starch characteristics in response to high temperature stress. While FV/FM was dramatically reduced in response to high temperature stress in all genotypes on the 3rd day, net photosynthetic rates were increased or not affected. The dramatic effect of 45°C on the light reactions on day 1 of the treatment was associated with increased starch and grana areas. Genotypic differences in chloroplast starch characteristics between DT97 and PI-66 were particularly pronounced on 7th day of the heat treatment while net photosynthetic rates were similar between the two genotypes. The reasons underlying the contrasting responses in starch dynamics between these two genotypes are unclear but are likely due to differences in sugar transport and/or starch synthesis or turnover.

The present study provides much needed baseline information on the effects of high temperature on soybean chloroplast ultrastructure, and identified genotypes differing in the temporal characteristics of light reaction adaptation to a 7-day heat-wave simulation. Additional physiological and genetic studies are required to determine the mechanisms underlying the different responses among genotypes and the implications associated with these responses relative to heat tolerance, and to identify strategies to breed soybean for future climates.
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Unlike the short-term responses of photosynthesis to fluctuating irradiance, the long-term response (i.e., acclimation) at the chloroplast, leaf, and plant level has received less attention so far. The ability of plants to acclimate to irradiance fluctuations and the speed at which this acclimation occurs are potential limitations to plant growth under field conditions, and therefore this process deserves closer study. In the first section of this review, we look at the sources of natural irradiance fluctuations, their effects on short-term photosynthesis, and the interaction of these effects with circadian rhythms. This is followed by an overview of the mechanisms that are involved in acclimation to fluctuating (or changes of) irradiance. We highlight the chain of events leading to acclimation: retrograde signaling, systemic acquired acclimation (SAA), gene transcription, and changes in protein abundance. We also review how fluctuating irradiance is applied in experiments and highlight the fact that they are significantly slower than natural fluctuations in the field, although the technology to achieve realistic fluctuations exists. Finally, we review published data on the effects of growing plants under fluctuating irradiance on different plant traits, across studies, spatial scales, and species. We show that, when plants are grown under fluctuating irradiance, the chlorophyll a/b ratio and plant biomass decrease, specific leaf area increases, and photosynthetic capacity as well as root/shoot ratio are, on average, unaffected.

Keywords: fluctuating light, acclimation, dynamic photosynthesis, gene transcription, signaling


INTRODUCTION

Fluctuations in irradiance are ubiquitous in nature, and they impact photosynthesis, water use, and plant growth. Ever since the realization that short-term (seconds-minutes) responses of photosynthesis to these fluctuations were under genetic control (Cruz et al., 2016) and that the speed of these responses could be improved by exploiting natural genetic variation (Qu et al., 2016; Soleh et al., 2017; Salter et al., 2019) or gene editing techniques to increase growth in the field (Kromdijk et al., 2016), research interest in this topic has been immense, as exemplified by the reviews published on it in recent years (Lawson and Blatt, 2014; Kaiser et al., 2015, 2018b, 2019; Armbruster et al., 2017; Slattery et al., 2018; Burgess et al., 2019; Simkin et al., 2019; Tanaka et al., 2019). Given this interest, it is surprising that the long-term response to irradiance fluctuations, i.e., photosynthetic acclimation (in the scale of days), has received relatively limited attention. For example, to our knowledge this is the first review to emphasize the long-term acclimation of plants to fluctuating irradiance. Importantly, enhancing the capacity to optimally acclimate to irradiance fluctuations and the speed at which acclimation happens could be another approach to improving plant growth in the field.

The most extensive work on acclimation to fluctuating irradiance was recently performed by Lawson and co-workers, who found that Arabidopsis thaliana plants acclimated to fluctuating irradiance showed reductions in biomass, leaf thickness, photosynthetic capacity, and concentrations of thylakoid proteins (Vialet-Chabrand et al., 2017) as well as changes in stomatal kinetics (Matthews et al., 2018). While these results highlight the importance of photosynthetic acclimation to irradiance fluctuations for photosynthesis and the plant, these responses may vary across species, frequency of fluctuation, and other environmental factors as yet unidentified, for which a broader analysis is needed.

In this review, we summarize the state-of-the-art on (i) the causes and characteristics of natural irradiance fluctuations which should be used to design better fluctuating irradiance protocols in the lab, (ii) the mechanisms of acclimation from which genetic improvements may be attempted, and (iii) an overview of studies published so far on long-term effects of fluctuating irradiance on plant growth: we review the methodology used in these studies (with emphasis on how fluctuations in irradiance were achieved) and provide an overview of effects of fluctuating irradiance on different plant traits, across studies, spatial scales, and species.



NATURAL IRRADIANCE FLUCTUATIONS AND CIRCADIAN RHYTHMS AFFECT DYNAMIC PHOTOSYNTHESIS


Changes in Natural Irradiance

Irradiance projected onto the Earth’s surface varies during the day and season (Figure 1) mainly due to changes in the solar incident angle and changes in atmospheric transmissivity due to clouds and aerosols (Wald, 2018). Seasonal variability in irradiance increases with latitude due to larger variations in daylength and average solar incident angle, but synoptic weather patterns also introduce significant variation in atmospheric transmissivity (Parding et al., 2016). Generally, the variability in irradiance decreases with the timescale of integration (Perez et al., 2016).
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FIGURE 1. Conceptual scheme describing the time scales at which irradiance fluctuates in the field (Upper) and responses of CO2 assimilation to these fluctuations (Lower). Leaf CO2 assimilation in response to sunflecks and cloudflecks as driven by dynamic metabolism was simulated with the dynamic photosynthesis model by Morales et al. (2018a). Canopy CO2 assimilation in response to diurnal and seasonal weather was simulated with the sun-shade canopy photosynthesis model by De Pury and Farquhar (1997) and happens at the timescales at which circadian rhythms (hours) and the effects of acclimation (days) are relevant. Time series of irradiance from weather station in Wageningen, Netherlands, except for the sunflecks time series that was measured by the authors with a portable light sensor placed beneath a durum wheat canopy during a clear summer day in Wageningen.


Accurate empirical and mechanistic models for diurnal and seasonal solar radiation under clear skies exist (Ruiz-Arias and Gueymard, 2018), but predicting the effect of clouds on irradiance fluctuations remains challenging. For a given location, these effects can follow statistical trends, allowing the use of predictive models at the seasonal (Kafka and Miller, 2019) and daily timescales (Wang et al., 2016). Additionally, recent modeling efforts allow for simulating dynamic diurnal cloud formation and effects of these clouds on the spatial and temporal distribution of surface irradiance (Sikma et al., 2018).

Much of the recent research on variability in irradiance is driven by the needs of the solar energy sector (Victoria and Andresen, 2019), and plant science could benefit from that knowledge. For example, in a partially cloudy sky, the movement of clouds can cause strong fluctuations superimposed on the diurnal temporal pattern (cloudflecks; Figure 1). Understanding the distribution of cloudfleck duration and irradiance reduction is important, as it affects the response of photosynthesis, even if the total irradiance remains the same (Kaiser et al., 2016; Morales et al., 2018a). However, to our knowledge, very few studies have quantified the characteristics of cloudflecks from the perspective of photosynthesis (Knapp and Smith, 1988; Kaiser et al., 2018b).

The fluctuations in irradiance will also depend on the spatial scale under consideration. Whereas the models and studies cited above focus on understanding irradiance on the surface of the Earth based on data from irradiance sensors, photosynthesis occurs in chloroplasts within the leaves. Gaps in the canopy that expose leaves to the sun and which depend on plant architecture and/or movements of plants by wind introduce additional fluctuations in the irradiance incident on that leaf (Kaiser et al., 2018b), known as sunflecks (Figure 1). Partial exposure to the sun may also result in fluctuations due to the penumbra effect (Smith et al., 1989). Additionally, simulations of irradiance distribution within the leaf using a ray-tracing approach suggest that fluctuations may be enhanced at the chloroplast level, due to the heterogeneity of the light environment within leaves (Xiao et al., 2016), but an experimental confirmation of such an enhancement is currently lacking.

The duration and amplitude of sunflecks depends on wind speed (Tang et al., 1988; Roden, 2003), canopy structure (Peressotti et al., 2001; Kaiser et al., 2018b), plant biomechanical properties (Burgess et al., 2016, 2019), and position within the canopy (Pearcy et al., 1990). These fluctuations may be simulated with detailed 3D reconstructions of canopies coupled with physically based ray tracing algorithms, but challenges remain in the realistic simulation and measurement of plant movements by wind (Burgess et al., 2016; Retkute et al., 2018; Gibbs et al., 2019). The statistical properties of sunflecks were reviewed by Kaiser et al. (2018b) showing that sunflecks are generally short (<2 s).

Depending on the source responsible for the fluctuation in irradiance, there will also be a fluctuation in the spectral composition of the irradiance. Small changes in the spectrum will occur in cloudflecks due to differences in spectra of clouds, sun, and sky, but larger changes are associated with sunflecks due to the optical properties of leaves (Endler, 1993). A leaf under green shade is exposed to a higher relative proportion of green and far red (>700 nm) irradiance compared to direct exposure to the sky or direct solar irradiance. Thus, the transition from low to high irradiance during a sunfleck will also result in a rapid change in the red:far red ratio (R/FR) and in the proportion of green irradiance.



Short-Term Responses of Photosynthesis to Irradiance Changes

The dynamic response of leaf photosynthesis to sunflecks and cloudflecks (the “short-term response” of photosynthesis) is determined by the dynamic regulation of enzyme and electron transport activities, metabolite buffering, CO2 diffusion, light harvesting capacity, non-photochemical quenching, and chloroplast movements (Kaiser et al., 2015, 2018b, 2019). While these responses are well characterized at the leaf level for C3 species (Morales et al., 2018a, b), less is known about the responses in C4 and CAM plants (Kaiser et al., 2018b). The short-term response of photosynthesis to fluctuating irradiance is known to be modulated by air temperature, humidity, soil salinity, CO2 concentration, and far red irradiance (Kono et al., 2019), but significant knowledge gaps remain (Kaiser et al., 2015; Zhang et al., 2018).



Circadian Rhythms

Circadian rhythms in photosynthesis (Hennessey et al., 1993; Dodd et al., 2004; Resco de Dios et al., 2016) may contribute 15–25% of the diurnal variation across species and environments (Resco de Dios and Gessler, 2018). Also, in the evening, stomata opened faster and closed more slowly in response to increases and decreases in irradiance, respectively, regardless of the light regime (constant, sinusoidal, or fluctuating) that the plants were grown under (Matthews et al., 2018). Circadian rhythms have also been observed at the levels of photosynthetic metabolites (Fredeen et al., 1991) and sugars (Graf et al., 2010), and circadian rhythms in photosynthetic products may be partially responsible for driving circadian rhythms in gene expression (Dodd et al., 2015; Haydon and Webb, 2016).



ACCLIMATION UNDER FLUCTUATING IRRADIANCE: SIGNALING, GENE EXPRESSION, PROTEIN ABUNDANCE, AND KINETICS

In this review, we follow Smith and Dukes (2013) who define acclimation as “a physiological, structural, or biochemical adjustment by an individual plant in response to an environmental stimulus that is manifested as alterations in the short-term response function of a physiological process”. Therefore, we consider as part of acclimation of photosynthesis to fluctuating irradiance any reversible physiological process or irreversible developmental process that affects the short-term response of photosynthesis to fluctuating irradiance. This definition is in agreement with recent literature on acclimation to irradiance (Athanasiou et al., 2010; Dietz, 2015; Vialet-Chabrand et al., 2017; Yin et al., 2019), though we acknowledge that some studies on acclimation may only focus on reversible physiological processes (Walters, 2005; Caliandro et al., 2013; Miller et al., 2017; Albanese et al., 2018).


Types of Acclimation

The short-term response of leaf photosynthesis varies over time, both diurnally and seasonally (Figure 1). Diurnal changes are driven by changes in environmental factors and circadian rhythms (Resco de Dios and Gessler, 2018). There are two types of acclimatory processes in leaves: (i) developmental acclimation during leaf development, which determines anatomical and biochemical traits and (ii) dynamic (physiological) acclimation after the leaf is fully expanded, whereby leaf N in pigments and proteins and biochemical composition of the chloroplasts (i.e., the relative amounts of pigments and proteins involved in photosynthesis) may change further (Athanasiou et al., 2010). In Chenopodium album, developmental acclimation of a growing leaf responded to the irradiance incident on mature, fully expanded leaves (Yano and Terashima, 2001). The same phenomenon was observed in Glycine max (Wu et al., 2018), Phaseolus vulgaris (Murakami et al., 2014), Helianthus annuus (Yamazaki and Shinomiya, 2013), Sorghum bicolor (Jiang et al., 2011), and Arabidopsis (Munekage et al., 2015). When mature leaves where shaded and growing leaves exposed to high irradiance, the leaf traits (i.e., leaf thickness, stomatal density, total N) reflected the irradiance level on mature leaves, whereas biochemical composition and chloroplast ultrastructure responded to irradiance absorbed by the growing leaf (Yano and Terashima, 2001; Jiang et al., 2011; Yamazaki and Shinomiya, 2013). This suggests different mechanisms, whereby developmental acclimation may be regulated by long distance signals (Munekage et al., 2015), while dynamic acclimation and changes in chloroplast composition are controlled locally, most likely by retrograde signaling from the chloroplast.



Chloroplast Retrograde Signaling and Gene Expression

Periods of high irradiance enable higher rates of electron and proton transport and CO2 fixation, but also cause photooxidative stress. Multiple signaling components arising in the chloroplast, such as the plastoquinone redox state, photosynthetic metabolites, reactive oxygen species (ROS), sugars, and hormones, act on multiple time scales in pathways that trigger changes in chloroplast (Mullet, 1993; Pfannschmidt et al., 1999) and in nuclear gene expression, the latter through chloroplast to nucleus (i.e., retrograde) signaling. These changes in expression lead to subsequent changes in protein abundance that are associated with dynamic acclimation to fluctuating irradiance (Dietz, 2015; Chan et al., 2016). In the first seconds after an increase in irradiance, faster linear electron transport increases the concentrations of plastoquinol and reduced thioredoxin, Calvin Bassham Benson (CBB) cycle metabolites (Vogel et al., 2014) and glutathione (Choudhury et al., 2018b), which may participate in retrograde signaling. During these first seconds, singlet oxygen (1O2) is produced in the photosystem II reaction center and, although it is unlikely to diffuse out of the cytosol, it can reduce β-carotene to β-cyclocitral, which may trigger changes in nuclear gene expression (Matsubara et al., 2016). Within minutes, hydrogen peroxide (H2O2) levels increase due to the activity of superoxide dismutase (Mubarakshina et al., 2010; Choudhury et al., 2018a); H2O2 can then diffuse into the cytosol and interact with several nuclear gene expression mediators (Pfalz et al., 2012). Also, in the minute to hour domain, levels of the phytohormones abscisic acid (ABA; Galvez-Valdivieso et al., 2009), jasmonic acid, and its precursor oxophytodienoic acid, as well as that of methylerythritol cyclodiphosphate, rise (Alsharafa et al., 2014). Sugars, salicylic acid, auxin, and gibberellic acid are to respond last, with their concentrations rising hours after an irradiance was increased. For more comprehensive reviews, the reader is referred to Dietz (2015) and Chan et al. (2016).



Systemic Acquired Acclimation

Upon abiotic stress (including high irradiance), signals not only flow from chloroplasts to the nucleus inside the same cell, but also from exposed (target) leaves to non-exposed (systemic) plant organs, in a process termed SAA (Mittler and Blumwald, 2015). Signals triggering SAA include ROS waves (Gechev et al., 2006), calcium waves, hydraulic waves, electric signals, and ABA (Mittler and Blumwald, 2015), and the calcium, ROS, and electric wave are likely linked to propagate and reinforce one another (Gilroy et al., 2016). A large range of metabolites increased in systemic tissues within 1–12 min of high irradiance (1500 μmol m–2 s–1) exposure of a target leaf in Arabidopsis (Choudhury et al., 2018a), triggering changes in several thousand gene transcripts in the systemic leaf within minutes (Zandalinas et al., 2019). Systemic signals such as H2O2, either directly applied or triggered through high light stress, have been shown to make target leaves more resistant to subsequent stress (Karpinski et al., 1999), including pathogen attacks (Karpinski et al., 2013). Clearly, both local and global signaling and gene expression respond rapidly and massively to high irradiance stress, to prepare the plant for future stresses.



Light Signaling Under Fluctuating Irradiance: A Role for Photoreceptors?

Photoreceptors such as phytochromes could be another signaling system for sunflecks. For example, phytochrome B is known to sense neighboring plants through the red:far red ratio, and to trigger subsequent shade avoidance responses which strongly impact on plant morphology (Ballaré and Pierik, 2017). Exposure to FR typically increases whole-plant irradiance capture (increased stem and leaf elongation), tends to decrease leaf photosynthetic capacity (e.g., Ji et al., 2019), and may affect the distribution of canopy-wide irradiance fluctuations.

Rapid transitions between shade and full sunlight in the field do not only change the irradiance a plant is exposed to, but also R/FR, thereby impinging on the phytochrome photostationary state. Indeed, 2 h high-irradiance periods in the field, during which irradiance increased 10- to 30-fold and R/FR increased 10-fold, reduced the shade avoidance reactions (hypocotyl elongation) in Arabidopsis WT, but not in phyAphyB double mutants (Sellaro et al., 2011). A subsequent study (Sellaro et al., 2019) modeled the kinetics of phytochrome B conversion between its active and inactive forms, and predicted responses in hypocotyl growth to R/FR experiments, suggesting that the concentrations of active and inactive forms of phytochrome B are affected by fluctuations in irradiance. Interestingly, their experimental data (Figure 3A in Sellaro et al., 2019) suggested that nuclear phytochrome B abundance increases with irradiance. Additionally, Franklin et al. (2007) showed synergistic regulation of hypocotyl elongation in response to different red irradiances by phytochromes A and B, suggesting that these photoreceptors do not only respond to changes in light quality, but also quantity. These results hint that phytochromes do not only act as sensors of light spectrum and temperature (Jung et al., 2016; Legris et al., 2016), but that they may additionally be responsive to changes in irradiance alone.

In addition to shade avoidance responses, high R/FR will result in an imbalance between the two photosystems responsible for light capture in photosynthesis due to their different spectra of absorbance. In the short term, this imbalance can be compensated for by state transitions that will transfer pigments between photosystems but in the long term it will result in acclimation of the photosynthetic apparatus through changes in the stoichiometry of protein complexes and pigments (Walters and Horton, 1995; Dietzel et al., 2008). However, this experimental evidence was acquired under constant irradiance conditions during daytime and, to our knowledge, the effect of R/FR on photosynthetic acclimation under fluctuating irradiance has not been studied yet.



Gene Expression

Nuclear gene expression reacts to irradiance in a highly dynamic way: hundreds of transcripts change within seconds-minutes after increases (Suzuki et al., 2015) and decreases (Crisp et al., 2017) in irradiance, suggesting that under a naturally fluctuating irradiance, gene expression will also be strongly affected. Indeed, a recent ground-breaking study (Schneider et al., 2019) has demonstrated the impact of fluctuating irradiance on gene expression in Arabidopsis. Short and strong light pulses, applied repeatedly for 3 d, caused a differential expression (DE) of ∼4000 genes, 75% of which were upregulated. Chloroplast components were mostly found among upregulated genes whereas genes encoding for ribosomes, the Golgi apparatus, and cell wall components were more strongly downregulated. Half of the genes that were upregulated in young leaves were also upregulated in leaves inoculated with Pseudomonas syringae, suggesting that exposure to fluctuating irradiance may prime plants for biotic stress. Large effects of time of day and leaf developmental stage were observed: for example, many genes encoding for light harvesting complex proteins were downregulated in young leaves in the evening whereas a large number of genes involved in photosynthesis, photoprotection, and photorespiration were specifically upregulated in old leaves, but only in the evening. Gene expression seems to be coordinated by circadian rhythms, as explained above.

Of all 4000 DE genes, only 46 were shared between all samples, i.e. in young and mature leaves and at both times of sampling (morning and evening). These central genes included genes for components of light harvesting (LHCB7), CBB enzymes (sedoheptulose-1,7-bisphosphatase, fructose-1,6-bisphosphate, and CP12), the photorespiratory pathway and ROS metabolism (glycolate oxidase, catalase), CO2 interconversion (beta carbonic anhydrase), sucrose transport (sucrose-phosphate synthase C), photooxidative stress responses (activity of BC1 complex kinases, fatty acid desaturases, vitamin 6 biosynthesis, and glutathione peroxidase), and photoreceptor interacting factors involved in photomorphogenesis (blue light inhibitor of cryptochromes 1, HY5-homolog, B-box domain 17 protein).

The molecular response to fluctuating irradiance goes far beyond that of photooxidative stress: the data by Schneider et al. (2019) suggested that processes regulating plant growth are affected on many levels, and that the expression of the respective genes is further under strong circadian and developmental control. However, altered gene expression does not necessarily equate altered protein abundance. Also, changes in protein contents, enabling effective acclimation, may take several more days to take effect (Athanasiou et al., 2010).



Protein Abundance and Canopy-Wide N Distribution

Information on changes in protein abundance due to acclimation to fluctuating irradiance is scarce. For Arabidopsis exposed to lightflecks for 7 d, Caliandro et al. (2013) found that chlorophylls decreased, carotenoids remained unchanged, and the PsbS protein (involved in non-photochemical quenching) increased. However, since Caliandro et al. (2013) only looked at these proteins, it is not clear whether other proteins may be affected by irradiance fluctuations, too. Some ideas may be derived from proteomics studies of high light acclimation (Miller et al., 2017) 100–400 μmol m–2 s–1 for 7 d, Arabidopsis) and growth of Pisum sativum at 30, 150, and 750 μmol m–2 s–1 (Albanese et al., 2018). In Miller et al. (2017), dynamic high irradiance acclimation entailed a strong increase in most proteins (1284 out of 1993 proteins increased, 14 decreased). In the chloroplast electron transport chain, high irradiance caused a reorganization (but not an increase) in both photosystems, as well as increases in the abundance of cytochrome b6f complex proteins, plastocyanin, the ferredoxin NADP+ reductase, and several ATP synthase subunits (Miller et al., 2017; Albanese et al., 2018). Further, there were increases in PsbS and the violaxanthin de-epoxidase (Miller et al., 2017). Downstream of the electron transport chain, CBB enzymes were increased in abundance (on average by 50%), as were nearly all enzymes belonging to starch and sucrose metabolism (Miller et al., 2017).

After a leaf is fully expanded, further dynamic acclimation may occur, but this is constrained by leaf anatomy (Oguchi et al., 2005) and N distribution in the canopy (Kull, 2002). Redistribution of N within canopies results in vertical profiles of total leaf N and photosynthetic capacity that theoretically should approximate average irradiance profiles (Hikosaka et al., 2016), as this would maximize canopy photosynthesis for a given set of environmental conditions and total canopy N content (Field, 1983; Farquhar, 1989). However, canopies often display shallower profiles, indicating supraoptimal amounts of N and photosynthetic capacity in the lower leaves of a canopy (Anten, 2016; Hikosaka et al., 2016). This behavior can be explained in evolutionary terms, either because the species being analyzed evolved in a different environment (e.g., crops in intensive agriculture) or because the fitness functions driving natural selection are more complex than the instantaneous rate of canopy photosynthesis (Anten, 2016). Nevertheless, considering irradiance fluctuations provides novel insights into the analysis of acclimation at the canopy level with the use of optimization algorithms.

Retkute et al. (2015) suggested that the leaf optimal photosynthetic capacity under fluctuating irradiance depends on the frequency and amplitude of fluctuations for the same average irradiance, resulting in sub-optimal photosynthetic acclimation in wheat canopies (Townsend et al., 2018). Mott and Woodrow (2000) explored the optimal partitioning of N between Rubisco and Rubisco activase, suggesting that the optimal partitioning between the two is highly dependent on the duration of the fluctuations (shorter durations meaning a higher ratio of Rubisco activase to Rubisco).

A general issue with these model-based analyses is that they tend to oversimplify the dynamic responses of photosynthesis by using a single rate constant, thereby assuming a single limiting mechanism. However, the different mechanisms limiting dynamic responses of photosynthesis are characterized by different rate constants and their relative importance depends on the frequency of fluctuations (Morales et al., 2018a). Although detailed dynamic models of C3 photosynthesis exist (Zhu et al., 2013; Morales et al., 2018a, b), no comprehensive optimization analysis of photosynthesis under fluctuating irradiance has been published thus far.



Genetic Diversity of Acclimation

There is genetic diversity in dynamic acclimation to a change in irradiance (Athanasiou et al., 2010; Rooijen et al., 2015), but this remains unexplored with regards to fluctuating irradiance. The ability to undergo dynamic acclimation in Arabidopsis has been linked to the glucose-6-phosphate/phosphate translocator across the chloroplast envelope (Athanasiou et al., 2010; Dyson et al., 2015; Miller et al., 2017) and loss-of-function mutants in this gene had significantly lower fitness when grown under fluctuating irradiance (Athanasiou et al., 2010). The increase in activity of this transporter in response to an increase in irradiance could result in the import of glucose-6-phosphate into the chloroplast, which would stabilize photosynthetic metabolism during acclimation (Weise et al., 2019) but it is still unclear why its expression is required for dynamic acclimation to occur.



Dynamic Acclimation May Never Reach a Steady State

Dynamic acclimation in response to a change in irradiance can take days to take place (Athanasiou et al., 2010; Rooijen et al., 2015). Since fluctuations in irradiance are faster, even at the seasonal level, it is possible that plants never reach full acclimation and remain in an intermediate, dynamic equilibrium state. This equilibrium state would depend on the speed of dynamic acclimation and the degree of linearity in the response of plant traits to changes in irradiance. These dynamics have been captured in simulation models either (i) by implementing a goal-seeking behavior that calculates steady-state acclimation from optimization theory (Yin et al., 2019) or (ii) by simulating protein turnover dynamically (Thornley, 1998; Kull and Kruijt, 1999; Barillot et al., 2016; Pao et al., 2019a). Experimental evidence exists that coordination across leaves may be achieved through cytokinins carried by the transpiration stream (Pons et al., 2001), as transpiration will vary according to the irradiance profile. This mechanism has been included in a recent mechanistic model of wheat incorporating plant carbon and N balances, but has not yet been validated experimentally (Barillot et al., 2016).



EXPERIMENTATION ON ACCLIMATION TO FLUCTUATING IRRADIANCE: METHODOLOGY AND SUMMARIZED RESULTS


Methodology

In several groundbreaking pioneer studies, relatively simple experiments were used to test the effects of various molecular players on plant growth and fitness under fluctuating irradiance: Mutants lacking components of energy quenching (npq1, npq4) and state transitions (stn7) showed reductions in fitness (i.e., number of seeds produced) and/or biomass relative to the wild-type, when grown under fluctuating light (Kühlheim et al., 2002; Bellafiore et al., 2005; Kühlheim and Jansson, 2005; Frenkel et al., 2007; Wagner et al., 2008). Fluctuating light was supplied naturally, in the field (Kühlheim et al., 2002; Kühlheim and Jansson, 2005; Frenkel et al., 2007) and/or in controlled climate chamber experiments (Kühlheim et al., 2002; Bellafiore et al., 2005; Wagner et al., 2008). In none of these cases was a control treatment with constant light used in which the average intensity and spectrum were identical to that of the fluctuating light treatment; given that these experiments were aimed at characterizing the (relatively strong) effects of specific and well-characterized mutations on FL acclimation, this approach can be justified. However, if an experiment is to accurately quantify the (sometimes small) effects of irradiance fluctuations on wild-type plants, it requires a control where irradiance is constant throughout the photoperiod, and whose average intensity and spectrum are the same as that of the treatment(s) containing irradiance fluctuations. Also, the experimenter needs to be in full control of intensity, timing, and frequency of the irradiance fluctuations. From these requirements it follows that such experiments must be done under controlled growth conditions and in the absence of natural background irradiance (i.e., not in the field or greenhouse). Several such experiments have been performed (Watling et al., 1997; Leakey et al., 2002; Kubásek et al., 2013; Cruz et al., 2016; Annunziata et al., 2017, 2018; Vialet-Chabrand et al., 2017; Kaiser et al., 2018a; Matthews et al., 2018) and some of their results are analyzed below.

Most fluctuating irradiance regimes have been achieved by modulating intensity of an artificial light source in plant growth chambers or cabinets (Watling et al., 1997; Kubásek et al., 2013; Cruz et al., 2016; Annunziata et al., 2017, 2018; Vialet-Chabrand et al., 2017; Matthews et al., 2018). However, other methods have been employed, including moving light sources over the plants (Zheng et al., 2006; Blom and Zheng, 2009; Kaiser et al., 2018a) and rotating shading discs that transiently block the light sources (Leakey et al., 2002). Shading discs are perhaps logistically more complex to implement, but they can be used to alter the spectrum of the artificial light at the same time as the irradiance (although, to our knowledge, they have not been used with that purpose). The use of moving light sources differs from the rest, as it introduces changes in the angle of incidence of the irradiance in addition to fluctuations in the irradiance level.

The fluctuations in irradiance employed in these experiments can be classified into two categories: (i) experiments that focused on diurnal variation of irradiance and (ii) experiments that focused on rapid, repeated fluctuations (denoted as lightflecks, to distinguish between the natural fluctuations such as sunflecks and cloudflecks). The diurnal variation of irradiance has been approximated with a sinusoidal pattern (half the period of a sine wave) where the maximum occurs in the middle of the photoperiod (Cruz et al., 2016; Annunziata et al., 2017, 2018; Matthews et al., 2018). Rapid fluctuations were most often implemented by adding periods of high irradiance on top of a constant, low irradiance, background (Watling et al., 1997; Leakey et al., 2002) or on top of a sinuosidal pattern (Cruz et al., 2016; Matthews et al., 2018). Exceptions include experiments based on moving light sources (Kaiser et al., 2018a) and experiments that mimic time series of irradiance measured outdoors (Vialet-Chabrand et al., 2017; Matthews et al., 2018).

For studies that focused on rapid fluctuations, the shortest duration for a lightfleck was 20 s (Kaiser et al., 2018a) while most studies used lightflecks of ≥180 s. As discussed above, a typical duration for a sunfleck is <2 s (Kaiser et al., 2018b), meaning that these experiments have not used the correct timescale if the objective was to study the response of plants to the most frequently occurring sunflecks. Also, lightflecks in these experiments resemble cloudflecks rather than sunflecks, in the sense that the fluctuations are applied to the light source itself, rather than as a result of change in incident angle, gaps in the canopy or wind-induced plant movements.



Summary of Observed Responses to Fluctuating Irradiance

To explore whether plant traits at the various integration levels respond in a similar manner across species, we compiled published data on some of the most frequently measured traits, i.e. the chlorophyll a/b ratio (chloroplast level), specific leaf area (SLA, cm2 g–1), light saturated net photosynthesis rate (Amax; leaf level), root/shoot ratio, and plant biomass. For this analysis, we focused on studies with (near-) identical average irradiance and spectrum between treatments, such that the effect may be caused by irradiance pattern alone, i.e., constant (C) vs. fluctuating irradiance (F). Using this criterium allowed us to include 43 data sets from six studies (Supplementary Table S1; Watling et al., 1997; Leakey et al., 2002; Grieco et al., 2012; Kubásek et al., 2013; Vialet-Chabrand et al., 2017; Kaiser et al., 2018a). Unfortunately, many studies were excluded from this analysis as they either (i) did not contain a constant irradiance treatment, (ii) did not ensure that average irradiance between treatments was identical, or (iii) measured traits that were not reported in a sufficient number of other studies to allow for a cross-study comparison. Data were analyzed correcting for variability of individual data sets and number of biological replicates, and relative effects of fluctuating light were then expressed as (F−C)/C, where F and C denote the average trait value under fluctuating and constant irradiance, respectively.

Chlorophyll a/b ratio was significantly lower, on average by 7%, in leaves grown under lightflecks (Figure 2; n = 4). These results suggest a relative increase of light harvesting (associated with Chl b) over reaction center complexes in photosystem II (associated with Chl a) in leaves under fluctuating irradiance, which is typically observed in shade-acclimated leaves (Schöttler and Tóth, 2014; Albanese et al., 2018). However, our numbers are based on only four studies, three of which were conducted on Arabidopsis. The reduction in Chl a/b ratio may be species specific. Indeed, in the study using Shorea leprosula instead of Arabidopsis, Chl a/b was unaffected (Leakey et al., 2002).
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FIGURE 2. Relative effect of fluctuating irradiance (FL) treatment on plan traits for the different experiments reviewed (blue symbols and error bars) and the average relative effect across experiments (red symbol and error bars). Error bars indicate 95% confidence intervals (i.e., the 2.5 and 97.5% of the distribution of relative effect) whereas symbols indicate the median relative effect.


Specific leaf area was 12% higher in lightfleck acclimated leaves (Figure 2, n = 8), implying that the formation of leaves with a reduced biomass per area under fluctuating irradiance was a generic response, which again is reminiscent of shade acclimation (Evans and Poorter, 2001).

Photosynthetic capacity, here expressed as light-saturated CO2 assimilation (Amax), was not generally affected by fluctuating irradiance (Figure 2, n = 10). These lightfleck effects may be species-specific: when grown under identical treatments, Amax in petunia (Petunia × hybrida) and tomato (Solanum lycopersicum) increased significantly under fluctuating irradiance, while in chrysanthemum (Chrysanthemum morifolium) it did not (Blom and Zheng, 2009). Given the large differences between species in high irradiance acclimation capacity (Murchie and Horton, 1997), this result may be unsurprising. Nevertheless, these data are in contrast to a modeling study by Retkute et al. (2015) which indicated that the optimal plant response to fluctuating irradiance was to increase Amax. These results may also be in disagreement with a recent commentary by Pao et al. (2019b), who suggested that photosynthetic capacity (expressed as maximum electron transport and carboxylation rates, Jmax and Vcmax, respectively) is reduced in leaves under fluctuating irradiance; this analysis was based on a non-linear relationship between irradiance and protein synthesis rate, using data from a previous modeling study validated with measurements on Cucumis sativa (grown under constant irradiance) as reference (Pao et al., 2019a). The reasoning by Pao et al. (2019b) is that leaves under fluctuating irradiance experience a relatively longer time close to the saturating end of this relationship compared to leaves under lower, uniform light. We did not find a sufficient number of datasets on Jmax or Vcmax in studies on lightfleck acclimation to draw robust conclusions, but assuming that a reduction in Jmax and Vcmax would coincide with a reduction Amax, we can at least conclude that it is unlikely that Jmax and Vcmax will generally decrease under fluctuating irradiance.

There was a tendency for a decrease in the root/shoot ratio under fluctuating irradiance, but this was not significant (Figure 2, n = 9). Similarly to Amax, this trait seemed to be under strong genetic control, as under identical treatments wheat (Triticum aestivum), Setaria macrostachya, and Amaranthus caudatus showed strong (37–52%) decreases in the root/shoot ratio under fluctuating irradiance, whereas Celosia argentea showed no response (Kubásek et al., 2013).

Plant biomass was significantly reduced under fluctuating irradiance, by 32%, although there was large variability around the mean (Figure 2; n = 12). At first glance, this reduction may seem obvious, given that (a) photosynthesis reacts non-instantaneously to an increase in irradiance due to photosynthetic induction and thereby has a lower time-integrated CO2 assimilation compared to the steady state (Kaiser et al., 2015, 2018b) and (b) due to the saturating, non-linear response of steady-state leaf photosynthesis to irradiance, fluctuating irradiance treatments typically expose the leaf to a larger fraction of high irradiance that is used with a lower quantum efficiency compared to the uniform, low irradiance controls. However, it is noteworthy that as with Amax and the root/shoot ratio, different species in the same experiment displayed very different plant biomass responses to fluctuating irradiance: while biomass was significantly reduced (−21%) in tomato under fluctuating irradiance, in chrysanthemum, petunia and rose (Rosa × hybrida) it was unaffected (Blom and Zheng, 2009). These results hint at the possibility that acclimation to fluctuating irradiance may counteract the negative effects of fluctuating irradiance on biomass, and that the capacity for this compensatory acclimation may be species dependent and could therefore be used as a breeding target.

Some of the reported effects of fluctuating light on treatments coincide with the effects expected from a low irradiance treatment (i.e., acclimation to low irradiance) including higher SLA and lower chlorophyll a/b ratio (Figure 2), but Amax did not change or even increased (unlike acclimation to low irradiance when it would always decrease). Therefore, acclimation to fluctuating light seems to differ from acclimation to low irradiance although some traits may respond similarly.

The experiments reviewed maintained the same average irradiance in the constant and fluctuating light treatments. This means that plants under fluctuating light were being exposed to lower irradiance than in the control during part of the daytime. However, the fraction of the daytime when this was the case varied across studies (Supplementary Table S1) from approximately 50% (Vialet-Chabrand et al., 2017) to >83% (Watling et al., 1997; Kaiser et al., 2018a). There was a weak negative correlation (−0.33) between Amax and the fraction of the daytime where irradiance was lower (Supplementary Table S1), but stronger correlations for chlorophyll a/b ratio and SLA (0.64 and −0.65, respectively). This means that, across the different experiments, a longer exposure to lower irradiance resulted in a smaller effect of fluctuating irradiance on chlorophyll a/b ratio and SLA but a stronger effect on Amax. This trend further reinforces the hypothesis that the changes observed in the different traits are not due to acclimation to the low irradiance periods of the fluctuating light treatment.

Although these data suggest that acclimation to fluctuating irradiance is distinct from acclimation to low irradiance, the experiments reviewed used different plant species, average irradiance levels, and dynamic patterns of oscillations, so confounding effects cannot be discarded. We suggest that future experiments on fluctuating irradiance include (when relevant) a second control where plants are grown at a constant, low irradiance level equal to the prevailing background irradiance of the fluctuating treatment, to further clarify the role of low irradiance in acclimation to fluctuating irradiance.



OUTLOOK

The data summarized here suggest that acclimation to fluctuating irradiance resembles that of shade acclimation for some traits. However, we are still lacking (insights from) studies that expose plants to several combinations of lightfleck timing, frequency, amplitude, and absolute intensity, to fully understand what the drivers for acclimation of a given trait are. Such studies should also account for the genetic variation that exists for the capacity to change a given trait during acclimation. Further, we emphasize once more the need for experimental setups that ensure that the average irradiance (and spectrum) between treatments is identical and that a treatment with constant irradiance is included. Recent advances in LED technology (Pattison et al., 2018) that allow for accurate and rapid modulation of intensity, as well as for emulating the natural light spectra, are instrumental to advancement of this field of research. Finally, many studies, e.g., those cited on retrograde signaling, SAA, and gene transcription were conducted under relatively extreme conditions: plants were grown under a very low irradiance (2–5% of full sunlight) and then were exposed to 50–100% of full sunlight to trigger a change. The molecular responses in these studies were indeed intriguingly rapid and massive, but these may be weaker in field-grown plants that are acclimated to a stronger, and more fluctuating, irradiance.
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A pyruvate-phosphate dikinase (C4-PPDK) gene was cloned from Suaeda monoica, which had a single-cell C4 photosynthesis pathway without Kranz anatomy and was functionally validated in a C3 model plant under different abiotic stress conditions in an ambient and elevated CO2 environment. Overexpression of SmPPDK promoted growth of C3 transgenic plants, enhancing their photosynthesis (CO2 assimilation) by lowering photorespiration under stress conditions. Transgenic plants also showed an improved physiological status, with higher relative water content (RWC), membrane integrity, concentration of glycine betaine, total soluble sugars, free amino acids, polyphenols and antioxidant activity, and lower electrolyte leakage, lipid peroxidation, free radical accumulation, and generation of reactive oxygen species (ROS), compared to control plants. Moreover, SmPPDK transgenic plants exhibited earlier flowering and higher dry biomass compared to controls. These results suggested that the C4-PPDK gene was appropriate for improvement of carbon assimilation, and it also played an important role in adaption to salinity and severe drought-induced stress. More intriguingly, an elevated CO2 environment alleviated the adverse effects of abiotic stress, particularly caused by drought through coordination of osmoprotectants and antioxidant defense systems. The molecular, physiological, metabolic, and biochemical indicators ameliorated the overall performance of model C3 plants overexpressing the C4-PPDK gene in an elevated CO2 environment, by lowering photorespiration metabolic processes, however, further studies are needed to confirm its precise role in C3 plants as protection against future climate change.
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INTRODUCTION

Global climate changes such as increasing temperature, atmospheric CO2 concentration and salinization, and altered precipitation are among the primary constraints on crop improvement, including biomass production and yield (Dhir, 2018). In addition, the increasing demands in feeding a fast growing population also impose pressure to enhance the productivity and quality of current crops under limited resources. Global climate changes result in desertification and salinization, with >6% of global land area and >30% of irrigated farmland being salt affected (FAO, 2011). Global CO2 concentrations have increased from a preindustrial level of 285 μmol mol–1 to the current level of 384 μmol mol–1, and they have been predicted to reach 936 μmol mol–1 by the year 2100, with an increase in global atmospheric temperature of about 6.4°C (IPCC, 2014). These stresses will likely affect the productivity of plants, influencing the sequestration and assimilation of atmospheric CO2 through photosynthesis.

Various studies on elevated CO2 concentrations have shown a close relationship between improvements to photosynthesis and increases in yield and total biomass of plants (Kellner et al., 2019; Pastore et al., 2019). Therefore, this provides an attractive approach to enhancing yield by increasing photosynthesis of a particular crop species (Zhang et al., 2014; Yadav et al., 2018). Among the three categories of photosynthesis in carbon-assimilating plants, productivity and biomass of C4 plants are not limited by atmospheric CO2; therefore, they are considered the most efficient CO2 sequestrators. C4 photosynthesis inhibits the oxygenation reaction and acts as a CO2 pump, increasing the intracellular CO2/O2 ratio at the active site of ribulose bisphosphate carboxylase/oxygenase (Rubisco) (Hatch, 1987; Sage, 2004). It has been well documented that C3 plants lose about 50% of total available CO2 to photorespiration compared to C4 plants. In addition, C4 photosynthesis has an advantage over that of C3 plants, exhibiting a higher assimilation efficiency and yield of biomass under different abiotic stress conditions, including drought, high temperature, and high light intensity, by improving water and nitrogen use efficiency (Hatch, 1987; Sage and Pearcy, 2000). Enzymes involved in the C4 assimilation pathway could also play a significant role in tolerance to abiotic and biotic stress (Ku et al., 2000; Gu et al., 2013). Enhancing photosynthesis efficiency in C3 plants using an enzyme from the C4 pathway could provide an alternative approach for improving productivity, biomass, and yield (Yadav and Mishra, 2019). Genera Suaeda and Bienertia have broken the dual-cell paradigm that Kranz anatomy is essential for C4 carbon assimilation (Freitag and Stichler, 2002; Voznesenskaya et al., 2002; Akhani et al., 2005).

Suaeda species belong to the family Amaranthaceae and have a unique approach to C4 carbon assimilation within a single chlorenchyma cell (Voznesenskaya et al., 2002, 2004), in which chloroplasts are dimorphic. A single-cell process is the most common in the nicotinamide adenine dinucleotide phosphate-dependent malic enzyme (NADP-ME) subtype of C4 photosynthesis species, where the chloroplasts of mesophyll cells have well-developed grana, while the chloroplasts of bundle sheath lack grana. However, single-cell C4 photosynthesis is not repressed by O2, under low CO2 concentration, and carbon isotope values are the same as for the Kranz type of the C4 plant (Voznesenskaya et al., 2002, 2004). Likewise, single-cell C4 plants contain dimorphic polarized chloroplasts, with a key enzyme, pyruvate phosphate dikinase (PPDK) located at the distal end of the chloroplast, while Rubisco is at the proximal end, effectively following the same differentiation as the Kranz type of anatomy (Dengler and Nelson, 1999; Sheen, 1999). As such, engineering of a single-cell C4 organization into C3 crops might provide an alternative approach to achieving Kranz type C4 carbon assimilation without the need to establish a dual-cell system.

PPDK (EC 2.7.9.1) is nuclear encoded, abundantly present in the chloroplasts of mesophyll cells, an important rate-limiting enzyme of the C4 pathway (Edwards et al., 1985; Hatch, 1987), and is regulated by light-dependent gene expression (Sheen and Bogorad, 1987). It catalyzes the interconversion of pyruvate to phosphoenolpyruvate (PEP), the acceptor of atmospheric CO2 in C4 plants, and C4 photosynthesis rate is correlated (r = 0.96) with the activity of PPDK (Edwards et al., 1985). Its structural and functional properties have been studied in the bacterium Clostridium symbiosum (Chastain et al., 2011). The phylogenetic distribution of PPDK is confined to selected groups of bacteria, archaea, protozoa, lower fungi, and green plants (Liapounova et al., 2006; Slamovits and Keeling, 2006). C4 PPDK is highly homologous to C3 PPDK (Agarie et al., 1997), with the regions and residues involved in catalysis also being highly conserved among bacteria (Fißlthaler et al., 1995). PPDK can also contribute to the conversion of NADH to NADPH, which is an essential coenzyme of antioxidant enzymes, and is also involved in nitrogen assimilation and synthesis of fatty acids and osmotically active compounds (Doubnerová and Ryšlavá, 2011). PPDK is critically involved during early seedling growth and seed development in both C3 and C4 plants (Chastain et al., 2006; Yu et al., 2016; Chang et al., 2017). In Arabidopsis thaliana, PPDK is overexpressed during leaf senescence by significantly accelerating nitrogen remobilization from leaves (Taylor et al., 2010; Wang et al., 2019). PPDK also plays a key role in host stress defense mechanisms, as it is induced by various abiotic stresses, such as drought, salinity, heavy metals, submergence, low oxygen and cold (Doubnerová and Ryšlavá, 2011; Hýsková et al., 2014; Wang et al., 2018), and biotic stress, including viral infection (Spoustová et al., 2015). In nonphotosynthetic parts of the plant, PPDK plays a significant role in the maintenance of pH and rejuvenation of citric acid intermediates, which are involved in the synthesis of amino acids (Hýsková et al., 2014). PPDK homologs have been reported from bacteria and unicellular parasitic protists, such as Giardia lamblia, Trichomonas vaginalis, and Entamoeba histolytica, however, they have not been found in insects or vertebrates. As such, PPDK is a potential target for antiparasitic and antimicrobial drugs, as well as C4-specific herbicides (Minges and Groth, 2017).

The advantages of a C4-based physiology are observed during stress triggered by high temperatures, drought, salinity, and elevated CO2 levels. PPDK is detected in C3 plants (Chastain et al., 2008), however, its role is undefined. Consequently, the integration of the C4 PPDK gene into C3 plants could be a promising approach to relegate photorespiration, resulting in the improvement of photosynthetic efficiency of C3 plants under climatic stress (Yadav and Mishra, 2020). In this current study, a gene that encoded PPDK was successfully introduced and expressed in a C3 plant (Ku et al., 2000; Fukayama et al., 2001; Gu et al., 2013).

Our previous studies suggested that halophytes were a potential resource for stress tolerance genes (Jha et al., 2011; Chaturvedi et al., 2012, 2014; Joshi et al., 2013; Singh et al., 2014b; Udawat et al., 2014, 2016; Tiwari et al., 2015) and promoters (Tiwari et al., 2014, 2016, 2019; Singh et al., 2016) that improved photosynthesis (Patel et al., 2015; Jha et al., 2019) and also provide abiotic stress tolerance (Singh et al., 2014a; Pandey et al., 2016; Mishra and Tanna, 2017; Udawat et al., 2017). Notably, the single-cell PPDK gene of Suaeda spp. was induced under elevated CO2 conditions (Yadav et al., 2018). In the current study, a C4 photosynthetic PPDK gene was isolated from the C4 halophyte Suaeda monoica and was functionally validated by being introduced into a C3 model plant, tobacco. The effects of overexpression of SmPPDK were studied on the phenotype, photosynthetic efficiency, and yield of transgenic tobacco plants. In addition, the synergetic effect of elevated CO2 stress along with other abiotic stress conditions was studied on morphology, physiology, metabolites, and the biochemical status of transgenic lines, compared to ambient conditions and wild-type (WT) plants.



MATERIALS AND METHODS


Cloning and in silico Analysis of SmPPDK Gene

The PPDK gene was isolated by rapid amplification of complementary DNA (cDNA) ends (RACE) techniques, using different combinations of primers and PCR conditions (Supplementary Table S1). A full-length PPDK gene was cloned, sequenced (at M/s Macrogen, South Korea), and submitted to the National Center for Biotechnology information (NCBI) (accession no. MK704410).



Genome Organization of SmPPDK Gene

Genomic DNA was isolated from S. monoica leaves using the N-cetyl-N,N,N-trimethyl ammonium bromide (CTAB) method, and the PPDK gene was amplified with gene-specific primers (Supplementary Table S1). Amplicons were purified, cloned, and sequenced (M/s Macrogen, South Korea). Introns and exons were analyzed using available online tools (NCBI).



Genetic Transformation of SmPPDK Gene

The full-length coding sequence (CDS) of SmPPDK gene was amplified from cDNA using gene-specific primers containing KpnI and XbaI restriction sites at the 5′- and 3′-ends, respectively (Supplementary Table S1), and was cloned into pCAMBIA1301 through an intermediary plant expression vector pRT101. The resulting vector, pCAMBIA1301:SmPPDK was mobilized into Agrobacterium tumefaciens strain EHA104 and transformed to tobacco (Nicotiana tabacum cv. Petit Havana) plants by the standard leaf disk cocultivation method (Horsch et al., 1985). Leaf disks were cocultivated for 72 h and then transferred into direct shooting medium, followed by shoot elongation medium. Subsequently, they were transferred to rooting medium supplemented with 20 mg/L hygromycin. Rooted plants were acclimatized in soil and then transferred to a greenhouse.

Putative T0 and T1 transgenic lines were screened by germination of seeds on Murashige and Skoog (MS) medium supplemented with hygromycin (20 mg/L). Insertion of the transgene was confirmed by polymerase chain reaction (PCR) amplification using gene-specific (GSP) and vector-specific primers (Supplementary Table S1). In addition, β-glucuronidase (GUS) activity was determined in transgenic lines, along with WT and vector-control (VC) plants, using a GUS staining kit (Sigma, United States).



Analysis of T1 Transgenic Tobacco Plants


Seed Germination Assay and Growth Parameter Analysis

Seeds of SmPPDK transgenic lines (L1, L20, L32, L33, and L40) were surface sterilized, and they germinated on MS media supplemented with hygromycin (20 mg/L), whereas seeds of WT (tobacco plants cv. Petit Havana) and VC (tobacco plants transformed with vector pCAMBIA1301) plants only germinated on MS basal medium without hygromycin. In addition, surface-sterilized seeds (transgenic lines, VC, and WT) were also germinated on MS medium supplemented with 200 mM NaCl, 300 mM mannitol, and two different concentrations of sucrose (1 and 2%) at 25 ± 2°C with a light cycle of 12 h light and 12 h dark. Germination assays were performed in three replicates, with each replicate containing 20 seeds. The rate of emergence/seed germination and mean germination time (MGT) were calculated (Pandey et al., 2015).

One-week-old equally sized plants, including positive T1 transgenic, VC, and WT seedlings, were arranged on MS media supplemented with 200 mM NaCl, 300 mM mannitol, and sucrose (1 or 2%) and incubated for 21 days for growth parameter (root length, shoot length, fresh weight, and dry weight) studies. In addition, uniformly sized seedlings were transferred into 1/2 strength Hoagland medium (Hoagland and Arnon, 1950) and allowed to grow at 25 ± 2°C for 45 days under a 12-/12-h light/dark cycle. Experiments were designed in two sets. In the first set, transgenic plants along with WT and VC plants were studied for stress (salinity and drought) tolerance at ambient CO2 (400 ppm) concentrations. Acclimatized plants were subjected to 200 mM NaCl or 10% polyethylene glycol (PEG) treatment in a hydroponic culture system for 24 h. For the second set of experiments, all plants (T1, VC, and WT) were first acclimatized at an elevated CO2 (900 ppm) concentration and then subjected to the stress treatments described above for 24 h in a hydroponic culture system. Subsequently, samples were harvested and processed for physiological, biochemical, and molecular analysis, with all physio-biochemical parameters of transgenic lines being compared with control plants (WT and VC). In addition, the performance of plants was compared under ambient and elevated CO2 stress conditions.



Measurement of Leaf Gas Exchange Parameter

Transgenic lines, along with WT and VC plants, treated and untreated, were grown in a plant growth chamber (Percival Scientific, United States), with the fourth youngest fully expanded leaves being used to measure photosynthetic parameters, such as net photosynthetic rate (Pn), stomatal conductance (Gs), electron transport rate (ETR), internal CO2 concentration (Ci), transpiration rate, and VpdL, using a portable photosynthesis system (LI-COR Biosciences Inc., Nebraska). Water use efficiency (WUE) of photosynthesis was calculated (Schulte et al., 2003). Photosynthesis-related measurements were started at 9:00 AM under the following condition: photosynthetically active radiation (PAR), 1,000 μmol m–2 s–1 photosynthesis photon flux density (PPFD); relative humidity (RH), 55–60%; leaf chamber temperature, 25°C; leaf chamber area, 2 cm; CO2 flowrate, 300 μm; and reference CO2 concentration, 400 μmol mol–1 for ambient CO2 and 900 μmol mol–1 for elevated CO2.



Measurement of Chlorophyll Fluorescence and Fluorescence Induction Curves

Plants were kept under actinic light (1,000 μmol–2 s–1) for 1 min, at which point photochemical quenching (qP) and quantum efficiency of photosystem II (ϕPSII) were recorded. The light-adapted chlorophyll fluorescence parameters were calculated as follows:
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Where Fm′ is the maximum fluorescence in light-adapted plant, Fs is the steady state of fluorescence for light-adapted plant, and Fo′ is the initial fluorescence in light-adapted plant.

The dark-adapted maximum photochemical efficiency of PSII (Fv/Fm) was recorded on the same fourth fully expanded leaves using the following equation:

[image: image]

The dark-adapted fluorescence transient induction curve (based on OJIP curve) was recorded using a chlorophyll analyzer (Handy PEA, Hansatech Co., United Kingdom), and the resulting OJIP curve was analyzed (Strasser and Strasser, 1995). The first (O), second (J), third (I), and fourth (P) phases were recorded with fluorescence intensities at 0.02, 0.3, 2, and 30 ms, respectively.



Measurement of Photosynthetic Pigments

About 100 mg fresh weight (FW) of leaves (control and treated plants) was homogenized in 1 ml chilled N,N-dimethylformamide (DMF) for 2–3 h in the dark. Absorbance was measured at 665, 647, and 461 nm using a UV–visible spectrophotometer (SpectramaxPlus 384, Molecular Devices, United States). Total chlorophyll (a + b), chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids were calculated as per following equation (Inskeep and Bloom, 1985; Chamovitz et al., 1993):
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Measurement of Relative Water Contain

The weight of fresh leaves of equal size about 2 cm (from control and treated plants) was recorded (FW); leaves were immersed in deionized water at room temperature for overnight (16 h). Samples were dried at room temperature (by keeping on blotting papers), and turgid weight (TW) was recorded; after that, samples were dried at 65°C (in an oven) for 48 h, and dry weight (DW) was calculated. The relative water content (RWC) was calculated as percentage by following equation:
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Measurement of Electrolyte Leakage and Membrane Stability Index

Fresh leaf samples of control and treated plants were washed with deionized water to remove surface-staking electrolytes. Simultaneously, leaves were cut into equal size and immersed into 10 ml of deionized water in closed vials and incubated in gentle shaking at room temperature for 4 h. Electrical conductivity was recorded (Lt) with a conductivity meter (Seven Easy, Mettler Toledo AG8603, Switzerland), and after that, sample vials were incubated at 99°C for 20 min and cooled at room temperature, and final electrical conductivity (L0) was recorded (Lutts et al., 1996).

For membrane stability index (MSI), fresh leaf samples were washed thoroughly with deionized water, and then, the experiment was conducted into two sets. In one set, leaves were immersed in 10 ml of deionized water and incubated at 40°C for 30 min. In another set, leavers were immersed in 10 ml of water and incubated at 99°C for 10 min. Electrical conductivity was measured for both the sets of vials (Sairam, 1994). The percentage of electrolyte leakage and MSI were calculated using the following equation:
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Quantification of PPDK Enzyme and Activity Assay

About 500 mg of fresh leaf samples of control and treated plants was homogenized with 2 ml of extraction buffer [50 mM HEPES–KOH and 10 mM of dithiothreitol (DTT); pH 7.5] for the extraction of PPDK enzyme (Yadav et al., 2018). The enzyme was quantified (Bradford, 1976), and the activity was measured at 340 nm in the forward direction by coupling the production of PEP to NADH via PEPC and malate dehydrogenase (MDH) (Alla and Hassan, 2012). Briefly, a reaction mixture containing 25 mM HEPES–KOH (pH 8.0), 8 mM MgSO4, 10 mM DTT, 10 mM NaHCO3, 2 mM pyruvate, 5 mM (NH4)2SO4, 1 mM glucose-6-phosphate, 1 mM ATP, 2.5 mM KPO4, 0.2 mM NADH, 0.5 U PEPC, and 2 U MDH was prepared. The activity of PPDK was started by adding 0.2 ml of crude enzyme extract in 1 ml freshly prepared reaction mixture, allowed to react at 25°C, and absorbance was read at 340 nm (ε = 6,221 μl μmol–1 cm–1). The PPDK specific activity was expressed as nanomoles of enzyme per gram of FW, and enzyme activity was expressed as kat (the release of 1 mol of NAD s–1) mg–1 protein.



Measurement of Malondialdehyde and Hydrogen Peroxide Contents

About 500 mg of fresh leaf samples was extracted with 1 ml of ice-cold 0.1% of trichloroacetic acid (TCA) reagent followed by centrifugation at 10,000 g for 10 min at 4°C, and the supernatant (extract) was collected for malondialdehyde (MDA) and hydrogen peroxide content. Lipid peroxidation was studied by estimating MDA content (Hodges et al., 1999). Extracts were divided into two sets: first, 0.5 ml of the extract was mixed with 2 ml of TBA (0.65% w/v, in 20% TCA); second, 0.5 ml of the extract was mixed with 20% TCA. Samples were incubated at 95°C for 30 min and, after cooling, centrifuged at 10,000 g for 5 min. The absorbance was measured at 440, 532, and 600 nm, respectively, and MDA content was quantified using the following equation:
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For the estimation of hydrogen peroxide (H2O2) content, 0.25 ml of the extract was mixed with reaction buffer [0.25 mM FeSO4, 0.25 mM (NH4)2SO4, 25 mM H2SO4, 1.25 mM xylenol orange, and 1 mM sorbitol], followed by incubation at room temperature for 30 min. The absorbance was measured at 560 nm to quantified hydrogen peroxide content with a known concentration of H2O2, which was used as a standard (He et al., 2000).



Quantification of Glycine Betaine

Glycine betaine (GB), a quaternary ammonium compound, was quantified with some modifications (Grieve and Grattan, 1983). Glycine betaine was extracted from 1,000 mg of leaves in 20 ml of deionized H2O (for 24 h at 25°C). Extracts were filtered, diluted 1:1 with 2 N H2SO4, and incubated for 1 h at ice. Subsequently, 200 μl of freshly prepared cold KI–I2 (15.7 g of iodine and 20 g of KI in 100 ml of H2O) was added in the sample and incubated 15–20 min and then centrifuged at 10,000 g for 10 min at 4°C. After that, periodide crystals were separated from an acid medium, dissolved in 3 ml of 1,2-dichloroethane, and incubated for 2.5 h in dark. Simultaneously, a standard curve was prepared with glycine betaine (100 μg/ml), and absorbance was recorded at 365 nm.



Measurement of Antioxidant Enzyme Activity

About 500 mg of the leaf samples was used for the extraction of protein. Samples were homogenized in 2 ml of extraction buffer, containing 50 mM potassium phosphate buffer (pH 7.0), 1 mM EDTA, 0.05% (w/v) Triton X-100, 5% (w/v) polyvinylpolypyrrolidone (PVPP), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 2 mM DTT. The extracted protein was quantified (Bradford, 1976) and further used for the estimation of catalase (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD), and glutathione reductase (GR) activities.

Catalase (1.11.1.6) activity was quantified by observing the disappearance of H2O2 (Miyagawa et al., 2000). The activity of catalase was started by adding 20 μg of enzyme extract in 3 ml of the reaction mixture that contained 50 mM of phosphate buffer (pH 7.0) and 10 mM of H2O2. The absorbance was measured at 240 nm for every 30 s up to 3 min in a UV–visible spectrophotometer (Molecular Devices, United States). The change in absorbance at 240 nm was recorded, and activity of CAT was measured using ϕ = 43.6 mM–1 cm–1 as extinction coefficient and expressed as U/mg (Patterson et al., 1984).

Ascorbate peroxidase (APX: EC 1.11.1.11) was estimated by observing the oxidation of ascorbate (Nakano and Asada, 1981). The activity of APX in the reaction was started by adding 40–60 μg of enzyme extract in 3 ml of reaction mixture containing 50 mM phosphate buffer (pH 7.0), 0.5 mM ascorbic acid, and 0.1 mM H2O2, and absorbance was recorded at 290 nm for 2 min to determine the specific activity of APX (ϕ = 2.8 mM–1 cm–1).

For glutathione reductase (GR: EC 1.8.1.7) activity, 50 μl of the enzyme extract was added in the reaction mixture containing 50 mM of phosphate buffer (pH 7.5), 1 mM EDTA, 1 mM glutathione oxidized (GSSG), 0.75 mM 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), and 0.1 mM NADPH. Absorbance was recorded at 412 nm for 2 min, and specific activity was estimated (ε = 26.6 mM–1 cm–1).

For the measurement of SOD activity, the inhibition of photochemical reduction in nitro-blue tetrazolium (NBT) was used (Beyer and Fridovich, 1987). For the enzyme assay, 3 ml of reaction mixture containing 50 mM phosphate buffer (pH 7.8), 9.9 mM L-methionine, 58 μM NBT, 0.025% Triton-X, and 2.4 μM riboflavin was prepared. Simultaneously, 0.1 ml of the enzyme extract was added into the reaction mixture and allowed to react for 10 min at an illuminated light along with blank (containing reaction mix without enzyme extract). The reaction was stopped by incubating the sample (and blank) in the dark for 15 min. The amount of enzyme required for 50% inhibition of the photochemical reduction in NBT was recorded at 560 nm and represented as 1 U of SOD activity.



Measurements of Total Sugar, Reducing Sugar, Starch, Free Amino Acid, and Polyphenol Content

About 1,000 mg of leaves was extracted in 80% ethanol. The extract was reacted with 2 ml of anthrone reagent (0.2% w/v anthrone in 95% of H2SO4) for total sugar and 3 ml of freshly prepared 3,5-dinitrosalicylic acid (DNS) reagent for reducing sugar estimation, respectively. Subsequently, samples were incubated at a boiling water bath for 5 min and cooled at room temperature, and the absorbance was measured at 630 and 540 nm, respectively. For starch estimation, the left pellet was digested with 52% of perchloric acid and centrifuged at 10,000 g for 10 min. The digested product was reacted with 3 ml of anthrone reagent, incubated at a boiling water bath for 10 min, and the absorbance was recorded at 630 nm (Ghose, 1987). For estimation of free amino acid and polyphenol, about 0.2 ml of plant extracts was reacted with Ninhydrin reagent (Sugano et al., 1975) and Folin–Ciocalteu (FC) reagent (Chandler and Dodds, 1983), respectively. The reaction mixture was incubated at a boiling water bath, and absorbance was measured at 540 and 650 nm for free amino acid and polyphenol, respectively. Known concentration of glucose, glycine, and catechol were used as a standard for the estimation of sugars (including starch), amino acids, and polyphenol, respectively.



Gene Expression Analysis

Total RNA was isolated from transgenic lines, WT and VC plants (Chomczynski and Sacchi, 1987), converted to cDNA using reverse transcriptase according to the manufacturer’s (Promega, United States) instructions. Primer NtActine was used as an internal reference to normalize the gene expression of selected genes studied by real-time quantitative PCR (Supplementary Table S1). Differential transcript expression was studied for key genes involved in the metabolism of reactive oxygen species (ROS) (NtCAT, NtAPX, NtGR, and NtSOD), and photorespiration [hydroxypyruvate reductase (NtHPR) and glycolate oxidase (NtGO)]. The real-time quantitative PCR (RT-qPCR) was performed in a CFX 96TM Real-Time system (Bio-Rad, United States) with 1× SYBR green PCR reaction mix (Supplementary Table S1). The relative expression of the transcript (2–ΔΔCt) was compared with the corresponding control (Livak and Schmittgen, 2001).



Analysis of Metabolites

Total metabolites were extracted from transgenic lines, WT, and VC plants and analyzed by gas chromatography–mass spectrometry (Lisec et al., 2006). Leaf samples (1,000 mg) were made fine powder using liquid N2 and extracted with 100% ethanol (ice cold). Simultaneously, 30 μl of adonitol (0.2 mg/ml) was added as an internal reference, vortexed for 20 s, incubated at 70°C, after which it was sonicated for 10 min at room temperature. Samples were centrifuged at 10,000 g for 10 min, clear supernatant was collected, 325 μl chloroform was added, followed by addition of 700 μl of water; samples were mixed thoroughly and centrifuged at 10,000 g for 5 min. The aqueous phase was collected and dried in a vacuum concentrator. About 60 μl of methoxyamine pyridine was added and incubated at 37°C for 2 h. Finally, 130 μl of N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) was added, incubated for 30 min at 37°C, and used for the gas chromatography–mass spectrometry (GC-MS) analysis (GC-2010 Plus Shimadzu, Model GCMS TQ8040). The chromatographic parameters were as follows: column, RTX-5MS (diphenyl dimethyl polysiloxane, 30.0 m × 0.25 mm); injection, split injection; injection volume, 1 μl; split ratio, 50.0; and temperature, 250°C (Tanna et al., 2018). The initial temperature was 80°C with a hold time of 2 min; after that, temperature was raised up to 315°C with a rate of 10°C/min and held for 15 min (Tanna et al., 2019). As a carrier, helium gas was used with a flowrate of 2 ml/min, and the total processing time was 40–50 min. Mass spectra were recorded, metabolites were identified by matching peaks with available NIST library, and concentration was measured with respect to internal reference peak area and expressed as μg/g FW.



In situ Localization of Peroxide (H2O2) and Superoxide Radicals (O2–)

In situ analysis of peroxide and superoxide radicals were analyzed by histochemical staining with 3,3-diaminobenzidine (DAB) and NBT, respectively (Shi et al., 2010). Both DAB and NBT staining solutions were prepared with a concentration of 1 mg/ml in 10 mM phosphate buffer (pH 3.8 for DAB and pH 7.8 for NBT). Same age of leaves, harvested from transgenic lines, WT, and VC were immersed in their corresponding staining solutions and incubated for 2 h in the dark at room temperature. Later on, they were exposed to light until the brown and blue color visualized on the leaf surface. The staining solutions were removed, samples were bleached with aqueous ethanol (70%), and photographs were taken.



Statistical Analysis

All experiments were performed in triplicate, and each replicate contained 15 plants. Data were given as mean ± standard error (SE), and statistical significance was determined by analysis of variance (ANOVA), using Tukey’s honestly significant difference (HSD) test. Significant differences were considered at p < 0.05 and designated by different letters. Correlation and multivariate analyses were performed using Pearson’s correlation matrix, regression analysis, and principal component analysis, using SYSTAT and Sigma Plot software.



RESULTS


Genomic Organization and Genetic Transformation of the PPDK Gene

A 4,434 bp PPDK gene sequence, obtained from genomic DNA of S. monoica, comprised six introns flanked by seven exons (Supplementary Figure S1). A full-length cDNA (2,862 bp) of the SmPPDK gene (Supplementary Figure S2) was cloned in pCAMBIA1301 under the control of the cauliflower mosaic virus (CaMV) 35S promoter (pCAMBIA1301:SmPPDK) (Figure 1A) and transformed to tobacco, resulting in 50 transgenic lines (T0) being obtained. The presence of the transgene (PPDK, hptII, and uidA) was confirmed in T0-transgenic lines by PCR amplification, using gene-specific primers (Supplementary Table S1). In addition, T0 transgenic seedlings and controls [wild-type (WT) and vector control (VC)] were subjected to histochemical GUS assays. Based on molecular confirmation by PCR and histochemical GUS assays, five transgenic lines L1, L20, L32, L33, and L40 were selected for further analysis. For these, T1 transgenic lines were further confirmed by histochemical GUS assay (Figure 1B) and PCR (Figure 1C), in comparison with the controls. Semiquantitative reverse transcriptase PCR, in which β-tubulin was used as an internal reference gene for normalization, demonstrated that there was overexpression of the SmPPDK gene in selected T1 transgenic lines (Figure 1D). Quantitative real-time-based analysis confirmed that all transgenic lines (L1, L20, L32, L33, and L40) contained a single integration event (Supplementary Figure S3). Scanning electron microscopy (field emission) of leaves of transgenic and control plants confirmed that overexpression of SmPPDK did not affect the ultrastructure of mesophyll cells (Supplementary Figure S4).
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FIGURE 1. Vector construct and conformation of transgene in transgenic lines. Gene construct: (A) pCAMBIA1301:SmPPDK, (B) histochemical β-glucuronidase (GUS) assay of selected transgenic lines, (C) molecular confirmation of transgenic lines by PCR, and (D) semiquantitative reverse transcriptase PCR.




Overexpression of the SmPPDK Gene Improved Seed Germination and Seedling Growth Under Stress Conditions

Transgenic seed showed significantly higher germination (mean germination time and seed germination rate) compared to WT and VC seeds under different stress conditions (Supplementary Figures S5, S6). They also took less time to germinate (higher seed germination rate) under different abiotic stress conditions, compared to WT and VC seeds. Similarly, improved growth (Supplementary Figure S7), including increased fresh weight, dry weight, shoot length, and root length (Supplementary Figure S8), and morphological changes (Supplementary Figure S9) were observed in transgenic seedlings under different abiotic stress conditions, compared to WT and VC plants.



SmPPDK Overexpressing Transgenic Lines Showed Improved Photosynthesis and Physiology Under Different Abiotic Stress Conditions at Ambient and Elevated CO2 Level

A cumulative principal component analyses revealed a complex biplot comprised of seven observations (WT, VC, and transgenic lines, L1, L20, L32, L33, and L40) and 114 variables (Supplementary Figure S10). Principal components analysis (PCA) and heat map showed the differential physiological and biochemical response of transgenic lines (L1, L20, L32, L33, and L40) and control plants (WT and VC) under normal and stress conditions (Supplementary Figures S10, S11).


CO2 Assimilation Indicators

Net photosynthesis rate (Pn) of transgenic lines (16–24 μmol CO2 m–2 s–1) was higher than that of control (WT and VC) plants (12–17 μmol CO2 m–2 s–1) under control and stress conditions at ambient CO2 levels. Although Pn of all plants (transgenic lines along with WT and VC) significantly lowered under elevated CO2 conditions; the level of decrease was less for the transgenic lines and was still higher (14–23 μmol CO2 m–2 s–1) compared to control (WT and VC) plants (3–12 μmol CO2 m–2 s–1) under control and stress conditions (Figure 2A). Under ambient CO2 conditions, no significant difference in stomatal conductance (Gr; 0.1–0.2 mmol H2O m–2 s–1) was observed between transgenic lines and control plants (WT and VC), whereas under NaCl and drought stress, transgenic lines showed higher stomatal conductance (0.02–0.8 and 0.01–0.08 mmol H2O m–2 s–1, respectively) than WT and VC plants (0.01–0.05 mmol H2O m–2 s–1). At elevated CO2 levels, stomatal conductance significantly decreased under control conditions compared to ambient CO2, however, transgenic lines maintained a higher level of conductance under control and stress conditions (0.02–0.1 mmol H2O m–2 s–1) than that of WT and VC plants (0.005–0.05 mmol H2O m–2 s–1) (Figure 2B). At ambient CO2 levels, the vapor pressure difference between leaf intercellular air spaces and the atmosphere (VpdL) was significantly higher in transgenic lines (1.3–1.8 kPa) compared to WT and VC plants (1.2–1.6 kPa), under control and stress conditions. Under elevated CO2 levels, VpdL decreased in control and stress conditions, however, no significant difference was observed between transgenic lines and control (WT and VC) plants (Figure 2C). The trend of photosynthetic electron transport rate (ETR) complemented that of photosynthetic rate and was similar in both controlled and stressed plants under ambient and elevated CO2 conditions (Figure 3A). At ambient CO2 levels, the transpiration rate (Tr) was higher in all plants (transgenic lines along with WT and VC) under control conditions (1.5–2.5 mmol H2O m–2 s–1), compared to elevated CO2 conditions (0.4–1.5 mmol H2O m–2 s–1), and no significant difference was noticed between transgenic lines and control (WT and VC) plants (Figure 3B), although, under elevated CO2 levels, transgenic lines showed a higher Tr in control and drought stress conditions than that of WT and VC plants. In addition, WUE of photosynthesis was higher in transgenic lines under salt (15–77) and drought (19–109) stress at ambient CO2 levels, compared to WT (12) and VC (20–63) plants (Figure 3C). However, at elevated CO2 levels, WUE decreased in all plants, however, the degree of decline was lower in transgenic lines than that of control (WT and VC) plants. Overall, these results indicated that tobacco transgenic for SmPPDK had better photosynthesis characteristics than WT and VC plants, under both ambient and elevated CO2 stress conditions.
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FIGURE 2. Analysis of the photosynthesis parameters (net photosynthesis, stomatal conductance, and VpdL) of transgenic lines. (A) Net photosynthesis, (B) stomatal conductance, and (C) VpdL of T1 transgenic lines (L1, L20, L32, L33, and L40), wild type (WT), and vector control (VC) were analyzed under salinity (200 mM NaCl) and osmotic [10% polyethylene glycol (PEG)] stress condition grown in ambient and elevated CO2 environment. Bars represent means ± SE, and values with different letters are significant at P < 0.05.
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FIGURE 3. Analysis of the photosynthesis parameters (electron transport rate, transpiration rate, and water use efficiency) of transgenic lines. (A) Electron transport rate, (B) transpiration rate, and (C) water use efficiency of T1 transgenic lines (L1, L20, L32, L33, and L40), wild type (WT), and vector control (VC) were analyzed under salinity (200 mM NaCl) and osmotic [10% polyethylene glycol (PEG)] stress condition grown in ambient and elevated CO2 environment. Bars represent means ± SE, and values with different letters are significant at P < 0.05.




Chlorophyll a Fluorescence Parameters and Fluorescence Induction Curve

The pattern of ϕPSII and qP was found to be quite similar in all plants (transgenic lines and control, WT, and VC) under both ambient and elevated CO2 levels. At ambient CO2 levels, no significant difference was observed between transgenic and control plants, under both control and stress (salinity and drought) treatments. By contrast, at elevated CO2 levels, transgenic lines showed a higher ϕPSII and qP than WT and VC plants under control and stress conditions (Figure 4). Consequently, the maximal quantum yield of PSII (Fv/Fm) did not show a significant difference between plants under ambient CO2 levels for control and salt stress conditions, although under drought stress conditions, transgenic lines showed a higher Fv/Fm, as compared to WT and VC. However, under elevated CO2 stress conditions, transgenic lines exhibited a higher Fv/Fm compared to WT and VC plants (Figure 4). Overall, transgenic lines showed higher values for chlorophyll fluorescence parameters under elevated CO2 stress conditions than WT and VC plants. These results suggested that, under stress, the transgenic lines underwent a slight photoinhibition, however, higher photochemical efficiency was still maintained under drought stress at ambient and elevated CO2 levels.
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FIGURE 4. Analysis of the photosynthesis parameters (Fv/Fm, ϕPSII, and photochemical quenching) of transgenic lines. The maximum photochemical efficiency of (A) PSII–Fv/Fm, (B) the actual photochemical efficiency of PSII–ϕPSII, and (C) photochemical quenching of T1 transgenic lines (L1, L20, L32, L33, and L40), wild type (WT), and vector control (VC) were analyzed under salinity (200 mM NaCl) and osmotic [10% polyethylene glycol (PEG)] stress condition grown in ambient and elevated CO2 environment. Bars represent means ± SE, and values with different letters are significant at P < 0.05.


The OJIP curve represented a polyphasic fluorescence transient curve, which gave an indication of PSII efficiency under stress conditions (Supplementary Figure S12). The curve for the transgenic lines overlapped with that of WT and VC plants at ambient CO2 levels under control and salt treatment, whereas Fm values were higher in transgenic lines than in WT and VC plants. However, under drought treatment, the OJIP curves of the transgenic lines were significantly changed from those of WT and VC plants. Similarly, under elevated CO2 levels, no significant changes were noticed. Differences were observed under salt and drought stress treatments, however, the impact on the OJIP curve of transgenic lines was lower than that of WT and VC plants. Compared to control plants, changes observed in the initial fluorescence (Fo) of transgenic lines were comparatively insignificant, however, the maximum fluorescence (Fm) significantly decreased in the WT and VC plants (Supplementary Figure S12). The values of Fm were related to the antenna complex, its structure, function, and energy dissipation. These observations suggested that elevated CO2 levels could cause less damage to PSII antenna complexes under salt or drought stress in transgenic lines, compared to corresponding control (WT and VC) plants.



Physiological Characteristics

Change in the RWC of studied plants (transgenic lines, WT, and VC) was insignificant at ambient CO2 levels, under control and stress conditions. By contrast, there was a distinct difference for transgenic lines under drought stress at elevated CO2 levels (Figure 5A). MSI was considerably higher in transgenic lines (62–93%) than WT and VC plants (51–75%) at both ambient and elevated CO2 levels, under control and stress conditions (Figure 5B). In addition, EL was significantly lower in transgenic lines (8.5–18.5) compared to WT and VC plants (13–21) at elevated CO2 levels, under control and stressed conditions, whereas EL was higher at ambient CO2 compared to that at elevated CO2 levels under both control and stress conditions (Figure 5C). At ambient CO2 levels, transgenic lines showed higher chlorophyll content under stress compared to WT and VC plants. Elevated CO2 levels resulted in significantly higher chlorophyll content in transgenic lines, compared to WT and VC plants, under control and stress treatments (Supplementary Figure S13). By contrast, transgenic lines did not show any significant difference in carotenoid content at ambient and elevated CO2 levels under control and stress conditions (Supplementary Figure S13). All these observations suggested that transgenic plants showed an improved physiological status under stress conditions compared to control (WT and VC) plants.
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FIGURE 5. Analysis of the physiological status of transgenic lines. (A) Relative water content, (B) membrane stability index, and (C) electrolyte leakage of wild type (WT), vector control (VC), and T1 transgenic lines (L1, L20, L32, L33, and L40) were measured under salinity (200 mM NaCl) and osmotic [10% polyethylene glycol (PEG)] stress condition grown in ambient and elevated CO2 environment. Bars represent means ± SE, and values with different letters are significant at P < 0.05.




SmPPDK Activity in Transgenic Plants Under Different Stress Conditions and Elevated CO2

The maximum PPDK activity was measured in the L40 transgenic line, which was 3.5-fold higher than that of WT plants under control conditions at ambient CO2 levels. Similarly, L20 showed 3.8-fold higher activity under salinity stress at ambient CO2 levels. PPDK activity was more pronounced under drought stress conditions in ambient CO2, being 4.1-fold higher than for WT plants. By contrast, PPDK activity was found to be higher at elevated CO2 levels under both control and stress conditions. At elevated CO2 levels, the L32 line showed about a 10-fold higher activity under control conditions, while L20 showed a maximum of a 2.2-fold increase under salt stress. Under drought stress, L40 showed a maximum 25-fold higher activity of PPDK compared to the control (WT and VC) plants (Supplementary Figure S14). All these observations indicated that the transgenic lines had higher SmPPDK enzyme activity under abiotic stress in elevated CO2 conditions.

SmPPDK transcript expression showed a maximum of about 5-fold higher levels in L1 and L33 under NaCl stress conditions, followed by a 3-fold upregulation for L20, whereas a maximum of 6-fold higher expression was noted in L33, followed by a 4.5-fold upregulation for L20 under drought stress, compared to control (unstressed) conditions in an ambient CO2 environment. Similarly, transgenic line L32 showed a maximum of 4- and 7.5-fold increase in expression under NaCl and drought stress conditions, respectively, in an elevated CO2 environment, followed by an increase shown by transgenic line L1 (Supplementary Figure S14).



Overexpression of SmPPDK Protected Plants From Abiotic Stress-Induced Reactive Oxygen Species Damage

Reactive oxygen species (ROS), such as superoxide radical (O2–) and hydrogen peroxide (H2O2), often accumulated when plants were senescing or facing different abiotic stresses. However, some enzymatic antioxidant defense mechanisms could act to protect plants against impairment due to oxidative stress. When plants were subjected to abiotic stress, a large amount of ROS accumulated with the antioxidant system not able to compensate; this situation was often indicated by elevated lipid peroxidation (measured by MDA content) and reduced levels of antioxidant enzymes.

For both ambient and elevated CO2 levels, most of the transgenic lines had a lower MDA content, under stress conditions, compared to WT and VC plants (Figure 6A). The accumulation of ROS in transgenic lines was considerably lower than for WT and VC plants under salt and drought stress at both ambient and elevated CO2 conditions. Under elevated CO2, the MDA content decreased in all samples for control and stress treatments, however, the MDA content of transgenic lines was significantly lower than in WT plants.
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FIGURE 6. Biochemical analysis of transgenic lines. Estimation of (A) lipid peroxidation–malondialdehyde, (B) hydrogen peroxide, and (C) glycine betaine contents of wild type (WT), vector control (VC), and T1 transgenic lines (L1, L20, L32, L33, and L40) were measured under salinity (200 mM NaCl) and osmotic [10% polyethylene glycol (PEG)] stress condition grown in ambient and elevated CO2 environment. Bars represent means ± SE, and values with different letters are significant at P < 0.05.


For ambient CO2 levels, no significant difference was observed in H2O2 content for transgenic lines under salt stress, compared to that for control plants, however, under drought stress, L32, L33, and L40 lines accumulated a significantly higher amount of H2O2 compared to WT and VC plants. By contrast, at elevated CO2 levels, transgenic lines had a lower level of H2O2 compared to WT and VC plants, under control and salt stress conditions, whereas under drought stress, all transgenic lines accumulated significantly higher H2O2 contents (Figure 6B). These results showing a lower level of MDA and a higher level of H2O2 in transgenic lines indicated that overexpression of the SmPPDK gene ameliorated abiotic-stress-induced ROS damage under elevated CO2 conditions, with it being more distinct in transgenic lines under drought stress at elevated CO2 levels.

GB acted as an osmoprotectant under a stressful environment, in ambient CO2 conditions, being significantly increased under stress in all transgenic lines compared to the control plants. However, under salt stress, L32 showed a higher glycine content, whereas under drought stress, L20, L33, and L40 lines had significantly higher glycine betaine as compared to WT and VC plants. Similarly, at elevated CO2 conditions, transgenic lines accumulated a higher amount of glycine betaine as compared to WT and VC plants under control and stress conditions (Figure 6C). In addition, increased glycine betaine content was more pronounced in transgenic lines under drought stress at both ambient and elevated CO2 conditions.

In situ, higher localization of superoxide free radicals (O2–) and peroxide (H2O2) was observed in the leaves of control plants (WT and VC) compared to that of transgenic lines, under stress conditions at ambient and elevated CO2 levels. Similarly, higher accumulations were also found in elevated CO2 conditions compared to ambient CO2 levels under different stress treatments (Figure 7).
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FIGURE 7. In vivo localization of free radicals. Localization of (A) superoxide free (O2–) radicals and (B) hydrogen peroxide (H2O2) in the leaves of wild type (WT), vector control (VC), and T1 transgenic lines (L1, L20, L32, L33, and L40) under salinity (200 mM NaCl) and osmotic [10% polyethylene glycol (PEG)] stress condition grown in ambient and elevated CO2 environment.




Overexpression of the SmPPDK Gene Enhanced an Antioxidant Defense System Under Adverse Stress Conditions

High activity of CAT was observed in transgenic plants under stress in both ambient and elevated CO2 conditions, as compared to WT and VC plants, although it was significantly more pronounced under drought stress at elevated CO2 levels (Figure 8A). Similarly, high APX activity was detected in all stress-treated plants, and the activity increased significantly in the drought-treated transgenic plants under elevated CO2 conditions, compared to WT and VC plants (Figure 8B). The activity of SOD was significantly higher in the transgenic lines under salt and drought stress in ambient CO2 conditions, as compared to that in WT and VC plants. By contrast, transgenic lines showed significantly lower activity of SOD under control and stress treatments at elevated CO2 condition as compared to WT and VC plants (Figure 8C). All transgenic lines showed significantly higher activity of GR under stress conditions in both ambient and elevated CO2 environments compared to WT and VC plants (Figure 8D).
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FIGURE 8. Analysis of reactive oxygen species (ROS) scavenging enzymes activity in transgenic lines. Estimation of (A) catalase, (B) ascorbate peroxidase, (C) superoxide dismutase, and (D) glutathione reductase activities in wild type (WT), vector control (VC), and T1 transgenic lines (L1, L20, L32, L33, and L40) were measured under salinity (200 mM NaCl) and osmotic [10% polyethylene glycol (PEG)] stress condition grown in ambient and elevated CO2 environment. Bars represent means ± SE, and values with different letters are significant at P < 0.05.


Transcript expression analysis of ROS scavenging enzyme-encoding genes from tobacco, e.g., catalase (NtCAT), ascorbate peroxidase (NtAPX), superoxide dismutase (NtSOD), and glutathione reductase (NtGR), was performed (Supplementary Figure S15). The transcript level of NtCAT decreased in all plants under elevated CO2 conditions compared to the control. Transgenic lines L20 and L40 showed about a 3.5-fold upregulation of this transcript under drought stress in ambient CO2. The transcript for NtAPX increased 2–3-fold under stress at ambient CO2 levels. However, at elevated CO2 levels, its expression decreased on drought treatment, although it was slightly increased under salt stress (1.5–2-fold). By contrast, in elevated CO2 condition, the transgenic line L33 showed a 5- and 3-fold upregulation of the transcript for NtAPX under salt and drought stress, respectively Both NtSOD and NtGR genes were marginally upregulated (1.2–2-fold) in the transgenic under stress conditions in both ambient and elevated CO2 environments, except for line L40, which showed a 7- and 3- fold upregulation of the NtGR gene under salt and drought stress, respectively, in ambient CO2 conditions.



Overexpression of the SmPPDK Gene Mitigated the Effect of Abiotic Stress Under Elevated CO2 by Lowering the Photorespiration Rate in Transgenic Lines

Photorespiration was considered the second most imperative metabolism in plants. However, it increased under stress conditions, such as drought and salinity, leading to H2O2 production in plant cells. The Gly/Ser ratio, one of the primary indicators of photorespiration, was significantly higher in selected transgenic plants and WT plants under ambient CO2 conditions compared to plants grown under stress (Supplementary Figure S16A). By contrast, the ratio was lower in transgenic lines grown under an elevated CO2 environment compared to WT plants. Photorespiration-associated genes from tobacco, NtHPR and NtGO, were differentially expressed under different stress conditions. In an ambient CO2 environment, the NtHPR gene was downregulated in transgenic lines under salt and drought stress conditions, compared to WT and VC plants (Supplementary Figure S16B). Similarly, at elevated CO2 levels, expression of NtHPR gene was higher in control plants compared to transgenic lines under stress conditions. By contrast, the NtGO gene was considerably upregulated in an elevated CO2 environment compared to ambient CO2 conditions (Supplementary Figure S16C). In ambient CO2 conditions, NtGO gene was downregulated in transgenic lines under salt (except L1) and drought (except L1 and L20) stress, whereas in elevated CO2 conditions, the NtGO gene was upregulated in all stress conditions except for L40 under NaCl.



SmPPDK Transgenic Lines Accumulated Sugars, Polyphenols, and Free Amino Acids Under Abiotic Stress Conditions

In ambient and elevated CO2 conditions, total soluble sugar and reducing sugar were found to be significantly higher in transgenic lines under control conditions compared to WT and VC plants, however, this effect was more pronounced at elevated CO2 levels (Supplementary Figure S17). However, at ambient CO2 levels under salt stress, no significant difference in total sugar and reducing sugar contents were noticed among transgenic lines and WT and VC plants. By contrast, in an elevated CO2 state, transgenic lines accumulated a significantly higher amount of total sugar and reducing sugar under salt and drought stress, compared with WT and VC plants. The starch content increased considerably in L20 and L32 under control conditions, whereas it was reduced under salt and drought stress at ambient CO2 levels (Supplementary Figure S17). Under drought stress, L1 and L40 accumulated about a 12- and 5-fold higher starch content, respectively, compared to WT plants. By contrast, under elevated CO2 conditions, all transgenic lines accumulated high starch contents (Supplementary Figure S17).

Free amino acid (FAA) content showed no distinction among transgenic lines and WT and VC plants under control and NaCl stress conditions at ambient CO2 levels. However, it increased considerably under drought stress in transgenic lines compared to WT and VC plants. By contrast, at elevated CO2 levels, FAA content was significantly increased in transgenic lines under control, NaCl, and drought stress conditions compared with WT and VC plants (Supplementary Figure S18). Transgenic lines showed high polyphenol contents compared to control plants, however, they did not change significantly under stress conditions (Supplementary Figure S18). Overall, the results suggested that the transgenic lines accumulated a higher amount of sugars, FAA, and polyphenols to protect the host plant under stress conditions.



Analysis of Metabolites

In total, 43 and 33 metabolites were detected in plants grown in ambient and elevated CO2 environments, respectively (Supplementary Tables S2, S3). Out of these, 25 metabolites were common to both conditions, 18 were unique to ambient conditions, while 8 metabolites were accumulated exclusively under elevated CO2 levels. Metabolites were differentially accumulated in plants (WT, and transgenic lines L20 and L40) under different stress conditions (salt and drought) in both ambient and elevated CO2 environments.

The metabolites commonly identified in WT and transgenic plants under ambient CO2 and control and stress conditions were 11 amino acids, 10 sugars, 6 organic acids, 3 sugar acids, 4 fatty acids, and 5 miscellaneous metabolites (Supplementary Table S2). The metabolites commonly identified in WT and transgenic plants under elevated CO2 (900 ppm) and control and stress conditions were 19 amino acids, 7 sugars, 1 sugar acid and 1 sugar alcohol, 4 organic acids, 1 fatty acid, 1 amine, and 2 miscellaneous metabolites (Supplementary Table S3). Out of 19 amino acids, only 6 amino acids, adenine, L-leucine, L-lysine, L-tryptophan, L-valine, and β-alanine, were differentially expressed in WT and transgenic lines under elevated CO2 levels in control and stress conditions, however, not at ambient CO2 levels in control and stress conditions. The concentration of asparagine was higher in transgenic lines under elevated CO2 and control and stress conditions, as compared to WT plants, and was also increased under ambient CO2 stress conditions. L-Proline was one of the most important indicators of drought stress, acting as an osmoprotectant to mitigate damage in plants under stress conditions. However, level of L-proline in SmPPDK transgenic lines were decreased under salt and drought stress in both ambient and elevated CO2 as compared to WT and control conditions. By contrast, accumulation of L-aspartic acid was increased under salt stress but downregulated under drought stress in transgenic lines at ambient CO2 levels; whereas, in elevated CO2 conditions, the opposite situation occurred, with L-aspartic acid being upregulated in transgenic lines under drought stress, compared to WT plants. Some important photorespiration metabolites, including glycine, serine, L-glutamic acid, and L-glutamine, were downregulated in transgenic lines under stress conditions at ambient CO2 levels, relative to WT plants, however, their expression was not significantly altered under elevated CO2 and control and stress conditions. Important sugar metabolites, such as fructose, galactose, and glucose, were differentially expressed in WT and transgenic lines. There was a considerably higher accumulation of sugar in transgenic lines in control conditions but downregulation under stress conditions at both ambient and elevated CO2 levels, as compared to WT plants. In some important Kreb’s cycle intermediates, such as citric acid, 2-ketoglutaric acid, and malic acid, accumulation showed considerably higher accumulation in transgenic lines under ambient CO2 but were downregulated at elevated CO2 levels, compared to WT plants.



Overexpression of SmPPDK Improved Plant Performance Without Affecting Yield

One-week-old seedlings (transgenic and control plants) were transferred to a soil-filled pot and allowed to grow under normal growth conditions for 30 days. After being subjected to salt and drought stress treatments for a further 15 days, plant growth was documented and compared to control plants (Figure 9) and those treated under control conditions. Transgenic plants were only marginally affected or actually grew better under stress conditions compared to WT and VC plants. In addition, drought-treated plants recovered after the fifth day of restarting irrigation, with transgenic lines recovering faster than WT and VC plants. Transgenic and control (WT and VC) plants were also grown under normal greenhouse conditions and allowed to complete their life cycle (Supplementary Figure S19). No differences were found in vegetative performance between plants (Supplementary Table S4), however, comparatively delayed flowering was observed in WT and VC (control) plants (Supplementary Figure S19), with flowering time of transgenic lines being considerably shorter. In addition, L1 and L40 gave a significantly higher number of pods per plant than WT and VC plants. Even so, all transgenic lines displayed higher plant dry weight compared to that of WT and VC plants. Overall, these observations confirmed that integration of the C4-specific PPDK gene into C3 tobacco plants improved plant morphology, growth characteristics, and plant performance, without imposing any adverse effects.
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FIGURE 9. Comparative plant growth studies under salt and osmotic stress. Morphological studies of wild type (WT), vector control (VC), and T1 transgenic lines (L1, L20, L32, L33, and L40) under salinity (200 mM NaCl) and osmotic [10% polyethylene glycol (PEG)] stress condition.




DISCUSSION

An approach for increasing crop yield and photosynthetic efficiency in current climate conditions involves the ectopic expression of C4 genes in existing C3 crops. C4 plants have advantages under different climatic and environmental conditions, such as high salinity, drought, higher temperatures, and nitrogen or CO2 limitation, with these plants having a higher affinity for CO2. The overexpression of C4 PPDK, on its own or in combination with other C4 enzymes, has been performed in a number of C3 crops, with some of the transgenic plants showing greater biomass, while others exhibited alterations in photosynthetic efficiency (Yadav and Mishra, 2020).

In this current study, a C4-specific PPDK gene was cloned from single-celled S. monoica, and integrated into a C3 modal plant tobacco genome under the control of the CaMV35S constitutive promoter, using Agrobacterium-mediated genetic transformation (Figure 1 and Supplementary Figure S2). Previously, introgression of the maize PPDK gene increased photosynthesis efficiency and yield of transgenic lines by enhancing PPDK activity in leaves (Fukayama et al., 2001). The SmPPDK gene comprised of seven exons and six introns in the transgenic lines (Supplementary Figure S1), and overexpression SmPPDK cDNA resulted in increased plant biomass, vegetative growth, and sugar content (including total sugar, reducing sugar, and starch) under different stress conditions (Supplementary Figures S5–S9, S17). The PPDK gene played an important role in sugar metabolism, as transgenic plants grew efficiently under sugar deficiency (caused by stress) compared to WT and VC plants.

Photosynthesis is a primary metabolic process in the production of biomass, however, it is sensitive to different abiotic stresses. We observed a decrease in the rate of photosynthesis at elevated CO2 levels and under abiotic stresses (salt and drought), however, this decrease was lower in transgenic lines compared to WT and VC plants (Figure 2). Commonly, photosynthesis increases under elevated CO2 condition due to greater availability of carbon triggering higher Rubisco activity. Higher photosynthesis increases the amount of reserve carbohydrates in leaves, and this downregulates the expression of photosynthetic gene, thereby decreasing the photosynthesis (Cheng et al., 1998). It is a type of feedback inhibition in which photosynthesis decreases under long-term elevated CO2 exposure (Thompson et al., 2017).

Interestingly, the reduction in photosynthesis rate was found to be linked with transpiration under elevated CO2 conditions. In transgenic plants, increased total chlorophyll content was estimated due to high activity of C4 SmPPDK, which improved photosynthetic efficiency (Supplementary Figures S13, S14). The integration of the transgene maintained the chlorophyll fluorescence efficiency without affecting the electron transport chain, under different abiotic stress conditions (Figures 2–4 and Supplementary Figure S12). In addition, PSII utilized the most energy by chlorophyll for photosynthesis, and it was considered a useful indicator to measure the effects of abiotic stress on plants (Maxwell and Johnson, 2000). Chlorophyll “a” fluorescence efficiency was also correlated with the content of total chlorophyll in leaves, and interestingly, transgenic lines showed increased chlorophyll content with higher chlorophyll “a” fluorescence efficiency. Fv/Fm ratio is a widely used parameter for measuring the status of PSII under stress conditions. SmPPDK transgenic plants did not show a significant change in Fv/Fm ratio, compared to WT and VC plants, under stress conditions in ambient CO2 condition, but performed better under stress at elevated CO2 levels (Zhao et al., 2007). Overall, the pattern of chlorophyll fluorescence suggested that a high Fv/Fm ratio under salt and drought stress at both ambient and elevated CO2 levels indicated higher photosynthesis and maximum quantum efficiency of PSII centers in transgenic plants. This resulted in an increase in biomass, CO2 assimilation, and yield in transgenic lines compared to WT and VC plants under adverse climate conditions (Supplementary Table S4). In a previous study, similar results were also obtained when the maize C4 PPDK gene was overexpressed in rice, with transgenic lines having larger panicles and greater yield compared to WT plants (Wang et al., 2004). There are several reports confirming that ectopic expression of a C4-specific PPDK gene in C3 plants has synergistic effects on photosynthesis (Ding et al., 2013; Zhang et al., 2014). Photosynthesis efficiency was also found to be positively correlated with stomatal conductance and internal CO2 concentrations (Ku et al., 2000).

Chlorophyll–fluorescence transient curve (OJIP) have been extensively used to study PSII activity (Yusuf et al., 2010), and those in the current study (Supplementary Figure S12) suggested that salt and drought stress were major constraints on PSII activity in the host plant. In addition, the expression of the exogenous SmPPDK gene alleviated damage to the PSII system and thus maintained photosynthetic electron transportation under adverse conditions. As such, SmPPDK transgenic tobacco plants maintained a comparatively high photochemical efficiency. Transgenic lines also maintained relatively higher water content under drought stress in elevated CO2 conditions compared to WT and VC plants (Figure 5). Improved RWC could also be correlated with an increase in stomatal conductance, and this was directly regulated by different C4 enzymes of organic acid metabolism, which modulate stomatal conductance by influencing guard cells (Lawson et al., 2018).

Transgenic lines had higher SmPPDK activity compared to WT and VC plants, and the increment was greater under elevated CO2 conditions (Supplementary Figure S14). We previously reported that the activity of PPDK enzyme increased under elevated CO2 conditions in Suaeda spp. (Yadav et al., 2018). PPDK, involved in C4 photosynthesis, was more resistant to abiotic stress and elevated CO2 levels, ameliorating the adverse effects of induced stress. Previously, about a 5-fold increase in PPDK activity was estimated for transgenic lines compared to untransformed controls (Jiao et al., 2002). Enzymes, which are involved in C4 carbon assimilation, are known to accumulate in leaves under different abiotic stress conditions (Fißlthaler et al., 1995). These enzymes play a crucial role in plant responses to drought by minimizing the production of ROS and stabilizing membrane lipid peroxidation (Jiao et al., 2002; Gu et al., 2013). Similar results were observed in the current study, with a lower accumulation of MDA (i.e., lower lipid peroxidation) and H2O2 in transgenic lines under stress and elevated CO2 condition compared to WT and VC plants, which accounted for the improved tolerance of plants overexpressing the C4-specific SmPPDK gene (Figures 6, 7). Furthermore, lower production and localization of superoxide and peroxide free radicals were observed in transgenic lines compared to WT and VC plants. This suggested the SmPPDK gene mitigated oxidative stress by ROS scavenging activity.

Elevated CO2 reduces H2O2 accumulation by lowering the photorespiration rate, mitigating oxidative stress, and also by inducing protective mechanisms for the photosynthetic apparatus. However, improvements in photosynthesis efficiency due to enrichment of CO2 might also enhance the activity of antioxidant enzymes, leading to lower production of ROS (Zinta et al., 2014). The Gly/Ser ratio is an important parameter, which provides evidence that photorespiration is suppressed under elevated CO2 conditions (Kebeish et al., 2007). Transgenic lines showed reduced Gly/Ser ratios under stress conditions, with this ratio being considerably decreased under elevated CO2 stress conditions (Supplementary Figure S16). A decrease in Gly/Ser ratio was similarly observed in A. thaliana under elevated CO2 conditions, which was correlated with a lowering of photorespiration (Kebeish et al., 2007).

It has been well established that plants accumulate high levels of ROS under different stresses, and commonly, antioxidant systems are not adequate, a situation characteristically indicated by lipid peroxidation and low activity of antioxidant enzymes (Gill and Tuteja, 2010; Alexander et al., 2019). Elevated CO2 increased the level of antioxidants, including polyphenols, ascorbate, alkaloids, and the activity of some antioxidant enzymes (SOD, CAT, GR, and APX), which improve the antioxidant defense mechanisms and reduce ROS generation (Zinta et al., 2014). In the current study, SmPPDK transgenic lines showed high antioxidant activities under stress conditions, facilitating efficient survival under adverse conditions (Figure 8). Osmoprotectants such as glycine betaine, different sugars, FAAs, and polyphenols are considered essential biochemical stress markers for determining the response of plants to osmotic stress (Ksouri et al., 2007). The overexpressing SmPPDK transgenic lines accumulated high glycine betaine, total sugar, reducing sugars, polyphenols, and FAAs, with these accumulations increasing under elevated CO2 conditions (Figure 6 and Supplementary Figures S17, S18). In general, accumulation of polyphenols and different sugars help protect plants against ROS (Ksouri et al., 2007). These compounds accumulate to conserve the osmotic equilibrium across the membranes under osmotic stress conditions. Glycine betaine is mainly found in chloroplasts and plays an important role in the protection of thylakoid membranes, thus conserving photosynthetic activity. In addition, at higher salinity, it protects PSII, membranes, and Rubisco from osmotic stress (Jagendorf and Takabe, 2001). Under salt and drought stress conditions, glycine betaine and the antioxidant defense system have been shown to have a protective effect in wheat and suspension cultures of tobacco BY2 cells (Raza et al., 2007).

Wang et al. (2009) validated the two main ROS detoxifying enzymes, CAT and APX. In the current study, the activities of these enzymes were elevated in SmPPDK transgenic lines exposed to salinity, as compared to control plants. Furthermore, SmPPDK transgenic lines could detoxify ROS more efficiently; therefore, they showed tolerance under stress. Transcript expression analysis (Supplementary Figure S15) showed that in ambient CO2, NtCAT, and NtAPX were upregulated in transgenic lines under both NaCl and drought stress. By contrast, elevated CO2 resulted in downregulation of NtCAT expression in transgenic lines under stress conditions, as compared to ambient CO2. Likewise, NtAPX and NtSOD were also induced in all transgenic plants under elevated CO2 as compared to control plants. At elevated CO2 levels, NtGR was also upregulated significantly under both salt and drought stresses, relative to WT plants under the control conditions.

The different types and quantities of metabolites, as final products of cell regulation mechanisms, can be assayed to measure the direct response of biological systems to any environmental or genetic change (Patel et al., 2016). They are involved in various functions such as osmotic alterations, antioxidant protection, and signal transduction (Fiehn, 2002). Secondary metabolites play a key role in defense under stress condition (Tanna and Mishra, 2018). Plants produce different metabolites in response to abiotic stress and accumulate organic acids, sugars, polyamines, amino acids, and lipids (Guy et al., 2008). In this current present study, we examined the synthesis of metabolites as a prospective mechanism for improving photosynthesis and for stress tolerance in tobacco transformed with the SmPPDK gene. Accumulation of sugar alcohols mitigated the damage caused by stress and provided tolerance. Salicornia brachia, an extreme halophyte, accumulates a number of metabolites as a protective mechanism under salt and drought stress conditions (Mishra et al., 2015).

Under elevated CO2 conditions, the CO2/O2 ratio increased at sites of photoreduction in leaves due to a higher CO2 concentration gradient. Consequentially, the rate of photorespiration and formation of ROS decreased due to an increase in NADPH consumption. Pn and carbon supply is also increased, which leads to an enhanced WUE for photosynthesis (Morgan et al., 2011). All these effects minimize the oxidative stress, and further energy could be used for energy-dependent stress mitigation mechanisms, such as the production of osmolytes and antioxidants (Drake et al., 1997).

Overexpression of individual genes in different species is currently one of the more common practices in molecular biolog, however, it is a complicated process and is controlled by many different factors, such as transcriptional and posttranscriptional modifications, integration site, and transgene copy number (Ma et al., 2011). Although these factors will cause various phenotypic and biochemical changes, their exact mechanisms are still unknown. This was the first report of a C4-specific PPDK gene from single-celled S. monoica improving photosynthesis performance under salt and drought stress conditions at ambient and elevated CO2 levels. In this study, we observed that transgenic lines showed earlier flowering than control plants due to increases in carbon assimilation efficiency by decreasing the rate of photorespiration. Furthermore, transgenic plants were shown to produce a higher number of leaves per plant by increasing soluble sugar. Overall, SmPPDK transgenic lines also performed better in control field conditions (Supplementary Table S5) completing their life cycle earlier and with higher biomass than WT and VC plants. We hypothesized that reduction in photorespiration and ROS production in transgenic lines by improved antioxidant defense systems, enhanced photosynthesis performance of C3 transgenic tobacco lines under salt and drought stress conditions, at ambient and elevated CO2 levels, however, further molecular studies will be required to support this hypothesis.
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Salinity and drought are two often simultaneously occurring abiotic stresses that limit the production of food crops worldwide. This study aimed to distinguish between the separate and combined impacts of drought and salinity on the plant response. Panicum antidotale was cultivated in a greenhouse under the following growth conditions: control, 100 mM NaCl (100) and 300 mM NaCl (300) salinity, drought (D; 30% irrigation), and two combinations of salinity and drought (100 + D and 300 + D). The growth response was as follows: 0 ≈ 100 > 100 + D > > D ≈ 300 ≈ 300 + D. Growth correlated directly with photosynthesis. The net photosynthesis, stomatal conductance, intercellular CO2, transpiration, ribulose 1,5-bisphosphate carboxylase (Rubisco), ribulose 1,5-bisphosphate (RuBP) regeneration, and triose phosphate utilization protein (e.g., phosphoenolpyruvate carboxylase) were highest in the control and declined most at 300 + D, while 100 + D performed significantly better as compared to drought. Maximum and actual photosystem II (PSII) efficiencies, along with photochemical quenching during light harvesting, resemble the plant growth and contemporary CO2/H2O gas exchange parameters in the given treatments. Plant improves water use efficiency under salt and drought treatments, which reflects the high water conservation ability of Panicum. Our findings indicate that the combination of low salinity with drought was able to minimize the deleterious effects of drought alone on growth, chlorophyll content, cell integrity, photosynthesis, leaf water potential, and water deficit. This synergetic effect demonstrates the positive role of Na+ and Cl– in carbon assimilation and osmotic adjustment. In contrast, the combination of high salinity and drought enforced the negative response of plants in comparison to single stress, demonstrating the antagonistic impact of water availability and ion toxicity.

Keywords: water deficit, salt resistance, combined stress, photosynthesis, halophyte, stomatal and biochemical limitations


INTRODUCTION

The rapid change in global climate threatens plant growth and productivity worldwide. These changes are seriously abrupt and can be present in combinations at any given time (Qadir et al., 2014). Alterations in abiotic factors like water, salinity, temperature, soil composition, irradiance, ultraviolet radiations, nutrients, flooding, etc., are some of the examples of such changes. Tremendous efforts had been made to address the impacts of each of these abiotic stressors on plant growth (Argus et al., 2015; Hatfield and Prueger, 2015; Liu et al., 2017; Negrao et al., 2017). However, the number of studies to unravel the combined effect of multiple stress factors on plants’ productivity are very few (Mittler, 2006; Zandalinas et al., 2018). The combination of the different stresses causes either a positive (synergetic) or negative (antagonistic) influence on plant performance when studied at the levels of morphology, biochemistry, and physiology (see the review of Zandalinas et al., 2018 and other references within). The interaction of water deficit (drought) and salinity is a common co-occurring constraint (Hu and Schmidhalter, 2005) that has been paid less attention to. The increase in dry lands is often linked to inappropriate irrigation with saline water resources. Thus, a progressive and consecutive development of drought and salinity stress decreases the availability of cultivable land (Abdelraheem et al., 2019). This alarming situation should be resolved at the earliest. For this, a detailed understanding of the interactions of both stressors on plant growth needs to be undertaken.

Soil salinity imposes ionic (ion toxicity and imbalance) and osmotic stress (water deficiency) by lowering the soil water potential. Low values of soil matric potential (due to excessive salts) also cause water deficit, a primary physiological constraint for plant growth (Duarte et al., 2013). However, the contribution of these factors varies according to the type of soil. Excessive Na+ and Cl– hinder vital physiological and biochemical mechanisms (e.g., CO2 assimilation). Halophytes are defined as species adapted to perpetually saline conditions. Salinity can even stimulate their growth by the accumulation of Na+ and Cl–, i.e., cheap osmotica (Cheeseman, 2015). Such physiological mechanisms are well established in the literature (Muchate et al., 2016). In contrast, there exist a few studies on the combined effect of salinity and drought, and that, too, are on glycophytes, the plants of a non-saline environment, where reduction in plant biomass is a common finding (Ahmed et al., 2013). Xero-halophytes, the plants capable of thriving both salinity and drought stress, seem a more promising focus for such studies. Gaining such knowledge will assist in their utilization for phytoremediation and in the development of xero-halophytic crops, i.e., crops with improved tolerance to drought and salinity stresses. The latter task can be achieved by following a simple breeding procedure between a crop species and a related stress-tolerant species (Cheeseman, 2015). This is a long-desired goal considered in the context of problems such as increasing desertification, salinization of agricultural land, increasing misuse of saline irrigation, and decreasing acreage (Abdelraheem et al., 2019).

Plant biomass production and net photosynthesis are correlated (Flexas et al., 2012b). The latter is a non-invasive indicator of non-optimal environmental conditions for plant growth. Net photosynthesis rate, under stress conditions, decreases due to stomatal and non-stomatal limitations, such as ribulose 1,5-bisphosphate carboxylase (Rubisco) enzyme activity, regeneration of ribulose 1,5-bisphosphate (RuBP), triose phosphate utilization, electron transport rate, the efficiency of photosystem II (PSII), etc. (Chaves et al., 2009; Chen et al., 2015). A large number of studies had been conducted to elucidate photosynthesis-limiting steps during stress conditions (such as salinity and drought) (Chen et al., 2015; Wang et al., 2017; Bellasio et al., 2018).

Stomatal closure appears as a first major response due to salinity (osmotic effect) that ultimately limits CO2 assimilation. Nevertheless, this is not the case for every halophyte as the efficiency of PSII (Fv/Fm and ΦPS2), electron transportation rate (ETR), and other biochemical factors also play a role in limiting photosynthesis (Wang et al., 2017). Accumulated Na+ and Cl– directly inhibit the activity of the Rubisco enzyme (Koyro et al., 2013; Galmés et al., 2017). The maximum and actual quantum efficiency of PSII was decreased in some plant species, while others are capable of resisting this reduction under stress (Koyro et al., 2013; Asrar et al., 2017). Reduction in ETR slows down the photochemical reactions, but it also protects the cell from electron leakage due to the damage in photosynthetic pigments (Tezara et al., 1999). Likewise, non-photochemical quenching (NPQ) enhances the photoprotective mechanism when a plant cannot properly channel the incident light energy to photochemistry. Thus, this competition between NPQ and photochemistry lowers the use of available light energy into photosynthesis. NPQ benefits plants when a decrease in gaseous exchange (due to closed stomata) reduces carbon fixation (Calvin cycle) and light energy becomes excessive to its utilization in light reactions. The rate-limiting factors of photosynthesis under salinity have been discussed in detail. A very few studies have focused on water deficit experiments while quantifying these limiting factors (Tezara et al., 1999; Galmés et al., 2017).

The closure of the stomata limits carbon uptake; however, it reduces the loss of water. Thus, plants maintain tissue osmotic conditions under stress (i.e., salt and drought). Such advantage becomes more apparent in the case of plants with C4 (i.e., an efficient) carbon fixation mechanism. These plants achieve high water use efficiency and are competitively better than plants possessing the C3 mechanism, a common carbon fixation pathway. In this study, we hypothesized whether the combination of salinity with a water deficit condition in the C4 plant Panicum antidotale minimizes the impact of stress due to its advantageous C-fixing mechanism and high water use efficiency. The reason for selecting this test species is its wide and natural distribution in plant-deprived lands (e.g., water deficit, saline, high temperature, etc.). Also, it is often regarded for its potential as an alternate crop (Ashraf, 2003; Ahmad et al., 2009; Khan et al., 2009; Hussain et al., 2015). These observations provoked our interest to determine its adaptation mechanisms in response to a combination of stress factors as the combined effect of salt and drought stress on the photosynthetic capacity of plants has not been investigated earlier, to the best of our knowledge. We designed this study to quantify the photosynthetic responses of P. antidotale in response to the combined stress of salinity and water deficit, i.e., conditions comparable to its natural environment. The specific objectives of the studies were to: (1) correlate photosynthetic responses with growth and water relations and (2) distinguish the stomatal and non-stomatal limitations of photosynthesis.



MATERIALS AND METHODS


Plant Culture and Stress Treatments

Seeds were collected from natural mono-stand populations from the coast of Karachi, Pakistan, and were surface sterilized with 1% sodium hypochlorite for 1 min. Seeds were allowed to germinate in a growth chamber (25°C/14°C and 14/10-h day/night regimes) in perlite. Equal-sized three-leaf stage seedlings were transplanted to a greenhouse (28°C/16°C ± 2 and 14/10 h day/night regimes, 40–60% humidity, 600 ± 45 μmol photon m–2 s–1 light) in pots (15 × 22 cm, three plants/pot and three pots for each treatment) containing about 4 kg quartz sand (1–2 mm diameter) and irrigated with half-strength Hoagland’s nutrient solution (Epstein, 1972). Stress treatments were introduced after 2 weeks of seedling establishment. Plants were subjected to the following treatments: control (CK), salinity with 100 and 300 mM NaCl (S), drought (D), and a combination of salinity and drought (S + D). The drought-treated pots were irrigated 30% (by volume) of solution as compared to the control pots (i.e., irrigated with maximum field capacity), while in the case of the S + D treatment, 100 mM + nutrient solution (100 + D) and 300 mM + nutrient solution (300 + D) with the same volume as in the drought treatment. The salinity and drought treatments were introduced in steps: 50 mM NaCl in the morning and evening, and drought was achieved after 4–5 days in all drought treatments. The NaCl concentrations and drought conditions were maintained daily by a gravimetric approach and nutrient solutions were replaced every 3 days to avoid nutrient deficiencies. The pots’ positions were replaced randomly in the greenhouse to minimize block effects.



Plant Biomass

Three plants from three pots were harvested after 4 weeks of stress treatments, and fresh weight was recorded immediately while dry weight was measured after drying at 70°C in an oven until a constant weight was achieved (>48 h).



Water Relations

Leaf water content (WC) was calculated by subtracting the leaf dry weight from the fresh weight and expressing it as percent of fresh weight. The relative water content (RWC) was estimated by the method of Sharp et al. (1990). Leaf discs (more than eight) of 1 cm diameter (avoiding the margins and midrib) were cut and fresh weight (FW) was recorded. Five milliliters of deionized water was poured on these discs overnight at 4°C and then turgid weight (TW) was determined. Leaf discs were dried at 65°C for ∼48 h and, subsequently, dry weight (DW) was measured and the relative water content [RWC = (FW − DW)/(TW − DW) × 100] was calculated. Leaf water potential was determined at predawn by a dew point potential meter (WP4 dew point potentiometer, Decagon Devices, Pullman, NE, United States). Therefore, leaf samples were cut into sample pieces (∼1–2 mm diameter discs) to cover the 40 mm cup of the WP4 dew point potentiometer. The water potential (ψw) was expressed in megapascals.



Photosynthesis Measurements

Gas exchange and chlorophyll fluorescence measurements were performed on the first fully expanded (third and fourth) leaf by using an infrared gas analyzer, IRGA (LI6400XT, LI-COR Biosciences, Lincoln, NE, United States), equipped with red–blue LED chamber (2 cm2 area; 6400-40, LI-COR Biosciences). The light response curve (Pn–PAR, photosynthetic active radiation), CO2 response curve (Pn–Ci), and chlorophyll fluorescence were measured on three different plants (each from a different pot) on each treatment. All measurements were performed from 0830 to 1500 h.



Light Response Curves

Photosynthesis light response curves (Pn–PAR) were measured after leaf acclimation at 2,000 μmol photon m–2 s–1 for about 40–50 min to stabilize stomatal conductance at Catm 400 μmol CO2 m–2 s–1 with a flow rate of 300 μmol s–1 and humidity was about 40–65%. A stepwise decrease of the photosynthetic photon flux density (PPFD) from 2,000 to 0 μmol photon m–2 s–1 was carried. Measurements were taken at each light step after about 7–10 min, at a steady and stabilized response of the leaf. In accordance with Schulte et al. (2003), a non-linear exponential function was applied to the light response curve.
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where f(x) is the net carbon assimilation and x the incident PPFD on leaf. The coefficients (a), (b), and (c) were calculated by Newton’s least-square method. Coefficient (a) represents the maximum carbon flux at the saturated light, while dark respiration (Rd) was estimated as the [(a) − (c)]. The saturation irradiance (Is), light compensation point (Ic), and apparent quantum yield of CO2 assimilation (ΦCO2) were calculated using the following equations:
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At saturated PPFD, the net photosynthesis rate (Pn), stomatal conductance (gs), intercellular CO2 (Ci), transpiration (E), intrinsic water use efficiency (WUEi: Pn/gs), ETR/Pngross (Pgross = Pn + dark respiration), and Ci/Catm were also recorded at saturated PPFD of three different plants in each treatment.


Photosynthesis CO2 Response Curves

The CO2 response curves were measured at light saturation at 1,500 μmol photon m–2 s–1 PPFD at a temperature of 28°C, 60% humidity, 1.0–1.5 kPa vapor pressure deficit (VPD), and 300 μmol s–1 flow rate by the LED chamber (2 cm2 area; 6400-40, LI-COR Biosciences). Leaves were acclimated for 40–50 min to achieve a constant net photosynthesis and stomatal conductance at a Catm of 400 μmol CO2 m–2 s–1 before the induction of the CO2 response curve. A series of Catm ranging from 1,500 to 0 μmol CO2 m–2 s–1 (400, 300, 200, 100, 50, 0, 400, 400, 600, 1,000, and 1,500) was adjusted until a stable reading of the net photosynthesis, intercellular CO2, and stomatal conductance (about 7 min at each change) for constructing the photosynthesis CO2 response curves on the three different plants of each treatment. According to Von Caemmerer (2000), we estimated Rubisco carboxylase activity (Vcmax) and RuBP regeneration in terms of Jmax.



Chlorophyll Fluorescence and Chlorophyll Content

Chlorophyll a fluorescence was measured simultaneously with the Pn–Ci response curves by using the same LED chamber (2 cm2 area; 6400-40, LI-COR Biosciences). About 30-min dark-adapted leaves were used for the minimal fluorescence (Fo) at 0.5 μmol photon m–2 s–1, while the maximum fluorescence (Fm) was recorded after applying a light saturating pulse (>8,000 μmol photons m–2 s–1 for 0.8 s). The maximum quantum efficiency of PSII reaction centers (Fv/Fm = Fm − Fo/Fm) was calculated (Kitajima and Butler, 1975). The leaf was adapted to saturated light for about 40–50 min and then steady-state fluorescence (Fs) and the maximum quantum efficiency of PSII of the light-adapted leaf (F’m) were recorded. The quantum efficiency of PSII (ΦPS2), non-photochemical quenching (NPQ), and photochemical quenching (qP) were determined using the following equations (Genty et al., 1989; Kooten and Snel, 1990):
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ΦPS2 represents the electron transport in PSII of the photosynthesis per absorbed photon. The electron transport rate (ETR) was also calculated as:
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where 0.5 is the assumption of equal distribution of incident light between PSI and PSII and 0.87 indicates the leaf light absorbance.

The chlorophyll content of leaves was measured with a SPAD 502 chlorophyll meter without causing damage to plants on the same leaf, which has been selected for gas exchange measurements. A minimum of 15 readings were performed on one leaf and the data expressed as the mean of three different plant leaves.



Photosynthetic Proteins

Fully matured leaves were taken from the plant and immediately frozen in liquid nitrogen. About 0.1 g of ground leaves was vortexed in an extraction buffer (125 mM Tris–HCl, pH 6.8, containing 4% SDS, 10% mercaptoethanol, 20% glycerol, and 0.004% bromophenol blue) and heated at 95°C for 10 min. Proteins were separated by 10% SDS-PAGE for phosphoenolpyruvate carboxylase (PEPC), Rubisco, and glycine decarboxylase complex (GDC). The proteins were then transferred to a nitrocellulose membrane and immunoblotted (n = 3) with primary antibodies, PEPC and GDC H-subunits (1:1,000), purchased from PhytoLab (catalog numbers PHY0048 and PHY0655S). The band intensities were quantified with ImageJ 1.52 software (NIH, United States). Band intensities of the control treatments were assumed to be 100%, and upregulation and downregulation were expressed accordingly after using β-actin protein as the standard to calculate proteins in each sample.



Analyses of Limitation in CO2 Assimilation and Stomatal Morphometry

Separation of the quantitative limitation analysis approach at saturating light was used. Disentangling the limitations of the net photosynthesis due to stomata (LS) and non-stomata (LSN) was estimated by the following expressions:
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where [image: image] is the net photosynthesis rate at ambient conditions in the greenhouse, [image: image] is the Pn at Catm = 400 μmol CO2 m–2 s–1, while [image: image] is the Pn at Ci = Catm = 400 μmol CO2 m–2 s–1 (Farquhar and Sharkey, 1982; Bellasio et al., 2018).

Stomatal morphometric analyses were conducted with the peel-off method. Transparent nail polish was used to prepare slides (n = 3). The number of stomata, area of the guard cells (stomatal area), the roundness of the stomata, and the area of the stomatal aperture were estimated in the given area by using ImageJ 1.52 software (NIH, United States).



Carbon Isotope Discrimination and Bundle Sheath Leakiness

The leaves used for photosynthesis measurements (third and fourth from the top) were dried and ground in a ball mill (MM200, Retch, Germany). The triplicate of 2 mg samples was packed into a tin capsule for 13C isotope determination using a mass spectrometer (IRMS IsoPrime 100 Elementar, a vario PYRO cube, Elementar, Germany). The following formula was used to calculate δ13C (Kubásek et al., 2007):
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where Rp is the 13C/12C obtained from a mass spectrometer in plant samples and Rs is a reference value of 13C/12C in standard V-PDB (Vienna Pee Dee Belemnite); all values were expressed as per mil of dry weight. Carbon isotope discrimination (Δ13C) in the leaves was calculated from plant δ13C values (δp) and air δ13C values (δa) with the following formula (Farquhar et al., 1989):
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Bundle sheath leakiness (φ) was estimated according to Farquhar (1983) with the following expression:
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where a, b3, b4, and s are isotopic discrimination constants; a (4.4‰) is CO2 in air diffusivity through the stomata, b3 (29‰) is the carboxylation of Rubisco, b4 (−5.7‰) is the HCO3– dissolution and fractionation of phosphoenolpyruvate (PEP) carboxylation, and s (1.8‰) is the leakage of CO2 from the bundle sheath to mesophyll cells.



Statistical Analyses

The experiment was repeated twice in similar conditions of greenhouse and the data presented here as the mean ± SE (n = 3) for all parameters. Two-way analysis of variance (ANOVA) was performed to study differences in treatments, while a post hoc test (Bonferroni) was also calculated to examine the significant difference (P < 0.05) among the means of each treatment. Linear regressions were carried out between Pn vs. (LS, LNS, Δ13C, and φ), Δ13C vs. (ψw, Ci/Catm, WUEi, and φ), φ vs. (ψw, Ci/Catm, and WUEi), gs vs. (LS and WUEi), LS vs. WUEi, Vcmax vs. LNS, and ΦPS2 vs. ΦCO2 at various PPFDs in all treatments. These are shown as Supplementary Material.



RESULTS


Plant Biomass and Water Relations

Salinity, drought, and a combination of both (S + D) affected the biomass of P. antidotale significantly (P < 0.001; Figure 1). Plant biomass did not only decline under individual treatments of high salinity and drought but also at 300 + D in comparison to the control treatment. Interestingly, combined treatment (100 + D, P < 0.001) led to a higher growth (significant differences in various parameters: dry weight, water content, and relative water content) than did drought alone. The water potential (negative values in megapascals) of leaves also showed a similar trend, with the exception of the 100 + D treatment, where it was similar to the control and 100 mM NaCl-treated plants.
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FIGURE 1. | Plant biomass and water relations under salinity, drought, and a combination of both treatments. Mean ± SE (n = 3) of plant dry weight (in grams per pot), leaf water content (percent of fresh weight), relative water content (RWC, in percent), and leaf water potential (in megapascals) for treatments of 0, 100, and 300 mM NaCl, drought (D), and a combination of salinity and drought [100 and 300 mM NaCl + drought (100 + D and 300 + D, respectively)]. Different letters denote, after Bonferroni post hoc test, significant difference (P < 0.05).




H2O2/CO2 Gas Exchange Parameters at Saturated Light

The Pn declined under provided stress treatments of either salt and drought alone or a combination of both (P < 0.001; Table 1). The maximum Pn was recorded under 100 mM NaCl treatment (statistically insignificant when compared to the control) and the lowest value was observed under 300 + D treatment. High salinity severely decreased the values of Pn when added to drought conditions, whereas low salinity enhanced the values when combined with drought (i.e., 100 + D). The other parameters of gaseous exchange, gs, Ci, and E are also well correlated with Pn and with each other. The light response curves revealed CO2 saturation of the control and low-salinity-treated plants at a PPFD of 2,000 μmol photon m–2 s–1 while that of drought (alone)-treated plants at irradiance below 600 μmol photon m–2 s–1. The addition of salinity (both moderate and high) to drought conditions improved the saturation irradiance of the plants compared to that in response to drought alone (see Is data; Table 1). The CO2 compensation point (Ic), the quantum efficiency of CO2 (ΦCO2), and dark respiration were also significantly affected by the applied treatments, while ETR/Pngross increased only in 300 mM NaCl. The highest intrinsic water use efficiency (WUEi) was recorded for drought alone (D) and 300 + D-treated plants.


TABLE 1. CO2/H2O gas exchange responses under salinity, drought, and the combination of both.

[image: Table 1]
The CO2 response curves (Figure 2) were used to determine various photosynthetic parameters (Table 1). The Vcmax and Jmax were unaffected at 100 mM NaCl, but significantly reduced in response to other treatments (300 mM NaCl, D, 100 + D, and 300 + D) when compared to the control. The combination of drought and low salinity enhanced Vcmax and Jmax about 50% in comparison to drought only, but these values were still lower than 100 mM NaCl. The highest reduction was observed with the 300 + D treatment, where these parameters were about one-fifth of the values of the control.
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FIGURE 2. Light response curve (Pn–PAR) and carbon response curve (Pnn–Ci) measurements under salinity, drought, and a combination of both treatments. Pn–PAR curve represents the response of net photosynthesis in the range of 0–2000 μmol m−2 s−1 photosynthetic active radiation (PAR) and Pn–Ci curve indicates the capacity of net photosynthesis under various intercellular CO2 concentrations (in micromoles per square meter per second) when CO2 in the air (Catm) is in the range of 0–1,500 μmol m−2 s−1. Values shown are the mean ± SE (n = 3) under all treatments, as described in Figure 1.


Immunoblots of PEPC, Rubisco, and GDC contents in leaf tissues revealed significant changes under the treatments provided (Figure 3). The protein content increased in response to 100 mM NaCl, but decreased at 300 mM NaCl. A combination of high salinity and drought caused a severe reduction in their contents as compared to salt and drought alone.
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FIGURE 3. Variations of photosynthetic protein expressions. Immunoblots of phosphoenolpyruvate carboxylase (PEPC), ribulose 1-5, bisphosphate carboxylase/oxygenase (Rubisco), and glycine decarboxylase (GDC) expressed changes in the protein expressions under treatments of 0, 100, and 300 mM NaCl, drought (D), and a combination of salinity with drought [100 and 300 mM NaCl + drought (100 + D and 300 + D respectively)]. Different letters denote, after Bonferroni post hoc test, significant difference (P < 0.05).




Carbon Isotope Discrimination and Stomatal and Non-stomatal Limitations During Photosynthesis

Carbon isotope (δ13C) in leaf tissues was significantly reduced under high salinity, and a further reduction was recorded at drought and 300 + D treatments, in contrast to control plants. A similar trend was observed in leaf 13C isotope discrimination (Δ13C) among all treatments, while bundle sheath leakiness (φ) of CO2 was the highest in the 300 + D treatment (Figure 4). Figure 5 shows the quantitative contribution of photosynthetic limitations in response to the applied treatments. Stomatal limitation (LS) contributed about 25–30% at salinity (300 mM NaCl) and combination of salinity and drought (300 + D), while LS was significantly higher at drought treatment (about 35%). The non-stomatal limitation (LNS) appears to be a major limiting factor of photosynthesis in response to the combination of salinity and drought (300 + D), although it accounted for at least 30% of limitation at 300 mM NaCl and drought treatment as well.
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FIGURE 4. Measurement of carbon isotope in the leaf of Panicum antidotale under salinity, drought, and a combination of both treatments. Carbon isotope discrimination in the leaf (Δ13C), bundle sheath leakiness (φ), and carbon isotope in leaf (δ13C) showed variations under treatments of 0, 100, and 300 mM NaCl, drought (D), and a combination of salinity with drought [100 and 300 mM NaCl + drought (100 + D and 300 + D, respectively)]. Different letters denote, after Bonferroni post hoc test, significant difference (P < 0.05).
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FIGURE 5. Contribution of limitation in photosynthesis estimation. Dark and white bars represent stomatal limitation (LS) and non-stomatal limitation (LNS), respectively, in the leaf of Panicum antidotale under treatments of 0, 100, and 300 mM NaCl, drought (D), and a combination of salinity with drought [100 and 300 mM NaCl + drought (100 + D and 300 + D, respectively)]. Different letters denote, after Bonferroni post hoc test, significant difference (P < 0.05).


The stomatal morphometric estimation showed a decreasing trend of stomatal area and aperture in salt, drought, and the combination of both, whereas the number of stomata was mainly decreased with the introduction of the drought condition. The 100 + D treatment showed increased values of these parameters as compared to drought alone (Figure 6).
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FIGURE 6. Stomatal morphometric characteristics of Panicum antidotale. Changes in the number of stomata, stomatal area, roundness of stomata, and area of the stomatal aperture for treatments of 0, 100, and 300 mM NaCl, drought (D), and a combination of salinity with drought [100 and 300 mM NaCl + drought (100 + D and 300 + D, respectively)] are shown. Different letters denote, after Bonferroni post hoc test, significant difference (P < 0.05).




Chlorophyll a Fluorescence Parameters and Chlorophyll (SPAD)

Chlorophyll a fluorescence was measured simultaneously with the gas exchange parameters on the similar leaf in all the aforementioned treatments (Figure 7). The maximum and apparent quantum efficiency of PSII (Fv/Fm and ΦPS2) remained unaffected under saline treatment (both low and high salinity), but with about 15 and 10% reductions in Fv/Fm, and 3.9- and 4.3-fold reductions in ΦPS2 were recorded under drought and 300 + D treatments, respectively, when compared to the control. These parameters were a little improved in response to not only 100 mM NaCl but also to 100 + D. In comparison to the control, photochemical quenching (qP) and ETR were reduced at salinity, drought, and the combination of both. The reduction in qP were about 31, 85, and 60% at 300 mM NaCl, drought, and 300 + D, respectively, while the reduction in ETR was more pronounced at the 300 + D treatment. The magnitude of heat dissipation (NPQ, non-photochemical quenching) increased by 20% at drought and 300 + D treatments when compared to the control. These aforementioned parameters of chlorophyll fluorescence had a better response at 100 + D when compared to drought treatment alone. In addition, SPAD values representing the chlorophyll content in the leaves also reveal a similar pattern, i.e., reduced content at high salinity, drought, and a combination of both.
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FIGURE 7. Responses of chlorophyll a fluorescence in the leaf of Panicum antidotale under salinity, drought, and a combination of both treatments. The mean ± SE (n = 3), maximum quantum efficiency of PS2 (Fv/Fm), apparent quantum efficiency of PS2 (ΦPS2, YII), photochemical quenching (qP), non-photochemical quenching (NPQ), electron transport rate (ETR), and chlorophyll (SPAD) for treatments of 0, 100, and 300 mM NaCl, drought (D), and a combination of salinity with drought [100 and 300 mM NaCl + drought (100 + D and 300 + D, respectively)] are shown. Different letters denote, after Bonferroni post hoc test, significant difference (P < 0.05).




Correlation Between Various Parameters

The linear regressions were carried out between various parameters at salt, drought, and a combination of both treatments (Supplementary Material). The r2-values showed a strong correlation under all the treatments tested. The decline in net photosynthesis was well correlated (P < 0.001) with the various parameters (Supplementary Figure S1), and similarly the water potential was significantly correlated (P < 0.01) with the carbon isotope data (Supplementary Figure S1). WUEi was also correlated with Ls (P < 0.001, r2 = 0.51), gs (P = 0.07, r2 = 0.60), and φ (P = 0.1, r2 = 0.48). The r2-values were low (∼0.2–0.3) with Δ13C and φ, while a high correlation was observed between Δ13C and φ (P < 0.001, r2 = 0.99). The reduction in stomatal conductance (gs) was well correlated (r2 = 0.71) with stomatal limitation of photosynthesis.



DISCUSSION

Salinity and water deficit conditions often coexist in nature, particularly in arid and semi-arid areas of the world. The purpose of this study was to determine the individual and combined effects of these stressors, with special emphasis on the photosynthesis performance of Panicum antidotale. A combined stress of low salinity and drought (100 + D) benefited the plants. However, high salinity combined with drought (300 + D) negatively affected several physiological processes.


Synergetic Relationship Between Salinity and Water Deficit Condition

The synergetic effects of salinity and drought were observed at both 100 + D and 300 + D treatments (Figure 1). Similar effects have been reported for the halophyte Zygophyllum xanthoxylum (Ma et al., 2012) and some cultivars of barley (Ahmed et al., 2013). Although the plant growth was not stimulated by low salinity, as reported for other monocotyledon halophytes (Flowers and Colmer, 2008; Koyro et al., 2013; Hussain et al., 2015), a combination of low salinity and drought (100 + D treatment) enhanced plant biomass in contrast to drought treatment alone. Thus, the role of the uptake of Na+ and Cl– ions, i.e., cheap osmotica, in reducing the drastic effects of water deficit conditions can be presumed. This assumption is further evidenced by the high values of the relative water content (RWC) and water content (WC) in this treatment (Figure 1). On the other hand, high salinity combined with drought (300 + D) did not cause any further decrease in plant biomass when compared to both (high salinity and drought) treatments alone. This response is antagonistic to that recorded at the 100 + D treatment, i.e., reduction in biomass.



Photosynthetic Adaptation Under Salinity, Drought, and Combined Stress Conditions

Measurements of CO2/H2O in our test species clearly indicated the different responses under single (salinity or drought) and combined stresses (Table 1). Low salinity coupled with drought (100 + D) buffered the negative impact of drought on gaseous exchange. However, alone (100 mM NaCl), it did not cause any significant increase in net photosynthesis. We, therefore, assume that the hazardous impacts of drought conditions on photosynthetic performance can be lessened by combining drought stress and moderate salinity. This can be explained as enhanced activities of certain enzymes of the C4 cycle by chloride ions (Guo et al., 2018). Analyses of the PEP carboxylase expression also validated this hypothesis. The accumulated ions contribute to osmotic adjustment (Flowers and Colmer, 2008) by allowing plants to uptake water (i.e., RWC) when very little water is available in the medium. The uptake of water in such a stressful environment facilitates stomatal conductance (gs), which ensures CO2 influx to the photosynthesizing cells (Flowers and Colmer, 2008; Ma et al., 2012; Hussain et al., 2015).

A further increase in salinity led to an antagonistic plant response. The plants could not cope with the combined stress treatment (300 + D), probably because of the excessive intake of ions, as an effort to adjust osmotically, causing ion toxicity or imbalance. Thus, the closure of the stomata (low gs and stomatal aperture) (Table 1 and Figure 6), as a strategy to conserve plant water, resulted in lower values of intercellular CO2 (Ci) and C fixation, as explained in Ashraf (2003) and Asrar et al. (2017). Net photosynthesis and gaseous exchange were significantly decreased in these plants compared to high salinity and drought alone. On the contrary, Ci remained unchanged in a number of C4 species under drought or salinity (Koyro et al., 2013; Asrar et al., 2017). This variation may be due to the different experimental setup, non-stomatal limitations such as CO2 leakage (see below), species specificity, and/or different tolerance limits under various stresses.

C4 plants are equipped with a competitively better photosynthetic machinery, i.e., the presence of PEP carboxylase in mesophyll cells. This enzyme is highly efficient in fixing carbon even when the concentration of Ci becomes low due to stomatal closure (Way et al., 2014). Thus, the plants are benefited with minimal loss of water and improved photosynthesis as compared to C3 plants. Our results clearly indicate that the stomatal limitation (LS) in Panicum is an adaptive strategy to conserve water by reducing transpirational rates and improving WUEi (Table 1), particularly in response to drought and 300 + D treatments. This may be an advantageous effect, but at the cost of low carbon assimilation, similar to other C4 plants (Ashraf, 2003; Galmés et al., 2017).

Diffusional resistance or leakiness of CO2 into bundle sheath cells affects photosynthesis in drought- and/or salinity-treated C4 plants (Farquhar and Sharkey, 1982; Farquhar, 1983; Ellsworth and Cousins, 2016). An enhanced leakage of CO2, in drought treatment and combined stress (300 + D), decreased the efficiency of the C4 carbon-concentrating mechanism, which is evidenced by the reduced expression of PEP carboxylase (Figure 3). Such findings have been previously discussed (Cernusak et al., 2013; Tomás et al., 2013; Kromdijk et al., 2014). In contrast to the control (no salinity and no drought) plants, low values of bundle sheath leakiness (φ) and a high expression of PEP carboxylase in plants treated with 100 mM NaCl and combined stress (100 + D) demonstrate the beneficial effects of these treatments on the C4 cycle, probably due to the intact leaf anatomy (e.g., Kranz anatomy). The high values of carbon isotopes in these plants represent no restriction to the carboxylation activity of Rubisco, hence the higher net photosynthesis and less photorespiration (Leisner et al., 2010; Moinuddin et al., 2017). Besides, regression analyses showed an inverse correlation of Δ13C with Pn (r2 = 0.87, P < 0.01; Supplementary Figure S1). Hence, we conclude that moderate salinity (100 mM NaCl) improves C4 photosynthesis and alleviates the negative impact of drought (Leisner et al., 2010; Moinuddin et al., 2017). However, the reduced content of Rubisco at 100 + D limited photosynthesis in these plants. The negative impact of high salinity and drought treatments on the content of Rubisco was discussed earlier by Koyro et al. (2013), and we recorded a severe reduction in its content by combining both stresses (Figure 3). The content of carbon isotopes is considered a reliable indicator of the water use efficiency in C4 plants (Cernusak et al., 2013; Caemmerer et al., 2014; Kromdijk et al., 2014; Ellsworth and Cousins, 2016). Accordingly, the regression analysis illustrated a direct relationship (r2 = 0.48, P = 0.05) between Δ13C and WUEi in this study.

Biochemical processes, in addition to stomatal limitations, also affect CO2 assimilation (Von Caemmerer, 2000; Long and Bernacchi, 2003). An enhanced carboxylation rate of Rubisco (Vcmax), the continuous supply of RuBP (i.e., higher Jmax), and carbon utilization for sucrose and starch synthesis (ΦCO2) at 100 mM NaCl kept the photosynthetic rates comparable to plants of the control (i.e., no stress) treatment (Table 1). Combining moderate salinity with drought (100 + D) caused a slight decrease in these biochemical processes. On the other hand, the stressful effects of high salinity and drought treatments were visible, with significant reductions of Vcmax, Jmax, and ΦCO2, which led to a decline in Pn and plant biomass. These biochemical limitations were even more pronounced when the plants were exposed to combined stresses, i.e., 300 + D, indicating impairment in the light-independent phase of photosynthesis. The reason behind such a finding may be either the downregulated activity of enzymes of the Calvin cycle or the reduced supply of products of the light-dependent phase (i.e., ATP and NADPH). Also, the toxic effects of accumulated ions such as Na+ and Cl– on photosynthesis cannot be neglected (Pérez-López et al., 2012; Asrar et al., 2017; Galmés et al., 2017). These assertions are further strengthened by the expression analysis of a large subunit of Rubisco (Figure 3) and the regression analysis between Pn and non-stomatal limitation (LNS) (r2 = 0.93, P < 0.001) (Supplementary Figure S1). The photosynthetic performance of Panicum has been limited due to stomata (LS) (Ashraf, 2003) and other biochemical limitations (Koyro et al., 2013) under salinity, and it has been confirmed by the estimation of the contributions of LNS and LS (Figure 5). Nevertheless, more limiting factors of photosynthesis (such as light and mesophyll conductance) need to unravel from a set of complicated calculations, particularly for C4 plants. Nevertheless, photochemical reactions of photosynthesis are discussed (see below) by measurement of the chlorophyll fluorescence.



Light-Harvesting and Chlorophyll Variations Under Salinity, Drought, and Combined Stress Conditions

The electron transfer during light reactions of photosynthesis provides energy for the synthesis of NADPH and ATP. These products are vital for the carbon assimilation reactions. Chlorophyll fluorescence and chlorophyll content were used as non-invasive indicators to determine impairment (if any) in light reactions of photosynthesis (Genty et al., 1989; Baker, 2008). The comparatively low values of Fv/Fm (the maximal photochemical efficiency) in response to drought, high salinity, and a combination of both (Figure 7) indicate severe damage to the PSII reaction centers (Farquhar et al., 1989; Duarte et al., 2013; Chen et al., 2016), which is further evidenced by the decrease in the actual efficiency of photosystem II, i.e., Y(II) and ΦPSII. Similar findings exist for several Mediterranean species under water deficit conditions (Oxborough and Baker, 1997; Bellot et al., 2004; Flexas et al., 2012a). The reduction in the electron transport rate of the plants treated with drought, 300 mM NaCl, and 300 + D corresponded to their low stomatal conductance and suggested a reduction in light-harvesting capacity. It prevents the otherwise inevitable photo-oxidative stress, excess generation of reactive oxygen species (ROS), and membrane lipid peroxidation (Dalal and Tripathy, 2018). This assumption is further supported by the decreased contents of photosynthetic pigments (e.g., chlorophyll). Thus, the capacity to fix light energy decreases (Manaa et al., 2019) and plants are light-saturated at low values of irradiance (Is; Table 1). The findings of this study indicate a strict check and balance between Pn and the light-harvesting and photoprotection capacity of Panicum.

Non-photochemical quenching (NPQ) serves as a photoprotective mechanism to prevent photo-oxidative stress in plants (Külheim et al., 2002). The observed increase in NPQ in response to drought, high salinity, and a combination of both (300 + D) demonstrates the dissipation of excessive energy via the xanthophyll cycle. Such a regulation of unutilized light energy in light reactions minimizes the chance of injury to the thylakoid membrane that can, otherwise, be caused by overly produced ROS, particularly when the biochemical and photochemical reactions are disrupted (Bellot et al., 2004; Koyro et al., 2013; Manaa et al., 2019). The low risk of ROS (e.g., O2–, –OH, and H2O2) toxicity is also reflected by the adjusted ETR (as discussed above) and the low ETR/Pngross ratio in plants. Further, the low expression of GDC under high salinity, drought, and their combination (300 + D), reveals an unregulated carbon flow between photosynthesis and photorespiration, which may also lead to developing a balance between respiratory metabolites (e.g., glycine) and increased cellular mole ratios of CO2/O2 (Timm et al., 2018; Giuliani et al., 2019). In contrast, Panicum treated with low salinity (alone and in combination with drought) efficiently regulated photochemical reactions, i.e., Y(II), ΦPSII, qP, ETR, and, therefore, net photosynthesis.



CONCLUSION

This study demonstrates that an addition of 100 mM NaCl to dry soil (100 + D) minimized the deleterious effects of water deficit on the biomass and photosynthetic performance of P. antidotale. This is due to the positive effects of low-salinity treatment on the photochemical reactions by stimulating photosynthetic pigments and PSII efficiency (YII) to harvest light energy for the efficient synthesis of ATP and NADPH. Increases in stomatal area, enzymes involved in bioenergetics (PEP carboxylase, Rubisco, and glycine carboxylase), and the biochemical reactions [i.e., the carboxylation rate of Rubisco (Vcmax) and RuBP regeneration (Jmax)] contributed to an overall higher CO2 assimilation in these plants. Combining low salinity with drought (100 + D) lowered the CO2 leakage, enriching CO2 in the bundle sheath cells to allow maximum carboxylase activities of Rubisco. However, it was the reduction in the content of Rubisco that limited the photosynthetic performance in these plants (100 + D). In contrast, the combination of high salinity (300 mM NaCl) and drought had a severe impact on the photosynthetic performance (Pn) than both the stresses alone. Although high salinity lessened the damaging effect of drought on stomatal limitations (number of stomata and stomatal conductance) photochemical (PSII efficiency, ETR) and biochemical (Vcmax and Jmax) reactions, non-stomatal limitations, mainly the metabolic enzymes (PEP carboxylase, Rubisco, and glycine carboxylase), were significantly enhanced in the combination of these stresses (300 + D). The risk of photo-oxidative stress in these plants was lowered by limiting the light-harvesting capacity. Plant biomass (i.e., FW) was even improved due to better management of the plant water status (RWC and WUEi), demonstrating a beneficial effect of the osmotic component at such a high salinity.

The shown comparative study of the individual and combined effects of salinity and drought conditions on Panicum opens new doors for a better understanding of plant responses in their natural environment, where multiple environmental constraints are present simultaneously. Nevertheless, the type of soil in different habitats of plant may vary and, therefore, the impact of soil properties on setting particular stress conditions must be kept into account while analyzing large fields.
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Photosynthesis is the major process leading to primary production in the Biosphere. There is a total of 7000bn tons of CO2 in the atmosphere and photosynthesis fixes more than 100bn tons annually. The CO2 assimilated by the photosynthetic apparatus is the basis of crop production and, therefore, of animal and human food. This has led to a renewed interest in photosynthesis as a target to increase plant production and there is now increasing evidence showing that the strategy of improving photosynthetic traits can increase plant yield. However, photosynthesis and the photosynthetic apparatus are both conditioned by environmental variables such as water availability, temperature, [CO2], salinity, and ozone. The “omics” revolution has allowed a better understanding of the genetic mechanisms regulating stress responses including the identification of genes and proteins involved in the regulation, acclimation, and adaptation of processes that impact photosynthesis. The development of novel non-destructive high-throughput phenotyping techniques has been important to monitor crop photosynthetic responses to changing environmental conditions. This wealth of data is being incorporated into new modeling algorithms to predict plant growth and development under specific environmental constraints. This review gives a multi-perspective description of the impact of changing environmental conditions on photosynthetic performance and consequently plant growth by briefly highlighting how major technological advances including omics, high-throughput photosynthetic measurements, metabolic engineering, and whole plant photosynthetic modeling have helped to improve our understanding of how the photosynthetic machinery can be modified by different abiotic stresses and thus impact crop production.
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INTRODUCTION

Owing to the expected increase in the world’s population, yields of major crops must increase by over 70% in the next 30 years to sustain human requirements (FAO, 2009) and this should be attained without increasing the use of arable land and detrimental effects on nutritional quality while limiting the use of fertilizers and pesticides This means that breeders must increase crop yield at a rate of +2.4% per year, while the current rate is only +1.3% (FAO, 2009). In addition, abiotic stresses such as heat, drought, and flooding among others will tend to decrease yields up to 50% by 2050, if management techniques such as precision irrigation and breeding for abiotic stress tolerance are not implemented (Bierbaum et al., 2007).

Photosynthesis is a complex process that for simplification can be divided into light reactions driven by electrons passing through different protein complexes associated with chloroplast thylakoid membranes and the Calvin cycle reactions of photosynthetic CO2 fixation taking place in the chloroplast stroma (Renger, 2007). In the light, the photosynthetic electron transfer chain consisting of photosystem II (PSII), the cytochrome b6f complex (cytb6f), photosystem I (PSI), and the free electron carriers plastoquinone (PQ) and plastocyanin, lead to the production of ATP and NADPH that fuel the Calvin-Benson cycle (CBC) and other assimilatory processes (Rochaix, 2011; Foyer et al., 2012). Three main stages operate during the CBC reactions namely carbon fixation, reduction, and regeneration. In all plants, CO2 can be fixed by ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), an enzyme catalyzing the carboxylation of ribulose-1,5-bisphosphate (RuBP) and leading to two molecules of 3-phosphoglycerate (3-PGA). Instead of CO2, RuBisCO can also add O2 to RuBP, resulting in one molecule each of 3-PGA and 2-phosphoglycolate (2-PG). Since 2-PG is toxic, it has to be removed in a metabolic pathway called photorespiration that is not only energy demanding, but also leads to a loss of carbon in the form of CO2. Thus the efficiency of photosynthesis can be substantially decreased under environmental conditions favoring photorespiration (Ehleringer et al., 1991) and this would be associated with factors altering CO2 entry and diffusion within the leaf such as stomatal density and aperture.

Furthermore, photosynthesis is highly sensitive to abiotic stresses such as drought, high temperatures, and ozone, since they inactivate photosynthetic electron transfer and photophosphorylation, adversely affect photosynthetic metabolic processes, and lead to damage of thylakoid membranes and organelle ultrastructure (Ainsworth et al., 2013; Lobell et al., 2014; Sieber et al., 2016). In fact, an increase in atmospheric temperature can reduce crop yields by between 6 to 25% depending on the region and the crop (Sieber et al., 2016; Zhao et al., 2017). However, drought is the major abiotic stress that impairs crop production (Mishra and Cherkauer, 2010; Lobell et al., 2014; Lesk et al., 2016; Zipper et al., 2016; Matiu et al., 2017) due to photosynthetic limitations imposed by stomatal and non-stomatal processes (Tissue et al., 2005; Kohzuma et al., 2009; Dahal et al., 2014). It has been estimated that drought has caused the loss of 1820 million tons of cereal production during the last 4 decades (Lesk et al., 2016). In the future, drought occurrence and severity are projected to rise, increasing the risk of yield loss by 24% in soybean, 21% in maize, 18% in rice, and 20% in wheat (Leng and Hall, 2019). On the other hand, the predicted increase in atmospheric CO2 levels, as a substrate of photosynthesis, is expected to increase yields by up to 30% depending on plant species and other environmental conditions (Ainsworth and Long, 2005; Long et al., 2006; Sanz-Saez et al., 2017). It has been shown that elevated temperature and drought can negate the positive effects of elevated CO2 on yield (Ruiz-Vera et al., 2013; Gray et al., 2016). While plant breeders and plant biologists have worked extensively over the years to increase yields and improve plant responses to abiotic stresses, photosynthesis was often overlooked (Long et al., 2015). Advances in genomics, genetics, and modeling tools have now paved the way for improving photosynthesis to increase yields within climate change scenarios (Zhu et al., 2010; Long et al., 2015; Ort et al., 2015).

The effects of abiotic stresses on photosynthesis have given rise to numerous review articles (Hikosaka et al., 2006; Pinheiro and Chaves, 2011; Ainsworth et al., 2013; Song et al., 2014; Dusenge et al., 2019); however, many of them only focused on specific aspects. In this review, the effects of abiotic stresses are considered from a holistic point of view. It covers the use of “omics” techniques (genomics, transcriptomics, proteomics, and hormonomics) (Section “-Omics” Analyses to Identify Novel Targets and Networks Underlying the Function of the Photosynthesis Machinery: Roads to Develop Engineered Environmental Stress-Tolerant Crops Through Photosynthesis”) to identify potential target genes that could improve photosynthesis and crop yield. Whole plant physiological responses (Section “Physiological Traits Involved in the Maintenance of Photosynthesis as Tools for Crop Improvement in a Context of Climate Change”) and the development of semi- and high-throughput phenotyping techniques (Section “Semi- and High-Throughput Phenotyping Techniques to Measure Photosynthetic Traits”) are described that allow for a better understanding of major physiological traits associating the maintenance of photosynthesis with abiotic stress tolerance. To bring together the wealth of knowledge and to extrapolate the effects of the environment on photosynthetic capacity and plant development at the whole plant land canopy levels, Section “Modeling Photosynthesis in Crop Growth Models” reviews the application of photosynthetic models to calculate carbon gain for biomass production and to estimate possible future impacts of a changing climate on global crop production and grain yield. Finally, Section “Metabolic Engineering to Improve Photosynthesis and Elevated CO2 Acclimation” gives an overview of the application of metabolic engineering and examples of what has been successfully achieved already to improve photosynthesis and how elevated CO2 acclimation might limit yield improvement and quality of certain C3-plant species.



“-OMICS” ANALYSES TO IDENTIFY NOVEL TARGETS AND NETWORKS UNDERLYING THE FUNCTION OF THE PHOTOSYNTHESIS MACHINERY: ROADS TO DEVELOP ENGINEERED ENVIRONMENTAL STRESS-TOLERANT CROPS THROUGH PHOTOSYNTHESIS

The emergence of omics technologies, such as genomics, transcriptomics, proteomics, metabolomics, ionomics, and hormonomics have permitted to identify components associated with photosynthesis including molecular regulatory circuitries, photosynthetic machinery and functioning, and photoprotective mechanisms, thus underpinning factors paving the way to photosynthesis efficiency-boosting and the improved productivity and quality of modern crop varieties (Figure 1).
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FIGURE 1. Overview of the multi-scale level concept including molecular (genetic variation, gene expression networks, proteins, metabolites, hormones, etc.), cellular, plant (organ development), and ecosystem (canopy) levels. Systems biology methods can be used to analyze and model cellular networks to obtain a simplified description of cellular functioning (scaling down). The integration of these different scales can help improve photosynthesis. In the example, rice (monocot) plants are used as a higher-scale model. Phenomics technologies allow the physiological and/or temporal phenotypic dissection of quantitative traits (i.e., carbon assimilation) controlled by a subset of target genes, proteins, metabolites and/or pathways. [image: image] represents external and internal factors (i.e., hormones, ROS, sugars, CO2, T°) influencing the control of photosynthesis in plants. Red arrows show repression/activation of proteins/transcripts coordinating the expression of nuclear/plastid-encoded genes. Here, the upstream and downstream changes governing the above factors are summarized, on the one hand, by stress perception, signal transduction, and on the other hand, by genes, proteins, metabolites alterations, and reactions occurring in membranes and organelles.



Genomics to Study the Natural Variation of Plant Photosynthetic Efficiency

This section does not intend to give a detailed account of genomics and the reader is directed to other publications to read about general genomic innovation for crop improvement (Bevan et al., 2017), development of new genomic technologies (Huang et al., 2010; Takagi et al., 2013; Schlotterer et al., 2014; Varshney et al., 2014; Pandey et al., 2016; Crossa et al., 2017; Rasheed et al., 2017; Scheben et al., 2017; Watson et al., 2018), and the use of genomics in crop breeding (Varshney et al., 2012, 2018).

Evolution has been continually shaping photosynthesis, so fine-tuning this rather inefficient metabolic process could help to boost crop yields under normal and adverse conditions. This could be achieved using new plant breeding technologies to target photosynthetic processes and thus to contribute substantially to improving global food security under climate change scenarios. Conventional quantitative trait locus (QTL) mapping using recombinant inbred lines (RIL) and near-isogenic lines (NIL) is an effective tool to identify quantitative traits associated with photosynthesis and the modulation of photosynthetic parameters in response to environmental cues (Adachi et al., 2011; Gehan et al., 2015; Yan et al., 2015; de Oliveira Silva et al., 2018; Oakley et al., 2018). Indeed, RIL and NIL populations have been used to discover genetic variation and genes associated with photosynthetic efficiency, while some specific photosynthesis-related traits were found to be influenced by functional genetic variation in a limited number of genes (Oakley et al., 2018). Indeed, putative QTLs have been detected for Single-Photon Avalanche Diode (SPAD) value, chlorophyll content, stomatal conductance, sink size, source strength, carbon isotope discrimination, and carbohydrate translocation (Ulloa et al., 2000; Teng et al., 2004; Takai et al., 2010, 2013). Potential QTLs have been revealed also for net CO2 assimilation rate (An) in rice (Ishimaru et al., 2001; Price et al., 2002; Zhao et al., 2011; Hirotsu et al., 2017; Ye et al., 2017; Adachi et al., 2019), barley (Teulat et al., 2002; Cantalapiedra et al., 2015; Liu et al., 2017; Du et al., 2019), maize (Fracheboud et al., 2002), soybean (Jun et al., 2014; Lv et al., 2018; Liu D. et al., 2019), cucumber (Zhang et al., 2004), and legumes (Muchero et al., 2009; Kumar et al., 2014; Li F. et al., 2015). In the case of rice, several loci enhancing leaf An have been detected on chromosomes 3, 4, 5, 6, 8, 9, and 11 (Adachi et al., 2011; Gu et al., 2012). In addition, some backcross inbred lines (BILs) derived from an indica variety, Takanari, and an elite japonica cultivar have 20–50% higher values of leaf An than those of the parental cultivars (Adachi et al., 2013). By using BILs and chromosome segment substitution lines (CSSLs), Adachi et al. (2019) detected 10 “qHP” (high photosynthesis) QTLs linked to an increased An during at least 2 years in the field and named qHP1a, qHP1b, qHP2, qHP3a, qHP3b, qHP4, qHP5, qHP7a, qHP7b, and qHP10. Takai et al. (2013) identified qHP4 in a chromosomal region containing the GPS (GREEN FOR PHOTOSYNTHESIS) gene by using the above-mentioned BIL mapping population. Similarly, a previous fine-mapping study revealed Carbon Assimilation Rate 8 (CAR8) as an An-enhancing QTL (Adachi et al., 2017). Whole-genome sequencing (WGS) is another genetic tool that can be used to identify genes susceptible to make photosynthesis more efficient. This requires the development of high-resolution mapping populations in the form of genotypically detailed diversity panels suitable for genome-wide association studies (GWAS). Together, natural variation associated with different traits can be determined, thereby providing breeders with marker-trait associations that can be directly exploited for crop design (Huang and Han, 2014; Ogura and Busch, 2015; Barabaschi et al., 2016). The use of natural variation to understand the genetic basis of photosynthetic efficiency represents a powerful tool. Indeed, this approach has been widely used to reveal the genetic basis of photosynthesis-related traits under changing environmental conditions in several crops (Panthee et al., 2006; Wang et al., 2016; Lv et al., 2018). Tsai et al. (2019) investigated photosynthetic efficiency under salinity stress and identified several chromosomal regions associated with chlorophyll fluorescence parameter variations, and identified some significant SNPs linked to genes involved in salt tolerance. It has been shown also that plants exhibit genetic variation for photosynthetic response to changing irradiance levels (van Rooijen et al., 2015). Additionally, the application of GWAS as a powerful tool to identify candidate genes for the improvement of crop productivity has been validated by its role in the discovery of many genome regions and genes associated to An and chlorophyll fluorescence under different stresses (Strigens et al., 2013; Fiedler et al., 2016; Ortiz et al., 2017; Su et al., 2019). Recently, a multi-parent advanced generation intercross (MAGIC) strategy was proposed to promote genome intercrossing and shuffling (Cavanagh et al., 2008). MAGIC populations have been developed for several plant species1 and used to create ideotypes under climate change (Bandillo et al., 2013; Lucas et al., 2013; Muchero et al., 2013; Huynh et al., 2018).

The functional dissection of photosynthesis can be undertaken also by forward genetic screens. Strategies, identification, insights and mutant effects have been reviewed previously (Somerville, 1986; Parinov and Sundaresan, 2000; Page and Grossniklaus, 2002; Luo et al., 2018; Döring et al., 2019). Knowledge obtained from mutant screenings can reveal new chloroplast functions, including those necessary for high photosynthetic performance, and accelerate the molecular characterization required for deciphering the genetic basis of plant photosynthesis for future improvements. For instance, Döring et al. (2019) identified genomic segments that contained mutated candidate genes to create a more C4–like bundle sheath by using a mapping-by-sequencing approach. However, a successful forward genetic screen needs an easily identifiable trait followed by a validation of the identified mutated genes by state-of-the-art technologies such as T-DNA knock-out lines, RNAi lines, or by gene-editing tools (Hahn et al., 2017). Indeed, genome editing approaches, such as transcription activator-like effector nucleases (TALENs) (Bedell et al., 2012; Li et al., 2012) and the CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 RNA-guided system (Cong et al., 2013; Feng et al., 2014), will enable precise genome engineering that could be useful to improve photosynthesis by generating targeted variations for precision breeding (Scheben and Edwards, 2017; Scheben et al., 2017). Crop breeding programs will benefit from the integration of modern genomics approaches, and the use of high-throughput genotyping/phenotyping platforms (see section “Semi- and High-Throughput Phenotyping Techniques to Measure Photosynthetic Traits”). Indeed, within the context of modern plant breeding, several molecular breeding approaches have been applied to introgress genomic regions into elite lines (Varshney et al., 2012). Marker-assisted selection (MAS), marker-assisted backcrossing (MABC), and gene pyramiding programs have been widely used in crop improvement to create desirable characters including high photosynthetic efficiency under (a) biotic stress conditions (Singh and Singh, 2015; Varshney, 2016; Cobb et al., 2018). While transgenic approaches have been successful in improving plant yield through improved photosynthesis (as highlighted in section “Modeling Photosynthesis in Crop Growth Models”), the genetic mapping of desired photosynthesis-related traits will require an efficient implementation of high-throughput, non-destructive phenotyping (see section “Semi- and High-Throughput Phenotyping Techniques to Measure Photosynthetic Traits” for more details) to assess them between plant genotypes (van Bezouw et al., 2018). The gap between genomes and phenotypes will be bridged by “omics” approaches, including transcriptomics, proteomics, hormononics, and metabolomics.



Photosynthesis and Transcriptional Regulation

About 3000 genes are required for a plant to carry out photosynthesis and high-throughput sequencing to quantify transcripts will help determine when and where a gene is turned on/off. The analysis of deregulated gene expression patterns controlling photosynthesis-related processes across a wide array of cellular responses, phenotypes, and conditions would help to engineer multiple aspects of photosynthesis in the future. This could be achieved by the manipulation of gene regulatory networks. For instance, genes encoding the four major multi-component complexes of the thylakoid membrane [PSII-LHC (light harvesting complex) II, cytb6f, PSI-LHCI, and ATP synthase] (cf. Figure 2) that work together to carry out light-dependent energy-production must be co-regulated to be efficient.


[image: image]

FIGURE 2. Light energy drives mainstream electron flow used by photosystem II (PSII) to reduce plastoquinone (PQ) to plastoquinol. The reducing equivalents on plastoquinol move through the electron transfer chain (ETC) to the cytochrome b6f complex and plastocyanin (Pc), releasing protons (H+) into the thylakoid lumen, while the electrons are used by photosystem I (PSI) to reduce ferredoxin (Fd), again driven by light-supported ETC through PSI. Reduced Fd is coupled to Fd:NADP(H) oxidoreductase (FNR) that catalyzes the reduction of NADP+ to NADPH. The oxidation of water by PSII and the oxidation of plastoquinol by the cytochrome b6f complex allows the generation of a ΔpH between the thylakoid lumen and the stroma, essential for generating ATP via the ATPase and balancing the proportion of ATP:NADPH produced by electron transfer that is required to function the Calvin cycle that assimilates CO2 and leads to sugar production, and plant growth.


Photoreceptors regulate the expression of many genes important for plant performance including the initiation of chloroplast biogenesis, chloroplast gene transcription, chlorophyll biosynthesis and photosynthetic-associated processes like chloroplast movements and stomatal opening (Lepistö and Rintamäki, 2012; Legris et al., 2019), therefore engineering these genes could be of great interest to improve photosynthetic traits. The modulation of certain phytochrome gene families, especially PHYA and PHYB, in several crops of interest plays an important role in determining the enhancement of quality and yield as well as the development of agronomically important traits including abiotic stress tolerance (Franklin and Whitelam, 2007; Abdurakhmonov et al., 2014; Gupta et al., 2014; Gururani et al., 2015; Martín et al., 2016; Shin et al., 2016). At least 41 transcription factors (TFs) have been described in Arabidopsis to act downstream of photoreceptor genes, the most characterized being PHYTOCHROME INTERACTING FACTOR (PIF) and PIFLIKE (PIL) families of basic helix-loop-helix (bHLH) proteins. Most plastid-encoded genes appear to be regulated by several sigma factors with overlapping functions. Stress-responsive TFs such as MYC (myelocytomatosis oncogene)/MYB (myeloblastosis oncogene), bZIP, NAC (NAM, ATAF, and CUC) and ZF-HD (zinc-finger homeodomain), CBF/DREB, and AREB/ABF (ABA-responsive element-binding protein/ABA-binding factor) are known to regulate the expression of photosynthetic genes in response to abiotic stresses. Homeobox homeodomain leucine-zipper (HD-Zip) TFs have diverse functions during plant development and stress adaptation, and some members of this family are under the control of the phytochrome system such as ARABIDOPSIS THALIANA HOMEOBOX 2 (ATHB2) (Kunihiro et al., 2011). ATHB17-overexpressing plants enhance abiotic stress tolerance by coordinating both photosynthesis-associated nuclear genes (PhANGs) involved in the light reactions and an essential nucleus-encoded Arabidopsis σ-Like Factor (AtSig5) (Zhao et al., 2017). The functional analysis of transgenic wheat overexpressing Nuclear Factor Y (TaNF-YB3) provided evidence for the positive involvement of the TF gene TaNF-YB3 in the regulation of photosynthesis genes leading to an increase in leaf chlorophyll content and photosynthetic rate (Stephenson et al., 2011). Rice plants over-expressing HARDY (HRD), an AP2-EREF-like TF, showed drought tolerance, thicker leaves, more chloroplast-bearing mesophyll cells, and improved water use efficiency by enhancing photosynthetic assimilation and reducing transpiration thus contributing to increased biomass in a water-limiting environment (Karaba et al., 2007). Genetically engineering stress-responsive TFs regulating photosynthesis-related genes to modulate stress tolerance may hold promising beneficial traits of agronomic interest including improved productivity.

Further targets for improving photosynthetic traits could be to modulate TFs known to directly control the photosynthetic machinery. GOLDEN TWO-LIKE (GLK) TFs, key mediators of developmental control, have been implicated in positively regulating both chloroplast formation and coordinating the expression of photosynthetic apparatus genes, such as LIGHT HARVESTING COMPLEX PROTEIN genes and tetrapyrrole synthesis genes HEMA1, GUN4, GUN5/CHLH, and CHLOROPHYLL A/B OXIDASE (CAO) (Waters et al., 2009; Powell et al., 2012; Nguyen et al., 2014). Furthermore, the nuclear GATA NITRATE-INDUCIBLE CARBON-METABOLISM-INVOLVED (GNC) TF is involved in the control of both chloroplast development from the proplastid and control of chloroplast growth and division (Bastakis et al., 2018).

Since the ectopic overexpression of some genes might result in the overexpression of other genes (since many genes are coordinately regulated, for instance by photoreceptors) and increase the levels of associated proteins with undesired phenotypic modifications that could increase trade-offs within the agronomic characteristics and worsen productivity, even when photosynthetic performance has been improved. Therefore, it might be required to modulate only photosynthesis-related genes to accomplish the desired boosting of crops under adverse environmental conditions.

The physiological and biochemical changes in plants under specific stress conditions are related to altered gene expression, with a common set of about 750 nuclear-regulated genes responsive to changes in photosynthetic redox state (Jung et al., 2013). Genes showing redox-regulated expression characteristics are either directly involved in or connected to photosynthesis (Pfannschmidt, 2003). Adverse environmental conditions often lead to chloroplast damage including photoinhibition but this can be limited by acclimation mechanisms, many of which are based on ROS generation and/or the triggering of regulatory redox-reactive molecules (e.g., thioredoxins, and reduced glutathione). These redox-molecules can regulate transcription by interacting with TFs and other signaling molecules and thus deregulate the expression of photosynthetic component genes at multiple levels of signal transduction cascades and signaling pathways. Targeting such acclimation mechanisms, at the gene level, could help improve photosynthesis and plant adaptability under abiotic stresses. To achieve this, a better understanding of how triggered regulatory redox-reactive molecules deregulate the expression of photosynthetic component genes is required. Furthermore, the identification of redox signal targets and/or stress-responsive TFs could help identify unknown photosynthesis-related genes.

Although redox-associated changes in nuclear gene expression have been described, only a limited number of TFs that mediate transduction of redox signals controlling chloroplast signaling have been identified (Pesaresi et al., 2009; Petrillo et al., 2014). The over-expression of the zinc finger transcription factor, ZAT10, altered photosynthetic rates and resulted in enhanced tolerance to light and exogenous H2O2 photoinhibition, and increased expression of ROS detoxification genes whose products were targeted to multiple subcellular compartments (Rossel et al., 2007). Also, three A-type heat-shock transcription factors (HSFs) -HSFA1D, HSFA2, and HSFA3- were found to be key factors regulating the gene encoding ASCORBATE PEROXIDASE 2 (APX2) in response to a redox-generated plastid stress signal (Jung et al., 2013). Furthermore, RADICAL INDUCED CELL DEATH PROTEIN 1 (RCD1) stabilized the TF Rap2.4-dependent redox-regulation of genes encoding chloroplast antioxidant enzymes, although it was also found to be essential for protecting cells from photooxidative stress, in a widely redox-independent manner (Hiltscher et al., 2014). Recent promising approaches targeting chloroplast energy balance via AOX, a mitochondrial terminal alternative oxidase (Vanlerberghe, 2013; Vanlerberghe et al., 2016; Dahal and Vanlerberghe, 2017, 2018) and the overexpression of CBF (C-repeat binding factor) transcription factors (Dahal et al., 2012; Kurepin et al., 2013; Hüner et al., 2014) have been reported to enhance plant photosynthetic performance under stress conditions.

It can be seen that the manipulation of TF to modulate gene networks and gene expression is an avenue that could be exploited to engineer crops for enhanced photosynthesis and productivity under adverse environmental conditions. To achieve such aims, efforts are required to identify the appropriate TFs. Also, deep learning techniques that exploit large scale data set analyses (chromatin accessibility assays, microarray, RNA-seq expression, ChIP-seq data, gene expression profiles, DNA affinity purification sequencing, ampDAP-seq) to help resolve complex biological problems in transcriptomics need to be developed further.



Proteomics

Photosynthesis is mediated by the coordinated action of ca. 3000 nuclear-encoded preproteins synthesized in the cytosol and imported into organelles through special machineries (Nakai, 2015; Baslam et al., 2016) in envelope membranes. About 2400 of these proteins are found in the chloroplast (Friso et al., 2004), while only ca. 100 proteins are encoded by the chloroplast genome. Many environmental changes lead to an imbalance in photosynthetic electron transfer due to a modification of the redox potential of ETC components as well as functionally coupled pools of redox-active compounds (e.g., thioredoxins and glutathiones) thus affecting photosynthetic efficiency (Roach and Krieger-Liszkay, 2014; Larosa et al., 2018; Jimbo et al., 2019; Takagi et al., 2019). This imbalance can be redressed by the photosynthetic control of LHC, PS, and cytb6f stoichiometry.

In order to prevent ROS generation, PSI must be induced to accept electrons when PSII is strongly active in the daytime by shorter-wavelength light. The mechanism of induction of PSI occurs through the de-phosphorylation of sigma factors by redox signals monitoring PQ status (Shimizu et al., 2010). Redox proteomics has been developed to monitor the redox dynamics of cellular proteins under environmental stimuli (Ansong et al., 2014; Sadler et al., 2014; Ameztoy et al., 2019). Application of this technology to plants and chloroplasts has identified novel protein targets undergoing thiol modifications [e.g., NADPH-dependent thioredoxin reductase C (NTRC), chloroplastic fructose 1,6-bisphosphatase (FBPase)] and plastid redox signaling networks to maintain a high photosynthesis efficiency which is important for the global adjustment of plant metabolism (Lindahl and Kieselbach, 2009; Hall et al., 2010; Dietz and Pfannschmidt, 2011; Ameztoy et al., 2019). Quantitative phosphoproteomic profiling using isobaric tags for relative and absolute quantitation (iTRAQ) showed that ROS generated by an oxidative burst under drought stress could trigger NO synthesis to protect the photosynthetic apparatus by modulating the phosphorylation of diverse proteins such as LHC, thylakoid-bound Ser/Thr kinase STN7, and chloroplast post-illumination chlorophyll-fluorescence-increase protein (PIFI). ROS produced under drought conditions provoked an increase of the cellular concentration of Fe2+ ions, resulting in an increased electron transfer to oxygen via the Fenton reaction (de Carvalho, 2008). Similar effects are observed under nutrient starvation, including Mg2+ and Fe2+, which are essential co-factors for several redox-active proteins in the photosynthetic ETC. More recently, Inomata et al. (2018) reported the chloroplast phosphoproteome profile of a rice nucleotide pyrophosphatase/phosphodiesterase 1 (NPP1) mutant. This study highlighted that the loss-of-function of NPP1 in rice leaves increased stomatal conductance, photosynthesis, starch, and sucrose storage while also impacting proteins involved in carbohydrate metabolism and protein synthesis system under high temperature and CO2 conditions. Their data indicated that NPP1 plays a crucial role in carbon flux by transporting carbon taken up from starch and from cell wall polysaccharide biosynthesis to other metabolic pathways in response to the physiological needs of the cell.

Using proteomics, five new photosynthetic activity responsive transcriptional regulators were classed as redox-active in response to nutrient limitation in the photosynthetic cyanobacteria Synechococcus sp. PCC 7002. These were RbcR regulating the rbc LXS operon, Fur and Zur regulating iron and zinc homeostasis, respectively, cyAbrB regulating N and C metabolisms, and a TetR family regulator (Sadler et al., 2014). Furthermore, proteomics has led to the identification of proteins that mediate redox control during RNA maturation and transcription. These RNA plastid-encoded polymerase (PEP)-associated proteins are plastid transcription kinases (PTKs) (such as STN, CSK, and cpCK2), which respond to changes in thiol/disulfide redox state mediated by glutathione (Baginsky et al., 1999), and can phosphorylate the sigma-like TF, SIG6, involved in the regulation of chloroplast gene transcription. Similarly, these PTKs are under the control of the chloroplast GSH (glutathione) pool, suggesting a GSH-mediating redox control of their activities (Baena-González et al., 2002). Proteomics has identified also several heat-responsive TFs and proteins, such as MYB, WRKY, DnaJ protein (LeCDJ1), heat shock proteins (HSPs), filamentous temperature-sensitive H (ftsH11), sedoheptulose-1,7-bisphosphatase (SBPase), and constitutive or stress-inducible key enzymes (Chen et al., 2006; Rushton et al., 2012; Yang et al., 2012; Grover et al., 2013; Kong et al., 2014). (Phospho)-proteomic analyses suggested that heat-responsive phosphorylation levels of some important proteins [e.g., protochlorophyllide reductase (POR), oxygen-evolving complex (OEC), RuBisCO, and phosphoenolpyruvate carboxykinase (PEPCK)] were modulated, thus indicating that post-translational modifications (PTMs) were critical processes for plant heat tolerance (Hu et al., 2015; Walker et al., 2016). A proteomic approach has shown the role of PSII protein phosphorylation [e.g., the minor antenna polypeptide Lhcb4 (CP29)] in PSII protection and in the photoinhibition-repair cycle (reviewed in Aro et al., 2004).

In order to optimize leaf gas exchange under stressful environmental conditions, proteins related to stomatal development have been identified. Indeed, plants can modulate stomatal aperture, density, and placement through signaling pathways involving peptide ligands, transmembrane receptors, and mitogen-activated protein kinase (MAPK) modules. The TFs bHLH [including both MUTE and FAMA, inducer of CBF expression 1 (ICE1/SCRMI), HIGH CARBON DIOXIDE (HIC) protein, PHYTOCROME INTERACTING FACTOR (PIF), mitogen-activated protein kinases (MPKs), and their upstream MKK, YODA, SPCH, C2/H2-type zinc-finger proteins (SZT and AZF2)] have been described to regulate stomatal response to environmental perturbations and improve stress tolerance (Gray et al., 2000; Chinnusamy et al., 2003; Sakamoto et al., 2004; MacAlister et al., 2007; Wang et al., 2007; Kanaoka et al., 2008; Casson et al., 2009; Pillitteri and Dong, 2013). EPIDERMAL PATTERNING FACTOR 1 and 2, and STOMAGEN are secreted peptides that regulate the function and development of stomata (Hara et al., 2007; Hunt and Gray, 2009; Sugano et al., 2010). Furthermore, the α-subunit of the heterodimeric G protein (GPA1) and ERECTA protein are known to regulate plant transpiration efficiency by regulating stomatal density (Masle et al., 2005).

Interestingly, chloroplast proteome turnover is crucial to cell homeostasis and adaptation to changing conditions. In their review, Izumi and Nakamura analyzed the influence of extra-plastidial processes on the turnover of chloroplast proteins (Izumi and Nakamura, 2018). Fine-tuning protein turnover, and/or increasing the efficiency of respiratory ATP production can help “maintenance respiration” -the energy required to maintain mature tissue biomass when growth rate is zero (Thornley, 2011; O’Leary et al., 2017; Machacova et al., 2019)-, and hence reduce carbon loss. This process can be a primordial factor in determining growth rate and it may also impact biomass formation. Indeed, growth rate is negatively correlated with protein turnover among Arabidopsis accessions (Ishihara et al., 2017). For instance, eliminating THI4 (a suicide enzyme in thiamin biosynthesis) protein turnover, increased crop biomass accumulation by 4% by essentially reducing the high energy costs and loss of photosynthetically fixed carbon to produce thiamin (Hanson et al., 2018).

As thousands of different proteins make up the machinery of plant cells, proteomics and its derivatives (phosphoproteomics, redox proteomics, and peptidomics) are important tools to better understand processes that regulate protein synthesis and degradation in plants such as protein turnover, abundance, location, compartment-specific proteases/peptidases, protein interactors, and PTMs (e.g., phosphorylation, ubiquitination, nitrosylation, and carbonylation) in steady and non-steady state scenarios. Establishing an integrated understanding of the processes that underpin changes in protein expression under several physiological and developmental scenarios could define new targets to rationally engineer photosynthesis for agronomic gain.



Hormonomics

Chloroplasts synthesize hormones that are known to play a critical role in photosynthesis gene expression and to participate as signaling molecules in stress signal transduction. Phytohormones including brassinosteroids (BRs), abscisic acid (ABA), cytokinins (CKs), salicylic acid (SA), ethylene, jasmonate, and auxins have been implicated in the control of stomatal development and function in response to environmental stresses, which ultimately impact photosynthesis. The importance of ABA as a central regulator and integrator of long-term changes in stomatal behavior was revealed by Dittrich et al. (2019). Under stress environments, such as drought, ABA induces stomatal closure through calcium-sensing receptor signaling driven by NO accumulation via H2O2 production in guard cell chloroplasts leading to membrane depolarization and loss of guard cell volume and turgor (Wang et al., 2012). ABA-dependent guard cell closure has been shown also to be regulated by the guard cell anion channel SLAC1, together with the protein kinase OST1 (Hedrich and Geiger, 2017). Using genetic approaches, Chater et al. (2015) showed that either guard cell ABA or ABA receptors, PYR/PYL/RCAR, were sufficient to mediate a [CO2]-induced stomatal density response. However, recently a model for the convergence of CO2 and ABA signal transduction downstream of OST1 protein kinase activation has been reported (Hsu et al., 2018). Transgenic rice and Arabidopsis plants overexpressing the pyrabactin resistance 1-like (PYL) family of ABA receptors promoted resistance to extreme drought stress by reducing transpiration rate and stomatal conductance thus enhancing the photosynthetic rate and water use efficiency (Zhao et al., 2016). Efforts have been made to improve photosynthetic efficiency by engineering the photosynthesis-related transcription factor, ABA-responsive 17 (ABR17) (Grover et al., 2013). Constitutive expression of ABA-responsive element-binding protein (ABP9) increased photosynthetic capacity, carbon use efficiency and tolerance to high temperature and water stress (Zhang et al., 2008). Xiong and Zhu (2003) suggested that genotypes with putative constitutive high ABA concentrations could be more tolerant to environmental stresses. ABA can also protect the photosynthetic apparatus against photoinhibition by modulating the xanthophyll cycle and by increasing the recovery rate of photo-inactivated PSII complexes (Saradhi et al., 2000). Therefore, altering stomatal sensitivity to ABA could allow plant acclimation to changing environments by optimizing gas exchange for photosynthesis.

A water deficit stimulates not only ABA synthesis but inhibits the production of CKs resulting in an imbalance between the two hormones in leaf tissues and this can control physiological responses (e.g., stomatal closure) that lead to whole plant higher adaptive fitness (Pospisilova et al., 2005; Tanaka et al., 2006). The action of CKs is mediated mainly by AHK3 receptors and several TFs (i.e., ARR1, ARR10, and ARR12) that regulate nuclear gene expression encoding plastid proteins (e.g., LHC, RuBisCO), plastid-related protein abundance [e.g., gamma-subunit of ATP synthase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ClpP, ribosomal protein L21], and downstream TFs (i.e., CGA1, GNC, HY5, GLK2, CRF2). In this way, CKs modulate chloroplast development, division, and function (Chiang et al., 2012; Cortleven and Schmülling, 2015; Okazaki et al., 2015). Transcriptomic responses to CKs include over 100 different photosynthesis genes (Brenner et al., 2012) while a (phospho)-proteomic study identified about 50% of CK-regulated proteins to be localized in the chloroplast (Černý et al., 2011). Under high light stress, CKs show a protective function by decreasing photoinhibition, mediated by AHK2 and AHK3 receptors and the TFs ARR1 and ARR12 (Cortleven et al., 2014).

Genetic and pharmacological studies have implicated BRs in stomatal development and patterning. Kim et al. (2012) reported that the BR-insensitive mutants bri1-116 and bsu-q (amiRNA-BSL2,3 bsu1 bsl1 quadruple mutant) contained only paired guard cells, and lacked other epidermal cells. Genetic analyses indicated that receptor kinase-mediated BR signaling inhibited stomatal development through glycogen synthase kinase 3 (GSK3)-like kinase BIN2, which acts upstream of the MAPKKK YODA, and mediates signaling by ERECTA family receptor kinases. Previous studies had also demonstrated key functions of BRs in inhibiting photosynthetic gene expression, and promoting cell elongation, chloroplast senescence, and floral induction (Li et al., 1996). Furthermore, it was found in leaves and cotyledons that BR-promoted stomatal formation was via a cross-communication of the YDA-MKK4/5-MPK3/6 cascade and the basic helix-loop-helix transcription factor SPEECHLESS (SPCH), a regulator of the entry, amplifying and spacing divisions that occur during stomatal lineage development (Gudesblat et al., 2012).

As photosynthetic gas exchange and transpiration balance are impacted by altered stomatal patterning under changing environmental conditions, auxin control of stem cell compartment size, as well as auxin depletion as the switch from unequal to equal divisions, play key roles during stomatal development. High auxin activity has been observed during unequal cell divisions in stomatal patterning, whereas a decrease in auxin activity promoted guard mother cell (GMC) fate and its subsequent equal division into two guard cells. Similarly, an auxin-resistant mutant where AUX/IAA proteins failed to interact with the auxin receptor, leading to auxin insensitivity, was defective in the suppression of stomatal development in dark-grown seedlings (Balcerowicz et al., 2014). Zhang et al. (2014) reported that auxin negatively regulated stomatal development through MONOPTEROS (MP) repression of mobile peptide STOMAGEN gene expression in mesophyll cells where photosynthesis mainly takes place (Zhang et al., 2014). The regulation of stomatal and vascular developments by MP indicated that MP should play a role in photosynthesis and the transpiration system for optimizing plant growth and development. Loss-of-function quadruple mutants, pin2, 3, 4, 7 and pin1, 3, 4, 7 of the PIN gene family, controlling PIN protein-mediated auxin transport, showed stomatal defects (Le et al., 2014). Moreover, Ogura et al. (2019) identified a new gene, EXOCYST70A3 that directly regulated root system architecture by affecting the distribution of PIN4 and hence controlling the auxin pathway without disrupting other pathways. This study suggested that EXO70A3-dependent variation in the control of root system architecture could result in improved photosynthesis and help plants fight climate change. Taken together, such studies showed the important roles of stomata in photosynthesis and global carbon and water circulation and suggest that coordinating stomatal development with photosynthesis could be achieved by manipulating auxin signaling specifically in the mesophyll cells without disturbing whole plant development.

Salicylic acid (SA) acts as an important signaling molecule and influences various physiological and biochemical functions in plants, playing an important role in plant responses to biotic and abiotic stresses. Under chilling stress conditions, inhibition of SA biosynthesis by L-α-aminooxy-β-phenyl propionic acid (AOPP) increased PSII photooxidation, leading to the generation of ROS and impairment of photosynthesis and growth, whereas applying SA at moderate concentrations induced a stress tolerance by restoring the photosynthetic machinery (Cheng et al., 2016). Other studies have shown that SA treatment alleviated carbon assimilation and several components of PSII electron transfer under heat stress by increasing proline production through the increase in γ-glutamyl kinase (GK) and a decrease in proline oxidase (PROX) activity, resulting in the promotion of both osmotic and water potentials necessary for maintaining photosynthetic activity (Wang et al., 2010; Nazar et al., 2011). Under salt stress, it was revealed that SA could modulate photosynthetic capacity due to its interaction with metabolic signaling by ROS (including H2O2), and glutathione (Arfan et al., 2007; Nazar et al., 2011; Sewelam et al., 2016). Indeed, Miura et al. (2013) reported that SA accumulation in siz1 [small ubiquitin-like modifier (SUMO) E3 ligase] mutant plants enhanced stomatal closure and drought tolerance by controlling guard cell ROS accumulation, while the introduction of salicylate hydroxylase (NAHG) into siz1, which reduced SA accumulation, restored stomatal opening (Miura et al., 2013). Furthermore, other SA-accumulating mutants, cpr5 and acd6, exhibited stomatal closure thus reducing the entry of sufficient CO2 for optimal photosynthesis while hindering the movement of water vapor and hence leading to drought tolerance (Miura et al., 2013).

In addition to the SA pathway, jasmonic acid (JA)-signaling (co)-regulates a wide-range of plant developmental processes and responses to biotic and abiotic stresses that probably involve the photosynthesis machinery. Indeed, the examination of high-throughput gene expression data for heat stress and methyl jasmonate (MeJA) responsive genes using GENEVESTIGATOR (Zimmermann et al., 2004), an online tool for large-scale expression data analysis, revealed a preponderance of genes associated with protein translation and photosynthetic electron transport, which could represent features associated with cellular recovery following heat stress (Clarke et al., 2009).

Ethylene receptor mutants show altered photosynthetic properties and they are sensitive to abiotic stresses. Indeed, Arabidopsis etr1 mutants have demonstrated the role of ethylene receptor ETR1 in guard cell H2O2 signaling (Desikan et al., 2005). Other studies showed that ethylene-insensitive mutants, etr1-1 and ein2, had smaller stomata, possessed lower chlorophyll and CAB (chlorophyll a/b binding complex) contents, RuBisCO activities, and had a lower whole-plant and leaf photosynthetic capacity, suggesting the role of basal ethylene perception in controlling stomatal conductance and photosynthetic capacity (Grbic and Bleecker, 1995; Tholen et al., 2007). Other seminal works suggested that ethylene-responsiveness was required for the fine regulation of PSII photochemical efficiency (Kim et al., 2017) and carbon fixation by achieving maximal RuBisCO activities through ethylene-responsive factors (ERFs) (Bracher et al., 2017; Xie et al., 2017). The control of photosynthesis by ethylene also affected plant biomass production by influencing final plant size (Ceusters and Van de Poel, 2018). Ethylene was found to directly control photosynthesis in juvenile non-senescing leaves and acted indirectly in mature leaves by promoting senescence.

In conclusion, it can be seen that hormonal networks influence plant photosynthesis and therefore they could assist us to develop new strategies to improve plant productivity and to help plants tolerate severe environmental conditions.




PHYSIOLOGICAL TRAITS INVOLVED IN THE MAINTENANCE OF PHOTOSYNTHESIS AS TOOLS FOR CROP IMPROVEMENT IN A CONTEXT OF CLIMATE CHANGE

Crop growth is linked to the assimilation of ambient CO2 through photosynthesis, in which green plants convert sunlight, water, and CO2 into O2 and carbohydrates. During the last decade, different studies have highlighted that the improvement of plant photosynthetic rates can be a strategic tool to increase crop yields (Reynolds et al., 2011). Several studies analyzing the impact of overexpression of proteins linked with CO2 assimilation have shown an increase in photosynthesis and plant growth (Driever et al., 2017; Kubis and Bar-Even, 2019; Ermakova et al., 2019; see section “Metabolic Engineering to Improve Photosynthesis and Elevated CO2 Acclimation” for details). Further, as described by Parry et al. (2011), increases in wheat yield potential during the last decades have been associated with increased photosynthesis while Flood et al. (2011) have shown that variations in either the efficiency or capacity of photosynthesis can lead to variations in growth rate and productivity. Within this context, the adaptive potential of photosynthesis to changing environments depends on the degree of genetic variation for photosynthesis that is present within a population (Flood et al., 2011). Indeed, different studies (Peng et al., 2001; Hubbart et al., 2007) show that since 1980, increases in rice yield, rather than harvest index, correlate better with increases in biomass. Furthermore, the fact that varieties released after the 1980’s show higher saturating photosynthetic rates when compared to older varieties suggest that varieties with higher biomass values would be the ones with improved photosynthesis. This suggests that breeding programs aiming to improve crop biomass production will also have an effect on photosynthetic physiology (Flood et al., 2011). Supporting this observation, the increase in crop yields detected in plants grown under elevated [CO2] (Ainsworth and Long, 2005; Long et al., 2006; Sanz-Saez et al., 2017; Torralbo et al., 2019) are also associated with higher photosynthetic rates measured under such conditions.

Yield depends on many factors such as the efficiency of light interception (LI), the radiation use efficiency of light energy conversion to biomass (RUE) and the fraction of biomass that is contained in harvested organs. Leaf morphological and physiological characteristics are two target factors conditioning variation in photosynthetic properties of individual leaves that are influenced by environment and genetics (Flood et al., 2011). Furthermore, genetically based differences in leaf morphology are commonly encountered at the interspecific level, and often correlate with growth (Hikosaka, 2010). During the last decade, the enhancement of plant light capturing surface and conversion of light energy has been a major target of crop breeders (Murchie et al., 2009). Within this context, a clear example of this strategy has been the increase in the development of erect leaves with a higher leaf area per unit ground area that enables more efficient radiation capture (Murchie et al., 2009). Despite this, it should be noted that the major step that is not yet near to the maximum is light conversion efficiency to biomass which is only at 50% of its theoretical level (see Zhu et al., 2008; Long et al., 2015; Slattery and Ort, 2015). However, despite its potential, selection based on improving photosynthesis was not properly considered during the last decades.

The assimilation of CO2 is a complex process that involves multiple genes, regulatory mechanisms, and different metabolic pathways and plant structures working together. The overall photosynthetic process is determined by CO2 diffusion to the chloroplast (conditioned by stomatal opening and mesophyll conductance), the capture and conversion of light energy to make ATP and NADPH (the light reactions) required for the assimilation of CO2 to produce sugar-phosphates used to regenerate RuBP, the molecule used to fix CO2 by RuBisCO, and to produce complex sugars like starch and sucrose. However, as mentioned in the introduction, O2 competes with CO2 at the RuBisCO active site thus reducing photosynthetic CO2 assimilation capacity and producing toxic 2-PG (Flugel et al., 2017) that is removed by the photorespiratory cycle. Photorespiration has a high energetic cost and it leads to the potential loss of carbon and nitrogen in the form of CO2 and ammonium. It has been calculated that photorespiration can reduce photosynthetic energy conversion to yield of certain important C3 grain plants by 20−50% (see South et al., 2019), including soybean and wheat (Walker et al., 2016). Therefore, photorespiration became a target for crop improvement (see section “Metabolic Engineering to Improve Photosynthesis and Elevated CO2 Acclimation”). However recent studies (Betti et al., 2016; Eisenhut et al., 2017) suggest that reducing photorespiration may not always have beneficial effects since a higher photorespiratory capacity would contribute to: (1) maintaining Calvin cycle activity; (2) decreasing excess reducing power (a target under stressful growth conditions such as exposure to drought, salinity, cold, etc.); (3) improving nitrate assimilation under elevated CO2 conditions. Similarly, it was found that under low CO2 availability conditions, unrestricted photorespiratory metabolism favored plant performance (Eisenhut et al., 2017). Therefore, modulating photorespiration would probably be important to maintain or improve crop yield under certain environmental conditions that alter the chloroplast CO2/O2 ratio in favor of O2.



SEMI- AND HIGH-THROUGHPUT PHENOTYPING TECHNIQUES TO MEASURE PHOTOSYNTHETIC TRAITS

Within the context of climate change, it is crucial to identify the crops that will perform better under the current and near-future conditions in the field. However, current breeding programs are constrained by the limitations of field phenotyping methods (Araus et al., 2018). During the last decade, different phenotyping platforms have emerged as a strategic tool to characterize crop performance. The light reactions can be studied by measuring chlorophyll fluorescence, whereas photosynthesis and respiration are studied by measuring CO2 exchange between the plant and the atmosphere using infrared gas analyzers (IRGA). Depending on the type of parameter, measurements can take a few minutes, such as leaf chlorophyll fluorescence or respiration measurements, to 30−90 min, as is the case of photosynthetic parameters such as maximum rate of RuBisCO carboxylation (Vcmax) and maximal rate of electron transport (Jmax) that are calculated using photosynthesis to CO2 curves, named A-Ci curves (Farquhar et al., 1980; Bernacchi et al., 2003).

These parameters can be used to distinguish differences of photosynthetic efficiency under different environments allowing researchers to identify better-adapted cultivars (Aranjuelo et al., 2009, 2013; Sanz-Saez et al., 2017); or be used as input parameters for earth systems models that predict ecosystem responses to environmental changes (Rogers, 2014). However, a lack of information about Vcmax and Jmax in some species in several ecosystems is the major source of error using earth systems models (Rogers, 2014). Another parameter that can be useful for the selection of abiotic stress-tolerant cultivars is dark respiration (Rd) (Vanlerberghe and McIntosh, 1997; Millar et al., 2011). Recently, high-throughput methodologies based on O2 consumption have been developed (O’Leary et al., 2017; Scafaro et al., 2017), and they can rapidly (in 1−2 min) measure precise respiration rates. However, this requires the leaf to be removed from the plant and introduced into a measuring chamber, therefore it is destructive and thus not the best option. The latest technology used to estimate this parameter is a non-destructive technique that uses leaf reflectance spectroscopy, and it will be described below.

With the rise of the genomic era, screening of entire populations for traits of interest has become paramount to associate specific genomic regions with a given plant trait (see Section “Genomics to Study the Natural Variation of Plant Photosynthetic Efficiency”). Genomic approaches need the implementation of technologies that allow the rapid measurement of photosynthetic and fluorescence traits to screen hundreds of cultivars in the shortest amount of time. Here, we will summarize semi- and high-throughput phenotyping methods to estimate parameters related to: (1) gas exchange such as Vcmax, Jmax, and Rd using the latest LI-COR 6400 and LI-COR 6800 methodologies as well as hyperspectral reflectance; and (2) chlorophyll fluorescence such as solar-induced fluorescence (SIF) and stimulated fluorescence by a known source of light.


Semi- and High-Throughput Phenotyping Methods Related to Gas Exchange Parameters

In this subsection, the most recent literature focusing on two aspects of high-throughput phenotyping (HTP) of photosynthetic parameters are summarized and discussed: (1) New semi-HTP methodologies to estimate Vcmax and Jmax using the Rapid A-Ci Response (RACiR) method for LICOR IRGA equipment and the use of the leaf excision method to estimate Vcmax, Jmax, and light-saturated photosynthesis. (2) The use of hyperspectral reflectance technology to estimate gas exchange parameters such as Vcmax, Jmax, and Rd.


Semi High Throughput Phenotyping Methods to Measure Gas Exchange Parameters

In order to estimate Vcmax and Jmax, A-Ci curves need to be performed using an IRGA system. In regular A-Ci curves, the leaf receives different CO2 concentrations ([CO2]) in the IRGA chamber containing the leaf, usually from 50 μmol CO2 mol–1 up to 2000 μmol CO2 mol–1 (Long and Bernacchi, 2003). During this measurement, each time that [CO2] is increased, leaf photosynthesis and stomatal conductance are measured after reaching a steady-state equilibrium (Long and Bernacchi, 2003), which may take between 3 and 6 min per step. In this way, 30 to 90 min are needed per one A-Ci curve, which makes this method a Low Throughput Phenotyping technique.

Due to modifications in the way that the reference and sample IRGAs are placed in the new LI6800, Stinziano et al. (2017) were able to develop a Rapid A-Ci response curve protocol with a duration of approximately 12 min. The new design can minimize lags between the reference and the sample IRGAs thus generating a constant ramp rate for CO2 control. In this method, the leaf is first stabilized at a [CO2] of 500 μmol mol–1 before being reduced to 0 μmol mol–1 at a rate of 100 μmol mol–1 min–1. Data is recorded at a rate of 0.5 Hz, which is equivalent to a measurement every 2 s, therefore assuring that changes in photosynthetic response can be recorded. In order not to miss data near the inflection point of the A-Ci response curve, Stinziano et al. (2017) added another set of measurements from 300 μmol mol–1 to 800 μmol mol–1 to complete the curve (Figure 3). Plotting together these 2 curves, the authors were able to fit the data to the Farquhar-von Caemmerer-Berry (FvCB) model, thus obtaining Vcmax and Jmax estimates that were very close to those calculated from a standard A-Ci curve. However, this method has some limitations; for example, although the physical separation between the reference and the sample chamber has been reduced, it still produces a lag between the two signals that is increased when the volume of the sample chamber has to be mixed. This lag creates a differential in CO2 concentration that if not corrected can cause very significant variations in the measurements. To correct this lag, an empty chamber rapid A-Ci curve is run for each CO2 ramp (Stinziano et al., 2017). In addition, Stinziano et al. (2019) produced a best practices guide in which they indicated under which conditions an empty chamber A-Ci curve was needed. Taylor and Long (2019) found significant offsets in Rd (95% variation) and CO2 compensation point (Γ, 11% variation). According to their published data, RACiR curves can be a good tool to perform semi-HTP measurements in plant populations, being able to perform up to 60−80 A-Ci curves per day (8-h day) and per machine. However, when starting any experiment, a set of standard A-Ci curves should be performed to test that the method is working for each species and/or environmental condition. Therefore, this RACiR methodology only appears to be worth the effort when analyzing hundreds of samples at the same environmental condition as is often the case for GWAS and/or QTL experiments (Dhanapal et al., 2015; Herritt et al., 2018; Luo et al., 2018). For small experiments where only a few cultivars/species are to be analyzed, it is more reasonable to do standard A-Ci curve measurements even if it is more time consuming, as they can be used to obtain other important information such as Cc, gm (Harley et al., 1992), Rd and Γ that can give further valuable information about the physiological state of the plant.
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FIGURE 3. The Rapid A-Ci curve method generates a wealth of data that when corrected to reduce the lags of the empty chamber, etc., overlay well onto the “standard” A-Ci curve. In this case, a modification of an A-Ci curve from Populus deltoides is shown. The graph has been adapted from Figure 2 (Stinziano et al., 2017) by the author of the manuscript. Data for the “standard” A–Ci curve are presented as the mean of the mean (s.e.m.) for three measured responses on the same leaf of a single seedling (gray dots), while RACiRs were replicated once per CO2 range per seedling on the same leaf at the same location as the “standard” A–Ci curve. The best RACiRs were produced by ramping [CO2] from 500 to 0 (blue) and from 300 to 800 (red). For statistical information about the curve fits and the calculated parameters, please check Stinziano et al. (2017).


Other problems occurring when measuring A-Ci curves or mid-day photosynthesis under field conditions on hundreds of samples include a transient decrease in water potential, a decrease in chloroplast inorganic phosphate concentration, and a decrease in maximum PSII efficiency. These can all occur after a few hours of light exposure making it difficult to compare measurements at the beginning with those taken at the end of the day (Ainsworth et al., 2004). When measurements are performed in the field, changing environmental conditions can alter the photosynthetic response of the plants thus making it difficult to determine treatment effects. With this in mind, Ainsworth et al. (2004) developed the “leave scission method” where soybean leaves were cut pre-dawn under water, stored in the dark, and stimulated at saturating light, at least 30 min before measurements were recorded. Using this method, all samples were measured under the same temperature, light intensity, and biochemical state. A-Ci curves have been performed in this way for the last 15 years with successful results with soybean (Ainsworth et al., 2004; Bernacchi et al., 2005; Sanz-Saez et al., 2015, 2017) and corn (Leakey et al., 2006; Yendrek et al., 2017). Additionally, Choquette et al. (2019) used this methodology to phenotype light-saturated photosynthesis response to elevated ozone in a panel of 48 corn lines, measuring more than 200 plots per day. Although this technique cannot be considered high-throughput, we believe that it could be used to screen photosynthetic parameters in diversity panel populations of about 200 lines for several days to cover the different replications. The fact that all measurements are taken under the same conditions reduces the variability associated with weather changes that happen during sampling and allows differentiating between treatments and cultivars (Choquette et al., 2019).



Use of Hyperspectral Reflectance Technology to Estimate Gas Exchange Parameters

Hyperspectral sensors capture electromagnetic radiation reflected from vegetation in the visible (VIS, 400–700 nm), near-infrared (NIR, 700–1300 nm), and short-wavelength infrared regions (SWIR, 1400–3000 nm), which contain information about leaf physiological status, including pigments, structural constituents of biomass, and water content (Curran, 1989; Penuelas and Filella, 1998). Variation of foliar reflectance at different wavelengths is specific to variations in the chemical and structural characteristics of the leaf (Serbin et al., 2012). With the improvement of computational methods, predictive models using partial-least square regression (PLSR) have been used to create equations that predict other physiological parameters such as leaf isotopic ratio (Richardson and Reeves, 2005), specific leaf area (Asner and Martin, 2008; Asner et al., 2011), leaf carbohydrate content (Dreccer et al., 2014; Asner and Martin, 2015), and leaf mineral content (Mahajan et al., 2014). The use of hyperspectral reflectance spectroscopy as a HTP tool has been recognized as promising in agricultural research (Weber et al., 2012; Araus and Cairns, 2014), however, until recently its utility to differentiate between a big set of cultivars had not been tested. We will focus now on the methodologies used to produce models capable of predicting photosynthetic parameters such as Vcmax and Jmax and Rd.

As measuring A-Ci curves is a tedious technique to calculate Vcmax and Jmax, Serbin et al. (2012) tested the possibility to predict these parameters using hyperspectral reflectance and PLSR models in aspen and cottonwood seedlings grown at different atmospheric temperatures. Because of large phenotypic variations in Vcmax and Jmax due to the temperature treatments and the inclusion of two different species, the correlation between the predicted data using hyperspectral reflectance measurements and the standard A-Ci curves was very high (R2 of 0.89 and 0.93, respectively). This breakthrough publication demonstrated that it was possible to use hyperspectral reflectance data to estimate photosynthetic parameters. Following this discovery, Ainsworth et al. (2014) carried out a similar experiment with soybean grown at ambient and elevated ozone (O3) in which standard A-Ci curves were combined with hyperspectral reflectance measurements using the Field Spec Hi-Res 4 (ASD technologies). Although the number of samples was not very high (59), the phenotypic variation due to the O3 treatment resulted in a good correlation between the predicted and the standard A-Ci curve (R2 of 0.88). More recently, similar correlations between standard and predicted Vcmax estimations have been found for corn (Yendrek et al., 2017; R2 of 0.6) and wheat (Silva-Perez et al., 2018; R2 of 0.62).

These results are very promising for applications using very big sample sets however, to date, nobody has applied this technique to estimate Vcmax without testing its accuracy with standard A-Ci curve measurements. Although it seems risky, this is the avenue to take if we want to increase the speed of analysis and contribute to future breeding. To break this barrier, Choquette et al. (2019) tested 45 F1 corn hybrids with a differential response to elevated O3 under field atmospheric conditions. The effect of elevated O3 was studied by performing photosynthesis measurements under light-saturating conditions using a LI6400, and estimations of Vcmax using hyperspectral reflectance data and equations developed by Yendrek et al. (2017). In this way, Choquette et al. (2019) showed that they could detect both genotypic and O3 effects on predicted Vcmax using hyperspectral data. They found good correlations between Vcmax and other variables estimated using the spectra such as chlorophyll content, a parameter that had a very strong correlation between predicted and measured values, and thus confirmed the quality of the general predictions.

Rd measurements using an O2 electrode can be quick, around 2 min, allowing semi-HTP screening (O’Leary et al., 2017; Scafaro et al., 2017). However, the equipment is expensive and the technique requires destructive sampling of leaf material. To solve these problems, Coast et al. (2019) adapted a piecewise linear regression splines (PLRS) model based on equations developed by Serbin et al. (2012) to estimate Rd from large and diverse sets of wheat cultivars. In their experiment, several wheat cultivars were tested under controlled and field conditions thus analyzing a total of 1,318 leaf samples using a standard Rd measurement and hyperspectral reflectance measurements (Coast et al., 2019). These authors found an overall R2 between the measured and the predicted parameters of 0.50−0.63, which was higher than previous parameters used to estimate respiration such as leaf mass area (Wright et al., 2006) and leaf N content (Reich et al., 2008). As for Vcmax and Jmax, it was theorized that some of the low predictability of the models could be due to low phenotypic differences for Rd. Indeed, low phenotypic variation has been identified as one of the problems when producing prediction models with NIRS technology as seen for the case of isotopic ratios (Cabrera-Bosquet et al., 2011). This limitation can be solved only by performing experiments with a diverse genetic background under different environmental conditions, or even better with stresses such as drought, elevated O3, increasing temperatures, etc. that will increase the variability of the measured phenotype. Furthermore, a collaborative database sharing phenotypes and spectroscopy data could advance this technology much quicker, as suggested by Coast et al. (2019).

Although further validation is needed using other species and under other environmental conditions such as drought and high temperature, this could be the beginning of an era where researchers can estimate gas exchange related parameters using hyperspectral reflectance spectroscopy data that only takes 1−2 min to collect. Until then, if a researcher is thinking of performing large cultivar screenings using values estimated from hyperspectral reflectance data, it is still recommended to have a reduced set of samples that serve to undertake gold standard measurements (A-Ci curves, or Rd measurements) just to test whether predictions are coherent. For example, a solution would be to measure and compare hyperspectral data with standard measurements using cultivars identified as extremes with hyperspectral data just to test that standard measurements identify them as extremes.




High-Throughput Phenotyping Methods to Estimate Chlorophyll Fluorescence Parameters

Chlorophyll fluorescence measurements are based on capturing and measuring the light re-emitted by chlorophylls during a return from an excited to a non-excited state. Researchers measure chlorophyll fluorescence using different approaches: (1) After the leaf has been stimulated by solar radiation, and called “Solar Induced Fluorescence” (SIF). (2) After stimulation of the leaf with a light beam of known intensity and wavelength, and measurement at specific wavelengths, here referred to as “chlorophyll fluorescence.”


Solar Induced Fluorescence

As previously mentioned, reflected light from vegetation can provide information about various plant traits. Light reflected from plants contains light remitted by chlorophyll that contributes to the reflectance signature. Chlorophyll remits absorbed light (fluorescence) at peak wavelengths of 690 and 740 nm associated with PSII and PSI, respectively (Krause and Weis, 1984). The reflectance signature of leaves is an outcome of various parameters that influence how incoming radiation is reflected. The deconvolution of reflectance and fluorescence can be observed in absorption bands of oxygen (centered at 687 and 760.4 nm) and hydrogen (centered at 656.4 nm) where solar radiation is absorbed by the atmosphere (Meroni et al., 2009). Reflectance recorded near these wavebands is from chlorophyll fluorescence and thus, it is possible to passively measure the amount of fluorescence being emitted from plant tissues while solar radiation is reaching the plants.

Multispectral measuring methods of SIF require the incident solar irradiance to be obtained along with the vegetative reflectance after which SIF is calculated by comparing the relative increase between a wavelength in and out of the absorption band (Carter et al., 1990). SIF can be also calculated using hyperspectral reflectance spectroscopy as it contains more information in the multitude of wavelengths (Alonso et al., 2008). However, the fluorescence measured under these conditions is a complex outcome of physiological processes. Previous studies have shown how SIF can be used to obtain information about photosynthesis (Rosema et al., 1998; Flexas et al., 2002; Evain et al., 2004). SIF can be measured remotely by satellites and at nearer to ground levels using multispectral and hyperspectral platforms. These multispectral and hyperspectral methods are especially amenable to high-throughput analyses and can be incorporated into different HTP platforms such as aerial drones (Sankaran et al., 2015; Kanning et al., 2018), tractors (Scotford and Miller, 2004; Andrade-Sanchez et al., 2014), and carts (Thompson et al., 2018). Previously, SIF had been shown to be correlated with canopy photosynthesis (Yang et al., 2015) and used to estimate gross primary productivity (Bacour et al., 2019). Passive measurements of photosynthetic traits like SIF can be carried out extremely rapidly and at multiple times during the growing season.



Chlorophyll Fluorescence

Chlorophyll fluorescence is an important tool used to investigate the light-dependent reactions of photosynthesis. This is achieved by removing or drastically decreasing one of the three routes of absorbed light energy. Without the addition of herbicides that inhibit PSII, this is achieved by applying a short saturating flash to the photosynthetic sample. With a short enough flash, no changes to non-photochemical quenching or photosynthetic efficiency occur and this allows the fluorescence maximum to be reached that can, with other fluorescence measurements, provide information about PSII efficiency (Maxwell and Johnson, 2000).

The commercial availability of handheld fluorometers has allowed researchers to use chlorophyll fluorescence measurements to study the effects of various stresses on the light-dependent reactions including nitrogen availability (Huang et al., 2004), salinity (Belkhodja et al., 1994), heat (Pastenes and Horton, 1996), cold (Fracheboud et al., 1999), and drought (Meyer and Genty, 1999; Sánchez-Rodríguez et al., 1999). While the use of such fluorometers in the field has yielded valuable information, throughput is limited by the time required to walk from one plant to another and to initiate a new measurement. Additionally, the time frame in which photosynthetic traits are somewhat stable limits when measurements can be collected depending on the aim of the experiment. Because chlorophyll fluorescence is changing in response to irradiance, large data collections that span several hours can be influenced by when measurements were obtained (Huang et al., 2006). To avoid incorporating a large source of error, timing the measurements around solar noon, when chlorophyll fluorescence is relatively stable, produces better quality data. That said, several chlorophyll fluorescence studies involving large populations of genotypes have provided genetic information that could be used to improve photosynthesis and crop production (Guo et al., 2008; Kiani et al., 2008; Azam et al., 2015; Herritt et al., 2018).

Imaging-based methods for measuring chlorophyll fluorescence allow spatial details of leaf and plant canopy fluorescence that handheld devices cannot provide. This approach requires that the whole imaging area is provided with a rapid, homogenous, and saturating light flash. Thus, the field of view for the imaging system will dictate the number of light sources required to saturate the leaf area being imaged. Several studies have shown the sensitivity of fluorescence imaging concerning pathogen interactions (Meyer et al., 2001; Chaerle et al., 2004, 2007). More recently, several companies have offered systems that can obtain chlorophyll fluorescence images. However, the deployment of these and other custom-built systems in field experiments is often difficult. To achieve a high-throughput capacity with fluorescence imaging, automated systems that move the imaging system to the plants or move the plants to the imaging system are required (Fahlgren et al., 2015; Virlet et al., 2017). With the incorporation of such automated systems, chlorophyll fluorescence imaging can provide spatial information about the efficiency of the light-dependent reactions within large plant populations.

One emerging improvement in chlorophyll fluorometry is the use of light-emitting diodes (LEDs) to provide fast and repetitive flashes of sub-saturating light to obtain information about the primary electron acceptor of PSII as well as the reduction of the PQ pool. Previous fluorescence measurement methods relied on saturating light pulses to measure the relative changes in fluorescence required to describe biophysical and physiological aspects of photosynthesis (Avenson and Saathoff, 2018). The use of LEDs has allowed the development of multiphase flash techniques that use short sub-saturating light flashes to achieve a complete reduction of PSII primary quinone acceptors and PSII acceptor pools (Loriaux et al., 2013). Multiphase flash chlorophyll fluorescence allows for a more accurate measurement of light-adapted maximum fluorescence (Fm’). Despite these improvements, the multiphase flash technique has not been incorporated into HTP. The potential for high-throughput measurements has been realized with the fast repetition rate (FRR) protocol thus allowing for extremely rapid measurements of fluorescence (<0.2 s) (Kolber et al., 1998). The combination of LED systems with FRR capability into laser or light-induced fluorescence transient (LIFT) instruments can provide high-throughput fluorescence data. Thus, LIFT systems have been incorporated into HTP systems and used in the field and controlled environments to collect plant fluorescence data (Keller et al., 2018).





MODELING PHOTOSYNTHESIS IN CROP GROWTH MODELS

Over the last five decades, many crop growth models have been developed and applied to simulate agricultural production systems and to forecast crop yields (Priesack and Gayler, 2009). In particular, during the last years, a selection of these models have been tested and compared to characterize their ability to simulate crop production at different sites across the globe situated in different continents and representing different climatic conditions for major crops such as wheat (Asseng et al., 2013), maize (Bassu et al., 2014), rice (Li T. et al., 2015), and potato (Fleisher et al., 2017). The aim was also to apply the models to estimate possible future impacts of a changing climate on global crop production and grain yields (Asseng et al., 2019; Liu Y. et al., 2019).

Almost all crop growth models aim to estimate the carbon gain for biomass production at the field level based on models of photosynthesis and radiation absorbed by the canopy. Many models assume a linear relationship between net primary biomass production (NPP) and the photoactive radiation absorbed by the crop canopy (RPAR). Models such as APSIM, CERES, EPIC, SALUS, LINTUL, Sirius, and STICS (Asseng et al., 2013 supplement, Bassu et al., 2014 supplement) follow the so-called “big-leaf” approach, where the whole canopy is treated as if it was one big leaf and photosynthetic carbon gain is described by the light-use-efficiency model. It is defined by the following direct proportionality with the parameterεLUE, the light-use-efficiency, representing all photosynthetic and respiratory processes (Medlyn, 1998):
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where NPP denotes net primary production [g m–2 d–1], RPAR is absorbed photoactive radiation [MJ m–2 d–1] and εLUE is light-use-efficiency [g MJ–1].

Other models such as Ecosys, ExpertN-SPASS, GECROS, HERMES, IXIM, LPJml, MCWLA, MONICA, SUCROS, WOFOST (Asseng et al., 2013 supplement, Bassu et al., 2014 supplement) simulate the photosynthesis rate of the canopy based on single leaf photosynthesis rates. This is achieved in three major steps by calculating (i) single leaf photosynthesis per leaf area of each leaf, (ii) the instantaneous photosynthesis rate of the whole canopy at given light conditions by integration over the canopy depth and plant leaf areas at each depth, (iii) the daily canopy photosynthesis by integration over the day. In these models, a distinction is made between shaded and sunlit leaves (Spitters, 1986; Goudriaan and van Laar, 1994; Wang and Leuning, 1998) and leaf photosynthesis is calculated for each leaf type separately. This modeling approach is known as the “two-leaf” model.

A further type of canopy photosynthesis model distinguishes different leaf classes depending on their height in the canopy above the soil surface and it is called the “multi-layer” model (Leuning et al., 1995).

Besides the availability of light and CO2, the impact of air temperature and the supply of water and nitrogen on leaf photosynthesis have to be modeled depending on the modeling approach at either canopy or both at the leaf and canopy-scales.


Leaf Photosynthesis Rate Models

In the case of the “big-leaf” approach, as with the LINTUL model, the daily net gain of carbon for biomass growth is described by:
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where μB is the daily net carbon gain of the canopy biomass [g m–2 d–1], εLUE the light-use-efficiency [g MJ–1], RPAR the absorbed photoactive radiation [MJ m–2 d–1], αext the light extinction coefficient, fLAI the leaf area index, fCO2 the impact factor of atmospheric CO2 concentration, fS the impact factor of senescence, fT the impact factor of daily average air temperature, fϑ the impact factor of available soil water content, and fN the impact factor of available soil nitrogen. In a similar way this approach is used in the CERES model, where only the term representing the absorbed global radiation takes an empirically derived exponential form, i.e:
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In cases of the “two-leaf” or the “multi-layer” approach, the description of leaf photosynthesis rates again follows the general scheme given by a maximal rate of carbon gain and additional reduction factors representing environmental conditions which are not often in an optimal state to allow maximal photosynthesis:
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where Pgm denotes the gross leaf photosynthesis rate at light saturation [kg CO2 m–2 d–1] and Pgmaxthe maximal gross leaf photosynthesis rate [kg CO2 m–2 d–1] with impact factors of CO2, senescence S, temperature T, soil water ϑ and soil nitrogen availability N.

This scheme is similar to the mechanistic description of growth rates, which change by the impact of environmental factors, formulated in analogy to mechanics, i.e., to the description of the velocity change of a moving particle due to forces acting on the particle (Priesack et al., 2012).

The gross leaf photosynthesis rate Pgl[kg CO2 m–2 d–1] is then given by accounting for the absorbed photoactive radiation RPAR [MJ m–2 d–1] and by applying the light-use-efficiency parameter εPAR[kg CO2 MJ–1] of photosynthesis and the gross photosynthesis rate at light saturation Pgm[kg CO2 m–2 d–1]:
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Whole Canopy Photosynthesis Rate Models

The up-scaling calculation from leaf photosynthesis rate to whole canopy photosynthesis rate for a given time during the day often follows the method of Spitters et al. (1989). It is assumed that light-use-efficiency of photosynthesis εPAR and gross photosynthesis at light saturation Pgm are constant within the canopy. In a first step, photosynthesis rates of shaded and sunlit leaves at each depth of the canopy are calculated separately. In the case of sunlit leaves, an additional integration over the leaf angle distribution is performed to include an averaged value of the adsorbed direct radiation for the estimation of sunlit leaf photosynthesis rates at different canopy depths. Finally, the integration over the canopy depth of the photosynthesis rates of both sunlit plus shaded leaves gives gross canopy photosynthesis at any given time during the day.

Pg,l,z [g CO2 m–2 d–1] denotes the total photosynthesis at depth z of the canopy given by the fraction of sunlit leaves fslt,z at depth z and the gross photosynthesis of sunlit Pg, slt, z or shaded leaves Pg,shd,z:
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Since the integration over the cumulative leaf area index fLAI,z at canopy depth z from zero at the soil surface to the total leaf area index fLAI of the canopy corresponds to the integration over the canopy height, the total gross photosynthesis of the canopy Pg can be calculated using:

[image: image]

The daily gross photosynthesis and hence the daily amount of assimilated carbon by the canopy is then estimated by integration over the day length (Spitters et al., 1989) from the time of sunrise t0 to the time of sunset t1:

[image: image]

Gaussian integration is usually applied as a fast and accurate method to calculate both instantaneous and daily canopy photosynthesis (Goudriaan, 1986; Spitters, 1986).

In the case of the GECROS model, upscaling from the leaf transpiration as determined by leaf stomatal conductance from either sunlit or shaded leaves to the whole canopy transpiration is achieved by the same integration procedures (Yin and van Laar, 2005).



Impact Factors of Temperature, Atmospheric CO2 Concentration, Soil Water, and Soil Nitrogen Availability

Besides the differences between “big-leaf,” “two-leaf,” and “multi-layer” approaches, crop growth models mainly differ in their choice of impact functions.

The impact functions of air temperature are well documented in the supplementary information of Wang et al. (2017) an will not be mentioned further here.

To simulate the impact of atmospheric CO2 concentration on photosynthesis, strongly different approaches have been incorporated into crop growth models especially if CO2 enrichment experiments are considered. In the case of the “big-leaf” approach, the CO2 impact factor is either a linear or a curvilinear multiplier leading to an increase of light-use-efficiency (Tubiello and Ewert, 2002), as in several models including CERES, Cropsyst, EPIC, Sirius and STICS (Vanuytrecht and Thorburn, 2017). In the case of leaf scale photosynthesis models, common and often documented approaches are the biochemical model of leaf photosynthesis of Farquhar et al. (1980) for C3 plants and an equivalent version by Yin and Struik (2009) for C4 plants. Both models are based on the calculation of intercellular CO2 concentration and require the incorporation of a stomatal conductance model. However, for both photosynthesis models, several parameters have to be determined and the application of the model can be difficult. A simpler approach for leaf-level photosynthesis is the empirically determined increase of light-saturated photosynthetic rate prescribed by the impact factor fCO_2 in eq. (4). Additionally, photosynthetic light-use-efficiency εPAR can be modeled as influenced by atmospheric CO2 concentrations (Nendel et al., 2009) and it is increased if higher CO2 concentrations occur (Vanuytrecht and Thorburn, 2017). In contrast, the more complex structure of the GECROS model can simulate the acclimation of photosynthesis to higher CO2 levels, which has been observed in FACE experiments. This good model performance is based on a better consideration of plant internal C−N interactions (Thornley, 1998, 2004) within the GECROS model (Biernath et al., 2013; Yin, 2013).

In several models, the impact factor of water availability on photosynthesis is set equal to the ratio of actual to potential evapotranspiration, which then reduces canopy light-use-efficiency or the maximal leaf photosynthesis rate if the actual transpiration, i.e., the root water uptake, is less than the potential demand. It is assumed that stomatal closure is controlled by the balance between available soil water and water demand caused by atmospheric conditions (Tubiello and Ewert, 2002). Less simple approaches calculate leaf stomatal conductance, which decreases under water stress, and thus limits photosynthetic rates by reducing CO2 entry into leaves or fluxes within the canopy. This has to be based on simulations of energy balance either at the leaf or canopy level to adequately represent the impact of atmospheric conditions that determine transpiration demand.

Similar to the very simple approach to account for water availability, the impact factor of nitrogen availability can be defined as the ratio of actual nitrogen demand versus optimal nitrogen supply. This is often calculated as the ratio of the difference between actual and minimal nitrogen content about the difference between optimal and minimal nitrogen content of either the leaf in the case of leaf photosynthesis or of the aboveground canopy biomass in the case of canopy photosynthesis. It is assumed that nitrogen contents are not optimal if the mineral nitrogen uptake from the soil cannot fulfill plant nitrogen demand given as the sum of the differences between actual and optimal concentrations in the plant organs (Priesack and Gayler, 2009). More complex nitrogen uptake models can also simulate the observed increase in photosynthetic nitrogen-use-efficiency and decreased tissue N concentrations at elevated [CO2] (Biernath et al., 2013; Vanuytrecht and Thorburn, 2017). This is achieved for example by incorporating a functional balance between root N acquisition and shoot C gain in GECROS (Yin and van Laar, 2005; Priesack and Gayler, 2009), or by including an adaptation of photosynthetic N demand to atmospheric [CO2] as in the growth model AgPasture of APSIM (Cullen et al., 2009).

Most of the considered crop models are source driven assuming growth limitation by the supply of assimilates. Therefore, approaches to model either positive or negative environmental impacts on yields by factors increasing or reducing maximal leaf photosynthesis rate or crop light-use-efficiency strongly determine the simulation of crop growth. Determination of these factors needs numerous field experiments and extensive testing to provide a sound basis for adequate simulations of impacts on crop growth. By this rather simple and parsimonious approach, crop growth is conceived as carbon-source driven and described by balancing gains from assimilation and losses through respiration and plant tissue abscission.




METABOLIC ENGINEERING TO IMPROVE PHOTOSYNTHESIS AND ELEVATED CO2 ACCLIMATION

As already stated in this review, improving photosynthesis has become a major aim for increasing plant yield (example: the RIPE project2) (Long et al., 2015; Ort et al., 2015; Simkin et al., 2019; Weber and Bar-Even, 2019). To date, targets to achieve this include: RuBisCO properties and activation, RuBP regeneration, photorespiration, CO2 availability by improving mesophyll conductance and by introducing CO2 concentrating mechanisms based on cyanobacterial, algal and C4-plant systems, photoprotection by modifying the relaxation of energy quenching processes, and by optimizing crop canopies to improve light capture (see Ort et al., 2015). Already, several studies have provided support by demonstrating that modifying photosynthetic processes through genetic engineering can improve photosynthetic CO2 assimilation rates and yield potential (see reviews by Simkin et al., 2019; Weber and Bar-Even, 2019). Several major examples are highlighted below and include improving RuBP regeneration by overexpressing selected Calvin cycle enzymes and modifying photorespiration by creating artificial glycolate-metabolizing bypass pathways in the chloroplast (see Figure 4). These processes were found to be amongst the best targets to improve photosynthesis CO2 assimilation efficiency after in silico modeling studies pin-pointed SBPase, fructose bisphosphate aldolase (FBPA), and photorespiration as potential limiting reactions (Zhu et al., 2007).
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FIGURE 4. A simplified scheme highlighting tested ways to increase photosynthesis and crop yield by overexpressing selected Calvin cycle enzymes and by creating synthetic chloroplastic photorespiratory bypasses. The enzymes in green circles/squares have been overexpressing either individually or together. Details of the different photorespiratory pathways can be found in the main text: 1 is based on the bacterial glycerate pathway leading to 3-PGA from glycolate (Kebeish et al., 2007; Dalal et al., 2015), 2 is an incomplete glycerate pathway leading to glyoxylate from glycolate (Nölke et al., 2014), 3 are pathways leading to the production of CO2 from glycolate (Maier et al., 2012; Shen et al., 2019; South et al., 2019). The transporter in the red circle was repressed to improve photorespiratory bypasses (see South et al., 2019). Abbreviations can be found in the main text.


Plants over-expressing the redox-regulated Calvin cycle enzyme SBPase show improved photosynthetic activities and increased biomass. This has been seen to occur in Arabidopsis thaliana (Simkin et al., 2017a), tobacco (Lefebvre et al., 2005; Rosenthal et al., 2011; Simkin et al., 2015), tomato (Ding et al., 2016), and wheat (Driever et al., 2017). However, beneficial effects were found to be dependent on both developmental stage and growth conditions. An increase in photosynthesis was only observed in young expanding tobacco leaves but not in fully expanded ones and no effect on photosynthesis was seen when plants were grown under short days and low light (Lefebvre et al., 2005). When tobacco over-expressing Arabidopsis SBPase was grown outside under elevated CO2 (585 ppm) an increase in photosynthesis and biomass was observed when compared to wild-type plants (Rosenthal et al., 2011). However, the increase in biomass was only 50% of the theoretical value due to C3-plant acclimation to elevated CO2 (see below). Furthermore, higher CO2 assimilation rates were variable over the growing season with no significant increase observed in August compared to July. Cyanobacterial and green algal Calvin cycle enzymes have also been used to improve plant productivity. The overexpression of either Chlamydomonas SBPase or cyanobacterial FBPase led to increases in both photosynthesis and biomass (Tamoi et al., 2006). A cyanobacterial bifunctional SBPase/FBPase enzyme has been overexpressed also in tobacco (Miyagawa et al., 2001), lettuce (Ichikawa et al., 2010), and soybean (Köhler et al., 2017) with increases in photosynthetic CO2 fixation and biomass. In the work of Köhler et al. (2017), soybean overexpressing cyanobacterial SBPase/FBPase was grown in the field during three seasons under elevated CO2 (600 ppm) and elevated temperature (+3°C) and compared to normal ambient conditions. Across the different treatments, the over-expressing lines exhibited higher carbon assimilation rates. Under ambient CO2, elevated temperature led to seed yield reductions in both control and transgenic genotypes. However, under elevated CO2 and high temperature, the SBPase/FBPase plants maintained higher seed yield levels, while WT plants had reduced seed yields, compared with plants grown under only high CO2. Therefore, perhaps Calvin cycle manipulation can offset the detrimental effects of future climate change conditions. Improved biomass has been observed also when overexpressing FBPA in tobacco (Uematsu et al., 2012) and the positive effect on photosynthesis and biomass was more pronounced when plants were grown at elevated CO2 (700 ppm). When Arabidopsis FBPA was overexpressed in the photosynthetic tissues of Arabidopsis using a RuBisCO small subunit 2A promoter, similar increases in photosynthesis, dry weight, and seed yield occurred (Simkin et al., 2017a). However, when overexpression of SBPase and FBPA were stacked in Arabidopsis, no significant additional increases in maximal efficiency of CO2 assimilation rate (Amax), dry weight and seed yield were observed when compared to individual transgene overexpressing lines (Simkin et al., 2017a).

Another major strategy for improving photosynthesis has been a synthetic biology approach to express within the chloroplast an alternative pathway to efficiently metabolize photorespiratory glycolate and thus alleviate the potential inhibitory action of 2-PG on photosynthesis, while preventing ammonium release and limiting CO2 release to the chloroplast where RuBisCO is located (Figure 4). Since the first report (Kebeish et al., 2007), several photorespiratory bypass strategies have been used to improve photosynthetic CO2 assimilation and biomass. The initial bypass tested was based on the bacterial glycerate pathway where glyoxylate was converted to glycerate by two enzymes; glyoxylate carboligase and tartronate semialdehyde reductase (Figure 4, pathway 1). The conversion of glycolate to glyoxylate in the chloroplast was achieved by expressing a bacterial glycolate dehydrogenase (GlycDH). When expressed in Arabidopsis chloroplasts, transgenic lines produced bigger rosettes and more biomass while increasing Amax (Kebeish et al., 2007). A similar strategy was used to increase biomass and seed yield in Camelina sativa (Dalal et al., 2015). Bacterial GlycDH alone was introduced into Solanum tuberosum using a single construct to produce a polyprotein to circumvent instability problems (Nölke et al., 2014). These potato lines exhibited an enhanced Amax at 400 ppm CO2 (but not when measured at 2000 ppm CO2) and an increase in tuber yield even though the complete glycerate pathway had not been introduced (Figure 4, pathway 2). This was observed also for GlycDH-expressing Arabidopsis (Kebeish et al., 2007) and Camelina sativa (Dalal et al., 2015). Another successful photorespiratory bypass was achieved by expressing glycolate oxidase, catalase and malate synthase in chloroplasts (Maier et al., 2012). Such a bypass has the potential to completely oxidize glycolate to CO2 and it led to increases in leaf dry weight and net CO2 fixation rates (Figure 4 pathway 3). More recently, another chloroplastic photorespiratory bypass (named the GOC bypass) was expressed in rice to increase photosynthetic efficiency (Shen et al., 2019). It consisted of three rice enzymes; glycolate oxidase, oxalate oxidase, and catalase expressed in chloroplasts and designed to lead to the complete oxidation of glycolate to CO2 (Figure 4 pathway 3). Improved photosynthetic efficiency, biomass, and yield were found in both greenhouse and field experiments although there were differences according to seeding season and it was more advantageous under high light. To improve flux through chloroplastic photorespiratory bypasses, glycolate export out of the chloroplast was manipulated by down-regulating PLGG1 (a plastidial glycolate/glycerate transporter, Pick et al., 2013; South et al., 2019). The best results were obtained with a variant of the glycolate oxidation pathway where glycolate oxidase was replaced by Chlamydomonas reinhardtii GlycDH (Figure 4, pathway 3). Field-grown tobacco expressing this version of an alternative photorespiratory pathway exhibited a >25% increase in total vegetative biomass (without PLGG1 inhibition) and a 40% increase (with inhibited PLGG1) although the impact on net CO2 assimilation was quite low (5−8%) and no significant increase in seed yield was observed (South et al., 2019).

The over-expression of specific photorespiratory enzymes has also led to increased biomass, Amax, and grain yield. This was observed when mitochondrial serine hydroxymethyltransferase (SHMT1) was overexpressed in rice (Wu et al., 2015) and when individual glycine decarboxylase (GDC) subunits were overexpressed in Arabidopsis either the H-protein (Timm et al., 2012) or the L-protein (Timm et al., 2015; Figure 4). When the H-protein was overexpressed in tobacco, improved biomass was only observed when under the control of a leaf-specific promoter and this only became significant at high light intensities while constitutively overexpressed H-protein led to a detrimental growth effect (López-Calcagno et al., 2019). In gene stacking experiments, the additional overexpression of the H-protein in Arabidopsis lines overexpressing SBPase and FBPA led to further improvements in seed weight per plant (under high light growth conditions) and leaf area with no further increase in Amax compared to SBPase-FBPA lines alone (Simkin et al., 2017a).

Improved photosynthesis has also been found in plants where the light-side of photosynthesis has been manipulated. In Arabidopsis, the overexpression of the Rieske-FeS protein of the cytb6f complex led to plants exhibiting increased Amax, dry weight, leaf area and seed yield (Simkin et al., 2017b). Photosynthesis was improved also under fluctuating light conditions by overexpressing violaxanthin de-epoxidase, zeaxanthin epoxidase and PsbS, all components of a photoprotection mechanism involving light energy dissipation as heat (Kromdijk et al., 2016). Field-grown tobacco plants overexpressing these three proteins showed increases in dry weight, leaf area and plant height (Kromdijk et al., 2016).

As mentioned above, certain strategies to improve photosynthesis and yield have already been tested under one or more climate change condition(s) such as elevated temperature and CO2 levels. In general, increased temperatures of only several °C have been shown to cancel the beneficial effects of elevated CO2 (see Köhler et al., 2017). Multiple FACE experiments (carried out at around 600 ppm CO2) have consistently shown that the increase in C3-crop yield in response to long-term elevated CO2 conditions is 50% lower than predicted due to photosynthetic acclimation (see Ainsworth and Long, 2005; Kant et al., 2012). Many C3-plant species only exhibit a small 15% increase in yield compared to a hypothetical 40% increase under predicted climate change CO2 levels. This yield response to elevated CO2 has been observed in both controlled growth conditions and FACE experiments (see Leakey et al., 2009 and references therein) where a significant reduction in N-content was also reported (Ainsworth and Long, 2005; Vicente et al., 2015). This underachievement of certain C3 model plants like Arabidopsis thaliana and major C3-cereal plants including wheat and rice to elevated CO2 is due to modifications in plant metabolism, physiology, and development where acclimation is associated with a negative impact on leaf photosynthesis (Ainsworth and Rogers, 2007), root nitrate uptake and leaf nitrate assimilation (Rachmilevitch et al., 2004; Bloom et al., 2010), thus reducing the expected benefits of elevated CO2. It includes a reduction in RuBisCO protein content, a reduction in stomatal conductance, and decreases in both photosynthetic and N-assimilation gene expression (e.g., Vicente et al., 2015) that brings about a reduction in leaf and seed N-content. In the literature, photosynthetic acclimation to elevated CO2 has been explained by the inhibition of photosynthetic gene expression due to the accumulation of excess non-structural carbohydrates in source leaves (Moore et al., 1999; Ruiz-Vera et al., 2017). However, it is possible that this acclimation is also driven by N-limitations when N-assimilation cannot keep up with the increased C-assimilation rates. It has also been suggested that at elevated CO2, a decrease in photorespiration impacts negatively both nitrate uptake and assimilation (Bloom, 2015). Several factors have been proposed to influence acclimation to elevated CO2, such as sink strength, sugar signaling, and N-regime (see Long et al., 2004 and references therein). Several papers have suggested a link between improved sink strength and a reduction of this acclimation in tobacco (Ruiz-Vera et al., 2017), rice (Zhu et al., 2014), barley (Torralbo et al., 2019), and Larrea tridentata (Aranjuelo et al., 2011). Although a number of actors in sugar signaling and sensing are known (see Pego et al., 2000), a lack of information on how they are affected by elevated CO2, especially in roots, has been stated (Thompson et al., 2017). This is similar to nitrate-signaling where actors of perception, signal transduction and even root to shoot communication have been discovered (see Wang et al., 2018) but little is known about how elevated CO2 and other climate change factors affect such processes. Indeed, to date, there is no global understanding of the regulatory networks involved in the acclimation processes occurring to balance plant C and N metabolism under elevated CO2. That said, a recent work using correlation network analyses confirmed the tight coordination between C and N metabolisms while carbohydrate levels were linked to the down-regulation of both photosynthetic and N metabolism genes (Vicente et al., 2018).

When light is saturating, photosynthesis can be limited by several factors including Vcmax (amount and maximal carboxylase activity of RuBisCO), RuBP regeneration, triose-phosphate utilization/carbohydrate export (source-sink properties) and, of course, photorespiration. Under future climate conditions of elevated CO2 and temperature, major limitations will probably shift to RuBP regeneration and source-sink properties. Under elevated CO2, plants reduce RuBisCO amounts since it is no longer a limiting factor but they need to improve their photosynthetic electron transport properties to produce enough NADPH and ATP to regenerate RuBP via the Calvin cycle. Less RuBisCO is a common feature of elevated CO2 acclimation in C3-cereals while N reallocations to improve the light reactions are not adequate and there is an overall reduction in plant N-content.

Predicted climate change conditions of elevated CO2 and temperature have been shown to affect the benefits of improved photosynthesis by current genetic manipulations, as mentioned above (Rosenthal et al., 2011; Köhler et al., 2017). That said, strategies used to improve RuBP regeneration have often given rise to the best increases in photosynthesis and yields under either elevated CO2 or high light or both (see above). However, strategies to reduce the negative impact of photorespiratory carbon recycling might be expected to have a lesser impact under conditions that lower photorespiration like elevated CO2 although benefits may still occur under elevated temperatures and high light in association with CO2. It is probable that C3-plant acclimation to future atmospheric CO2 and temperature levels could hamper strategies to improve photosynthesis and yield of actual plant genotypes. Therefore, perhaps additional strategies to reduce C3-plant acclimation by deregulating plant functions associated with known acclimation processes might be required. This would require extensive omics analyses to identify the regulating gene networks and proteins involved in photosynthetic acclimation to climate change conditions, this could be helped by photosynthetic performance measurements in the field using non-destructive HTP techniques and platforms while the data sets could be used to improve plant growth models to predict the benefits. In this way, the best gene targets will be identified and tested to create new crops for the future.
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Rainfall regimes are expected to shift on a regional scale as the water cycle intensifies in a warmer climate, resulting in greater extremes in dry versus wet conditions. Such changes are having a strong impact on the agro-physiological functioning of plants that scale up to influence interactions between plants and microorganisms and hence ecosystems. In (semi)-arid ecosystems, the date palm (Phoenix dactylifera L.) -an irreplaceable tree- plays important socio-economic roles. In the current study, we implemeted an adapted management program to improve date palm development and its tolerance to water deficit by using single or multiple combinations of exotic and native arbuscular mycorrhizal fungi (AMF1 and AMF2 respectively), and/or selected consortia of plant growth-promoting rhizobacteria (PGPR: B1 and B2), and/or composts from grasses and green waste (C1 and C2, respectively). We analyzed the potential for physiological functioning (photosynthesis, water status, osmolytes, mineral nutrition) to evolve in response to drought since this will be a key indicator of plant resilience in future environments. As result, under water deficit, the selected biofertilizers enhanced plant growth, leaf water potential, and electrical conductivity parameters. Further, the dual-inoculation of AMF/PGPR amended with composts alone or in combination boosted the biomass under water deficit conditions to a greater extent than in non-inoculated and/or non-amended plants. Both single and dual biofertilizers improved physiological parameters by elevating stomatal conductance, photosynthetic pigments (chlorophyll and carotenoids content), and photosynthetic efficiency. The dual inoculation and compost significantly enhanced, especially under drought stress, the concentrations of sugar and protein content, and antioxidant enzymes (polyphenoloxidase and peroxidase) activities as a defense strategy as compared with controls. Under water stress, we demonstrated that phosphorus was improved in the inoculated and amended plants alone or in combination in leaves (AMF2: 807%, AMF1+B2: 657%, AMF2+C1+B2: 500%, AMF2+C2: 478%, AMF1: 423%) and soil (AMF2: 397%, AMF1+B2: 322%, AMF2+C1+B2: 303%, AMF1: 190%, C1: 188%) in comparison with controls under severe water stress conditions. We summarize the extent to which the dual and multiple combinations of microorganisms can overcome challenges related to drought by enhancing plant physiological responses.

Keywords: arbuscular mycorrhizal fungi, climate change, compost, PGPR, plant fitness, photosynthesis, agro-physiological responses, water deficit


INTRODUCTION

Owing to rapid climate change, drought is becoming one of the most important environmental stresses that is outside of plants’ physiological limits and is causing a substantial decline in crop productivity (Shaw and Etterson, 2012; Sarwat and Tuteja, 2017). Drought influences transport and availability of soil nutrients (Vurukonda et al., 2016), and it affects morphological, physiological, and nutritional traits of plants especially water content, leaf water potential, photosynthetic pigment, stomatal conductance and phosphorus (P) and nitrogen (N) absorption (Jaleel et al., 2009; Augé et al., 2014; Baslam et al., 2014; Meddich et al., 2015a, 2018; Symanczik et al., 2018). Drought also affects antioxidant defense leading to oxidative stress owing to the accumulation of reactive oxygen species (ROS) such as hydrogen peroxide (Maheshwari et al., 2012; Vurukonda et al., 2016; Abdel Latef et al., 2019a,b). On a higher scale, when plants are exposed to drought that alters their photosynthesis machinery, this can shift source/sink relationships of photosynthate, symbiotic interactions, plant growth, and fitness (Becklin et al., 2016; Sever et al., 2018). The inhibition and degradation of chlorophyll synthesis through ROS over-accumulation leads to a decrease of photosynthetic activity (Abd El-Mageed et al., 2018; Duo et al., 2018).

The date palm (Phoenix dactylifera L.) is a dioecious evergreen tree with major ecological and socio-economic roles in many countries, mainly arid zones (Chao and Krueger, 2007). Indeed, the economic importance of the palm family of plants (Arecaceae) ranks second only to the grass family (Poaceae) among monocotyledons and the third in the world (after the Gramineae and Leguminosae families) (FAO1). The economic utility of these palms is based on their fruits and derived beverages as a staple food, their wood, as palms are used in building and the artisanal sector, where they are used for ornamental purposes (Arias et al., 2016). In addition, in oasis ecosystems, date palms create a microclimate that is essential for the cultivation of underlying crops such as fruit trees, vegetables and forage species (Meddich et al., 2019). However, date palm groves are subjected to biotic (primary fusarium wilt) and abiotic (mainly drought and salinity) constraints as well as low soil fertility and management that have decimated this crop thus deteriorating oasis ecosystems, hindering agricultural production under this environmental instability, and driving higher levels of migration (Oihabi, 1991; Meddich et al., 2015a, 2018; Arias et al., 2016; Meddich and Boumezzough, 2017; FAO, 2018; Whitman, 2019). Factors such as drought, exacerbated by climate change, will affect plant physiology by altering plant-organism interactions since plant species evolve in complex environments with networks of interacting species. Although studies have examined various ways of handling stress inducers to increase plant survival and performance, little has been done on the integrative aspect of this improvement approach to protecting and empowering plants to resist and grow better under drought conditions. In this regard, management practices and strategies that allow plants to resist abiotic and biotic stresses are urgently required and should be exploited to improve agricultural production (Meddich et al., 2018, 2019), reduce the use of pesticides and chemical fertilizers, and protect crops and soil quality (Shen et al., 2013). It should be noted that the plant nursery industry –being trees and fruit plants the most important nursery crops- constitutes a large and growing sector of agriculture. The regular practice of cultivating vitro plants by farmers under nursery conditions prior to field transplantation involves growing the plants only in sandy soil without any amendments. At the time of planting is especially apparent when outplants face stresses and/or strong competition from other vegetation. At this stage, the growth potential of planting stock plays a primordial role for the transplanting success. The application of biofertilizers such as organic fertilizers and beneficial soil microorganisms has emerged as a potential solution to promote plant fitness, boost yield, and tolerance to environmental constraints (Abdel Latef and Chaoxing, 2011; Meddich et al., 2015b; Abdel Latef et al., 2016; Padilla et al., 2017; Júnior et al., 2018; Symanczik et al., 2018; Ait-El-Mokhtar et al., 2019; Ben-Laouane et al., 2019; Raklami et al., 2019). The appropriate management of plant nutrition, growth, and tolerance to drastic constraints such as drought, salinity and soil poverty is becoming a key component in increasing crop yield under changing environmental conditions (Zou and Wu, 2011; Baslam and Goicoechea, 2012; Maheshwari et al., 2012; Hidri et al., 2016; De Pascale et al., 2017; Meddich et al., 2018). In addition to regulating nutrient acquisition, inoculation with Arbuscular Mycorrhizal Fungi (AMF) and Plant Growth Promoting Rhizobacteria (PGPR) are successfully being seen to be an effective substitute to ensure stable, safe and sustainable agricultural and biomass production (Wu and Zou, 2017; Zhang et al., 2018; Kumar et al., 2019; Kumari et al., 2019; Abdel Latef et al., 2020). Indeed, the beneficial effects of the inoculation by the rhizosphere microbial communities are linked with nutrient recycling, mineral nutrition. solubilisation of nutrients such as P, potassium (K) and iron (Fe), biodegradation of soil organic matter, phytohormone and antibiotics productions, improvements in soil structure and aggregation, and enhancement of plant resistance to pests and diseases (Al-Karaki, 2000, 2006; Al-Karaki et al., 2004; Nadeem et al., 2014; Rillig et al., 2014; Grobelak et al., 2015; Kumar et al., 2015; Meddich et al., 2018, 2019; Symanczik et al., 2018; Raklami et al., 2019; Wu et al., 2019). The (co)-inoculants of PGPR and/or AMF can advance the nutrient use efficiency of fertilizers (Adesemoye et al., 2009). Moreover, AMF and/or PGPR inoculation could mitigate the detrimental effect of stresses through the enhancement of photosynthetic efficiency, overproduction of antioxidant enzymes and/or non-enzymatic antioxidants, and/or activation of the mycorrhizal induced resistance (MIR) mechanism by bypassing plant defense (Pozo and Azcón-Aguilar, 2007; Bompadre et al., 2014; Nadeem et al., 2014; Pieterse et al., 2014; Gusain et al., 2015; Lenoir et al., 2016; Duo et al., 2018; Javan Gholiloo et al., 2019). Although PGPR and AMF are commonly applied as beneficial microorganisms in agriculture and several studies have been devoted to studying the influence of this symbiosis on the plant response to abiotic stress, the mechanisms responsible for increased plant tolerance to stress have yet to be fully elucidated. Also, little is known about the agro-physiological changes occurring in the plants when these microorganisms are applied together. It has been suggested that the combined application of both microorganisms has positive effects on the nutritional composition of several plant species (Nadeem et al., 2014; Ben-Laouane et al., 2019).

Furthermore, the exogenous introduction of beneficial organic substances such as compost has been evaluated previously (Nikitas et al., 2008) as a soil conditioner in agriculture or a substitute to chemical fertilizers to improve resilience, yield, and tolerance of plants to the toxicity of these stress-imposed conditions. The use of local composts represents an eco-friendly alternative for plant growth, mineral nutrition, soil organic matter content, and soil properties such as water retention capacity and soil suppressiveness (Shen et al., 2013; Luciens et al., 2014; Mehta et al., 2014; Kwey et al., 2015; Ning et al., 2017). Previous studies have suggested that compost application in soil increased the supply of organic carbon and N for microbial communities and improved soil health and plant yield (Shen et al., 2013; Liu et al., 2018). Further, compost application triggers plant resistance to different environmental stresses (Tartoura et al., 2014; Ortuño et al., 2018) by increasing the photosynthetic activity (Abd El-Mageed et al., 2019; Khosravi Shakib et al., 2019). In the current research, we explored the agro-physiological and biochemical responses involved in drought adaptation in date palms, and the functionality of the single and dual-use of selected strains of PGPR and native and exotic AMF with or without the addition of two composts. The objective of this study was to evaluate the morpho-physiological basis of drought responses in date palms under implementation of eco-friendly cultivation practices. The results obtained here will provide a deeper understanding of the mechanisms of date palm tolerance to long-term drought stress as well as paving the way for identification of the best factors that led to successful outcomes in the biofertilization experiments for other crops.



MATERIALS AND METHODS


Biofertilizer Materials

Two types of AMF inoculants were used in our experiment: (i) an exogenous AMF strain (Rhizoglomus irregulare, DAOM 197198) provided by the Plant Biotechnology Institute of Montreal (Canada) and (ii) an indigenous consortium of AMF isolated from the Tafilalet palm grove located 500 km southeast of Marrakesh and containing a mixture of native species: (i) Glomus sp. (15 spores/g of substrate), (ii) Sclerocystis sp. (9 spores/g substrate), and (iii) Acaulospora sp. (1 spore/g of substrate) (Meddich et al., 2015a). The inoculum was enriched in propagules by co-cultivation with Zea mays L. as the host plant under controlled greenhouse conditions. Corn roots containing hyphae, vesicles, and spores were harvested, cut into small pieces and used as the inoculum. Inoculation of date palm was performed by adding 40 g of the inoculum (roots and substrate containing spores) to the date palm root system. Non-mycorrhizal (NM) treatments received an equal quantity of both non-inoculated (and non-mycorrhizal) Z. mays roots to match ‘organic matter’ in the pots and filtered inoculum in an attempt to restore other soil free-living microorganisms accompanying the AMF. The filtrate for each pot was obtained by passing the mycorrhizal inoculum in 20 mL of distilled water through a layer of 15- to 20-μm filter papers (Whatman, GE Healthcare, Buckinghamshire, United Kingdom).

The bacterial inocula used in our study consisted of four PGPR isolates (Z1, Z2, Z4, and ER21 strains) isolated from the date palm groves rhizosphere (Tafilalet, Morocco). The inocula were prepared by growing the strains in Tryptic Soy Broth (TSB) liquid culture at 28°C to an optical density of 1 at 600 nm (about 109 CFU/mL). The plant inoculations were carried out by adding 4 mL of the bacterial suspension formed from the four abovementioned strains into equal volumes closer to the roots. After 15 days, a second inoculation (booster) was carried out by placing another 4 mL of the bacterial suspension next to the plant roots to increase the bacterial rate in the soil and ensure the infection of the newly formed roots.

The quantification in vitro of plant growth-promoting traits of the strains used was examined by standard protocols: phosphate solubilization was performed by the production of halo on agar medium as described by Alikhani et al. (2006) and the tolerance to water deficiency was tested by the resistance to polyethylene glycol. A confrontation assay was carried out to confirm the absence of inhibition between the four strains. The PGPR characteristics of the four strains are listed in Table 1.


TABLE 1. Phosphate solubilization and resistance to polyethylene glycol (tolerance to water deficiency) of the four tested PGPR strains (Z1, Z2, Z4, and ER21).

[image: Table 1]The composts used were prepared from grass (C1) and a mixture of green (C2) waste as described by Meddich et al. (2016). The composts (5% W/W with respect to culture soil) were added to the corresponding pots at date palm vitroplants transplanting (Anli et al., 2020). The physicochemical and microbiological properties of the two composts are presented in Table 2.


TABLE 2. Physico-chemical and microbiological properties of the composts used in this study.
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Experimental Design

Date palm vitroplants (Phoenix dactylifera L.) of variety Boufgouss -an elite variety with high commercial importance- were transplanted at the two leaf stage into 2.4 L plastic buckets filled (4/5) with sterilized soil (at 180°C for 3 h on 3 consecutive days) alone or mixed with compost at 5%. The soil used (bulk density: 1.32 ± 0.01 g cm–3) had the following characteristics: sand, 51%; clay, 19%; loam, 30%, available phosphorus, 11 ppm; organic matter, 1%; total organic carbon, 0.58%; nitrogen, 0.84 mg/g; EC 0.19 mS/cm; and pH, 8.6. The soil bulk density did not vary in every treatment. The finely textured soil to successfully grow date palm, instead of sand, has been used to achieve fast equilibrium rates during drying. The plants were watered and maintained at 75% field capacity (FC). During the pre-sowing period, irrigation was applied to FC to ensure full stand establishment in all treatments. Soil moisture was measured randomly in untreated and treated pots in each treatment using a TDR meter (Delta UK Ltd., Clacton-on-Sea, United Kingdom) in the morning and evening of each day. According to the measured soil water content, soil bulk density, soil moisture maximum field capacity and soil weight, the amount of needed water under different water conditions was calculated. Plants were grown in the greenhouse at 25.5°C (16/8 h light/dark) with fluorescent lighting (500 μmol m–2 s–1) and average relative humidity of 68.5%.

The experiment was carried out in a fully randomized design with 10 biological replicates for each treatment (in total 54 treatments) and all plants were placed randomly in the greenhouse (Table 3).


TABLE 3. Different treatments (and their nomenclature) applied in this study.

[image: Table 3]Three months after experiment start, two water regimes were imposed 75 and 25% FC (Baslam et al., 2014; Meddich et al., 2015a, 2018).



Chlorophyll Fluorescence and Stomatal Conductance Determinations

Chlorophyll fluorescence was measured by a fluorometer (OPTI-SCIENCE, OS30p). Dark adaptation was made on the upper side of the second fully developed leaf from the apex by obscuring for 20 min. This parameter was measured by transmission at 650 nm on a leaf area of 12.5 mm2. The fluorescence signal was recorded for a second at an acquisition speed of 10 μs (Strasser and Strasser, 1995). Stomatal conductance (gs) was determined as described by Harley et al. (1992).



Photosynthetic Pigments Quantification

The concentration of chlorophyll a, b, total chlorophyll, and carotenoids was determined according to the method described by Arnon (1949). Photosynthetic pigments were extracted from the frozen leaf powder subsample using cold acetone 80%. Following centrifugation at 10,000 × g for 10 min, supernatant absorbance was read at 480, 645, and 663 nm using a UV–visible spectrophotometer (UV-3100PC spectrophotometer, VWR).



Leaf Water Potential

Leaf water potential (Ψw) was measured using a pressure chamber (Model 600-EXP Super Pressure Chamber, PMS instrument, Albany, OR, United States) at predawn (06:00–08:00 h). The measurements were taken on mature fully expanded leaves from the upper part of the stem. Cutting leaves water potential were measured over the same days and immediately after gas exchange measurements.



Growth Assessment and Mineral Analysis

The growth performance of date palm plants was assessed by measuring the number of leaves, shoot height, root length, leaf area, and total dry matters (DM; obtained after drying samples at 80°C until the weight remained constant). The first fully expanded leaf of date palms in each treatments was harvested at the end of the light period, snap-frozen, ground to a fine powder in liquid N using a pestle and mortar, and kept at −80°C for the subsequent biochemical analyses.

For mineral analyses, the dried shoots were grounded using a coffee mill. Shoot N concentration was measured according to the method described by Rodier (1984). Shoot P concentration was estimated using the Olsen method (Olsen and Sommers, 1982) by incinerating the shoot powder (500 mg) in a muffle furnace before acid extraction.



Mycorrhization Assessment

Root samples were washed with distilled water and cleaned with 10% of KOH at 90°C for 30 min. Then, they were washed again and acidified with 2% HCl for 10 min and stained with Trypan blue at 90°C for 20 min according to Phillips and Hayman (1970). The microscopic assessment of mycorrhizal root colonization rates was performed according to the method of Trouvelot et al. (1986).



Total Soluble Sugars Quantification

Total soluble sugars (TSS) were determined in 0.1 g of the frozen leaf powder in 80% (v/v) ethanol. The quantity of TSS was determined according to Dubois et al. (1956) in 0.2 mL of the supernatant mixed with 0.2 mL of phenol and 1 mL of concentrated sulfuric acid. After 15 min, TSS content was determined by measuring the absorbance at 485 nm and calculated using the standard glucose curve.



Total Soluble Proteins and Antioxidant Enzymes

Frozen leaf powder subsamples (0.1 g) were homogenized in a cold mortar with 4 mL of 1 M phosphate buffer (pH 7) containing 5% polyvinylpolypyrrolidone (PVPP). The homogenate was centrifuged at 18,000 × g for 15 min at 4°C and the supernatant was used to measure antioxidant enzyme activities (Tejera García et al., 2004). Total soluble proteins were determined according to the technique described by Bradford (1976). Peroxidase (POX) activity was measured as described previously (Hori et al., 1997). The reaction mixture (3 mL) contained 1 M phosphate buffer (pH 7.0), 20 mM guaiacol, 40 mM H2O2, and 0.1 mL of the enzymatic extract which was added to start the reaction. POX activity was determined at 470 nm by its ability to convert guaiacol to tetraguaiacol (ε = 26.6 mM–1⋅cm–1) One unit of POX activity was defined as an absorbance change of 0.01 unit min–1. Polyphenol oxidase (PPO) was estimated by the method of Hori et al. (1997). The assay solution contained 20 mM catechol in 0.1 M phosphate buffer (pH 7). The reaction was started by addition of 100 μL of the enzymatic extract. PPO activity was expressed in enzyme unit mg–1 protein. One unit of PPO activity was defined as the amount of enzyme causing an increase in the absorbance of 0.001/min at 420 nm.



Malondialdehyde and Hydrogen Peroxide Content

Malondialdehyde (MDA) content in leaves was estimated by homogenizing the frozen leaf powder subamples (0.25 g) in 10 mL of 0.1% (w/v) trichloroacetic acid (TCA) and centrifuging at 18,000 g for 10 min as described by Madhava Rao and Sresty (2000). Two milliliters of supernatant were mixed with 2 mL of 20% TCA containing 0.5% Thiobarbituric acid (TBA). The mixture was then heated in a water bath at 100°C for 30 min and immediately cooled in an ice bath. The absorbance was read at 532 nm. The nonspecific turbidity was corrected by subtracting A600 from A532, and the MDA content was calculated as follows: [MDA] = 6.45 (A532 − A600) − 0.56A450.

Hydrogen peroxide (H2O2) concentration in leaves was determined by the method described by Velikova et al. (2000). Briefly, 0.25 g of the frozen leaf powder were homogenized with 5 mL 10% (w/v) TCA and then centrifuged at 15,000 x g for 15 min at 4°C. The supernatant (0.5 mL) was recovered to determine the content of H2O2 and 0.5 mL of potassium phosphate buffer (10 mM, pH 7) and 1 mL of iodic potassium (1 M) was added. After 1 h of incubation, the absorbance at 390 nm was recorded and plotted against a standard H2O2 curve. The blank was made by replacing the sample extract by 10% TCA.



Soil Analyses

At plant harvest, soil physicochemical properties were analyzed on samples taken near the roots. The pH and electrical conductivity (EC) were measured in a diluted soil suspension 1/5 (v/v) using a pH meter HI 9025 and a conductivity meter HI-9033 (Hanna Instruments, Padua, Italy), respectively. Total organic carbon (TOC) and organic matter (OM) were measured according to the method described by Aubert (1978), which consists of the oxidation of organic matter by potassium dichromate in the presence of sulfuric acid. Available P was determined according to Olsen and Sommers method (1982). The amount mineral N available in soil was measured according to the method described by Rodier (1984).



Statistical Analysis

Data are presented as mean ± SE (standard error) of six independent biological replicates. Data were analyzed by employing one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference test using a significance level of 5% (p ≤ 0.05). Normality of residuals was tested using the Shapiro-Wilk test. Mycorrhizal root colonization rates were arcsin-square root transformed to fit the assumption of normal distribution. Multivariate analysis of variance (MANOVA) was performed using SPSS 10.0 software to determine the interaction among the tested factors (AMF × Bacteria × Compost × Drought). Different lower cases indicate significant differences among treatments at p ≤ 0.05. In order to integrate all the data, a complete dataset comprising all growth, physiological, and biochemical data was subjected to Principal Components Analysis (PCA). The PCA was performed using XLSTAT v. 2014.



RESULTS


Mycorrhization Parameters

Our results showed that no mycorrhizal structure was observed in the roots of non-treatment controls. The frequency and intensity of AMF in date palm roots was significantly decreased by drought stress (Supplementary Table 1). The plants inoculated with AMF, especially for AMF1, without compost and PGPR showed the higher root colonization intensity compared to plants treated with compost and PGPR (Figures 1A,B). AMF infection frequency and intensity showed no significant difference between date palm inoculated with AMF alone or combined with PGPR and/or composts (bi- and tripartite combinations) under drought stress conditions (Figures 1A,B). The interactions between AMF and drought were significant for these two parameters (Supplementary Tables 1A and B).
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FIGURE 1. Influence of different water regimes [75% field capacity (FC); open bars and 25% FC; filled bars] on (A) mycorrhization frequency and (B) intensity in control plants (non-amended, non-inoculated), and plants amended with composts (C1 or C2) and/or inoculated with arbuscular mycorrhizal fungi (AMF, exogenous AMF1 or native AMF2) or plant growth promoting rhizobacteria (PGPR) strains (B1 or B2). Data are mean ± SE of six biological replicates. Means followed by the same letters are not significantly different at P < 0.05 (Tukey’s HSD).




Growth Assessment and Mineral Nutrition

Drought caused a significant decrease (P < 0.001) (Supplementary Table 1) in all the growth parameters such as leaf number, plant height, root length, leaf area (Table 4), and total dry weight (Figure 2). Our results showed that the un-inoculated and un-amended control performed very weak response in all these parameters compared to the treated plants under both well-watered and drought stress conditions (Figure 2, Table 4, and Supplementary Figure 1). Under drought stress, however, the application of bi- and tripartite combinations of biofertilizers (AMF1+C1, AMF1+C1+B1, AMF2+C2+B1, and AMF2+C1+B2) showed positive effects by promoting date palm shoot height and root length to a greater extent than in non-inoculated and non-amended plants. Moreover, the compost alone, bi and tripartite combinations (AMF1+C2+B1, AMF2+C2, C2) increased the number of leaves as compared to non-inoculated and non-amended date palm plants under well-watered and water deficit conditions. The plants treated with AMF1+C1, AMF2+B2, and AMF2+C2 improved the leaf area compared to non-inoculated and non-amended vitroplants under water deficit. A positive effect on the total dry weight of vitroplants subjected to water stress was recorded after application of biofertilizers (Figure 2). Indeed, the AMF and compost alone, bi and tripartite combinations (5 g in AMF2+C2 and C2, 4.8 g in AMF1+C1, and 4.6 g in AMF2, AMF1+B1, and AMF2+C1+B1) showed the highest values of this parameter under water deficit in comparison with non-inoculated and non-amended vitroplants (ca. 2.4 g).


TABLE 4. Influence of different water regimes on growth parameters of non-amended and non-inoculated plants (control), and plants amended and inoculated date palm plants with composts (C1 or C2) and/or arbuscular mycorrhizal fungi (AMF, exogenous AMF1 and native AMF2), and/or plant growth promoting rhizobacteria (PGPR) (B1 or B2).
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FIGURE 2. Influence of different water regimes (75% field capacity (FC); open bars and 25% FC; filled bars) on date palm total dry matter in control (non-amended, non-inoculated), and plants amended with composts (C1 or C2) and/or inoculated with arbuscular mycorrhizal fungi (AMF, exogenous AMF1 or native AMF2) or plant growth promoting rhizobacteria (PGPR) strains (B1 or B2) date palms. Data are mean ± SE of six biological replicates. Means followed by the same letters are not significantly different at P < 0.05 (Tukey’s HSD).


We assayed the P and N content in shoots of date palm plants under drought and different biofertilizers, since the degree of stress and growth depend on their uptake and translocation. Under the control condition (75% FC), shoot P was significantly increased in plants treated with AMF (Figure 3A) as compared to non-amended and non-inoculated control plants, whereas under drought stress, it was decreased. Under water deficit, shoot P content was significantly increased by C1+B1, AMF1, AMF1+B2, AMF1+C1+B1, AMF2, AMF1+B1+C1AMF2+C1+B2, and AMF2+C2 in comparison with non-treated plants (Figure 3A). Under 75% FC, N levels in leaves of all treated plants remained significantly higher than in control conditions. Drought stress decreased N content in all treatments, and all the biofertilizer treatments were able to maintain higher content than non-amended and non-inoculated control plants (Figure 3B). The interaction between drought × C1 × B1 (Supplementary Table 1A), drought × B2, and drought × C1 × B2 (Supplementary Table 1B) had a significant effect (P < 0.01) on P, while N showed a significant effect between drought × AMF2 (Supplementary Table 1B).
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FIGURE 3. (A) Phosphorous (P) and (B) nitrogen (N) content in date palm shoots under two water regimes [75% field capacity (FC); open bars and 25% FC; filled bars] of the tested control (non-amended and non-inoculated) and biofertilizers treatments [composts C1 or C2, arbuscular mycorrhizal fungi (AMF, exogenous AMF1 and native AMF2), and/or plant growth promoting rhizobacteria (PGPR) (B1 or B2)]. Data are mean ± SE of six biological replicates. Means followed by the same letters are not significantly different at P < 0.05 (Tukey’s HSD).




Physiological Traits

All physiological parameters were significantly decreased by drought (P < 0.001) (Supplementary Table 1). Under water scarcity, the leaf water potential values were decreased in non-inoculated and non-amended control plants. Plant inoculation with AMF and/or PGPR amended or not with the compost yielded an improvement in leaf water potential under water deficit, especially AMF1 (−1 MPa), AMF1+C1+B1 (−1.15 MPa), and AMF2+C2+B2 (−1.20 MPa) versus non-inoculated and no-amended plants (−2.18 MPa) (Figure 4A).
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FIGURE 4. (A) Leaf water potential, (B) stomatal conductance, and (C) chlorophyll fluorescence of date palm plants under two water regimes [75% field capacity (FC); open bars and 25% FC; filled bars] and grown under control (non-amended and non-inoculated) or biofertilizer applications [composts C1 or C2, arbuscular mycorrhizal fungi (exogenous AMF1 and native AMF2), and/or plant growth promoting rhizobacteria (PGPR) (B1 or B2)]. Data are mean ± SD of six biological replicates. Means followed by the same letters are not significantly different at P < 0.05 (Tukey’s HSD).


Under water control condition, there was obvious stomatal conductance differences between non-amended/non-inoculated and treated plants with AMF and/or PGPR. Under water stress, stomatal conductance values decreased in date palm plants. However, the application of biofertilizers increased stomatal conductance, with AMF1 alone, the bi- (C2+B1, AMF1+B1, AMF1+B2, AMF1+C2, and AMF2+B1) and tripartite (AMF1+C2+B1, AMF1+C2+B2, AMF2+C1+B2, and AMF2+C2+B2) combinations being the most effective in improving this parameter compared to control plants (Figure 4B).

As shown in Figure 4C, the chlorophyll fluorescence (Fv/Fm) was only slightly affected by drought stress. Biofertilizer application improved Fv/Fm in date palm plants under water shortage. The single (AMF1, PGPR B2 and compost C1), bi- (AMF1+C2), and tripartite (AMF2+C1+B2) combinations presented the most effective treatments to increase chlorophyll fluorescence under water deficit conditions compared to non-inoculated and non-amended plants.

In response to drought stress and inoculation with AMF, PGPR and compost application, chlorophyll a, b, total chlorophyll, and carotenoid content are shown in Figure 5. Under water deficit, the photosynthetic pigment content was reduced. However, the application of AMF, compost, and PGPR especially the combination C2+B1, AMF2+C1+B2, AMF2+C2+B1, AMF1, and AMF2+C2+B2 increased pigments contents compared to control plants, under water stress conditions. As for carotenoid content, this was positively affected by biofertilizers applied alone (B1, B2, C2, C1, AMF2, and AMF1) or in combination (AMF2+C1, AMF2+C1+B1, AMF1+B2, AMF2+C2+B2, AMF2+C1+B2, and AMF2+C2+B1) as compared with non-inoculated with AMF/PGPR and non-amended with composts, under water deficit.
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FIGURE 5. (A) Chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, and (D) carotenoid content in leaves of date palm plants under two water regimes [75% field capacity (FC); open bars and 25% FC; filled bars] and further grown without (control; non-amended and non-inoculated) or with biofertilizers [composts C1 or C2, arbuscular mycorrhizal fungi (AMF, exogenous AMF1 and native AMF2), and/or PGPR (B1 or B2)]. Data are mean ± SE of six independent biological replicates. Means followed by the same letters are not significantly different at P < 0.05 (Tukey’s HSD).




Biochemical Traits

Treatment effects on biochemical traits were significantly decreased by drought (P < 0.001) (Supplementary Table 1). Results related to the effect of drought stress and biofertilizer applications on sugar and protein content and POX and PPO activities in date palm plants are presented in Figure 6. Under normal water conditions, both compost and AMF increased sugar and protein content. Exposure to water deficit caused a significant decrease in sugar and protein content (Figures 6A,B). The addition of biofertilizers yielded a significant increase in sugar and protein compared to stressed control plants. Under 75% FC conditions, POX and PPO did not differ significantly among the biofertilizers treatments (Figures 6C,D) Exposure to drought stress led to a considerable increase in the POX and PPO specific activities as compared to non-treated control plants.
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FIGURE 6. (A) Total soluble sugar content, (B) protein content, (C) peroxidase (POX) activity, and (D) polyphenol oxidase (PPO) activity in date palm shoots under two water regimes [75% field capacity (FC); open bars and 25% FC; filled bars] of the tested control treatments (non-amended and non-inoculated) and biofertilizers treatments [composts C1 or C2, arbuscular mycorrhizal fungi (exogenous AMF1 and native AMF2), and/or plant growth promoting rhizobacteria (PGPR) (B1 or B2)]. Data are mean ± SE of six biological replicates. Means followed by the same letters are not significantly different at P < 0.05 (Tukey’s HSD).


To characterize damage caused by drought stress, we carried out MDA and H2O2 analyses (Figure 7). The exposure of date palm plants to severe water deficit resulted in an increase in MDA and H2O2 content. Under water stress, in contrast, the application of single or combined biofertilizers showed reduced MDA and H2O2 content compared to non-inoculated and non-amended controls. The interactions AMF1 × C2 × Drought, and AMF1 × B1 × Drought (Supplementary Table 1A), AMF2 × C2 × Drought, B1 × Drought, and B1 × Drought (Supplementary Table 1B) had a significant effect on H2O2 content.
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FIGURE 7. (A) Malondialdehyde (MDA) and (B) hydrogen peroxide (H2O2) content in date palm shoots under two water regimes (75% field capacity (FC); open bars and 25% FC; filled bars) of the tested control treatments (non-amended and non-inoculated) and biofertilizers treatments [composts C1 or C2, arbuscular mycorrhizal fungi (AMF, exogenous AMF1 and native AMF2), and/or plant growth promoting rhizobacteria (PGPR) (B1 or B2)]. Data are mean ± SE of six independent biological replicates. Means followed by the same letters are not significantly different at P < 0.05 (Tukey’s HSD).




Soil Analysis

We assayed the pH, electrical conductivity, total organic carbon, total organic matter, N, and P content in the soil just after harvesting the plants, since the degree of soil quality depends on their values after the culture (Table 5). Under control conditions, the addition of composts increased the soil quality more than controls. Under drought stress, soil analyses at harvest time showed that biofertilizers application - mainly composts - improved soil quality as compared to the controls (Table 5). As a result, relative to control plants, the soil pH was decreased following the application of biofertilizers after prolonged drought. Under these conditions, EC, TOC, and OM were improved by biofertilizers. Moreover, under drought stress, both total N and P content in the soil were improved when biofertilizers were applied, especially in the treatments AMF1+B2, AMF1+C2+B1, AMF2, AMF2+B2, AMF2+C1+B2, and AMF2+C2.


TABLE 5. Soil physic-chemical analysis at harvest time of date palm grown under two water regimes (75 and 25% Field Capacity (FC)) of the tested control (non-amended and no-inoculated) and biofertilizers (composts C1 or C2, arbuscular mycorrhizal fungi (AMF, exogenous AMF1 and native AMF2), and/or plant growth promoting rhizobacteria (PGPR) (B1 or B2). Data are mean ± SE of six biological replicates.
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Principal Component Analysis (PCA)

The PCA showed that AMF alone or combined with compost and/or PGPR were the most effective treatments to improve growth, nutrition, osmolytes and antioxidant traits (shown in the right panel of Figure 8A) under drought stress (Figure 8A). PC1 explained 40.8% and PC2 explained 11.9% of the total variance. Figure 8B showed that all biofertilizer treatments, single or combined (right panel of Figure 8B), were separate from the control. In Figure 8A, we observed in the right lower panel of the PC1 component, that the traits PPO, Fv/Fm, OM, TOC, Total Chlorophyll, chlorophyll a and b, shoot height, carotenoid, and leaf water potential were closely related to soil P and N concentration, shoot P and N content, sugar, root length, leaf area, leaf number, POX, protein, mycorrhizal frequency and intensity, and EC. In contrast, relative to biofertilizer treatments, the non-treatment control separated in the left of the PC1 component (Figure 8B) and was related to H2O2, MDA and pH traits (Figure 8A).
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FIGURE 8. Principal component analysis (PCA) of the different studied (A) traits and (B) treatments under drought stress conditions (25% FC). Chl a, chlorophyll a; Chl b, chlorophyll b; EC, electrical conductivity; Fv/Fm, chlorophyll fluorescence; gs, stomatal conductance; H2O2, hydrogen peroxide; LA, leaf area; LWP, leaf water potential; MDA, malondialdehyde; MI, mycorrhizal intensity; MF, mycorrhizal frequency; N (soil), nitrogen content in soil; N (plant); nitrogen content in plant; NL, leaf numbers; OM, organic matter; P (soil), Phosphorous content in soil; P (plant), Phosphorous content in plant shoot; POX, peroxidase; PPO, polyphenol oxidase; RL, root length; SH, shoot height; TOC, total organic carbon; T Chl, total chlorophylls.




DISCUSSION

In the present study, the application of composts together with inoculation of the exotic and native AMF and PGPR strains inoculations either as single or combined treatments were very effective in helping date palm plants to attenuate the detrimental effects of drought stress on growth, photosynthetic apparatus, nutrient uptake, physiological traits, and oxidative stress. The treated biofertilizers assayed showed a high level of osmotic stress tolerance under water deficit. Our results show that no mycorrhizal structure was observed in the roots of non-treatment controls, but the plants inoculated with AMF were successfully infected by the native or exogenous mycorrhizal consortium under both well-watered and drought conditions. In the presence of water stress, mycorrhization intensity decreased in the AMF treatments alone or in combination with compost and/or PGPR. Our results are in line with several studies showing that mycorrhizal infection decreased when the host plants were exposed to drought stress (Baslam and Goicoechea, 2012; Meddich et al., 2015a; Paymaneh et al., 2019). Under drought stress, however, our findings show an increase of the mycorrhization intensity in date palms treated by compost and PGPR alone or in combination. Cavagnaro (2014) and Kohler et al. (2015) reported that the application of compost at a low dose (2 and 12.5%) increased AMF infection in the root system. Other studies have shown a positive effect of PGPR on enhancing root infection by AMF (Ben-Laouane et al., 2019; Raklami et al., 2019). On the other hand, Sghir et al. (2014) noted that mycorrhizal frequencies and arbuscular content decreased significantly in palm trees inoculated with the combination AMF-PGPR Trichoderma harzianum as compared to plants inoculated only with AMF because it colonizes the same space as AMF. However, dual-inoculation AMF-Trichoderma led to the best date palm growth (Sghir et al., 2014). The application of different biofertilizers (alone or in combination) benefited plant growth (mainly leaf number, shoot height, root length, leaf area, and total dry biomass production). The beneficial effect of mycorrhizal and PGPR associations and compost amendment on growth of date palms, under water deficit, could be explained by the greater uptake of nutrients with low mobility such as P and N contained in the substrate. Previous studies demonstrated that date palm and other plants inoculated with AMF accumulated more N and P in leaves than non-mycorrhizal plants when subjected to drought stress (Meddich et al., 2015c; Hao et al., 2019). Javan Gholiloo et al. (2019) showed that the application of biofertilizers (AMF and PGPR) improve the P and N nutrition and consequently enhances date palm plant growth under deficit conditions. Nadeem and colleagues (2014) showed that AMF and PGPR can regulate mineral nutrition by solubilizing nutrients in the soil and producing plant growth regulators (i.e., hormones). Several studies have indicated that compost, AMF and PGPR improve plant growth through the assimilation of immobile soil nutrients such as N and P (Yadav et al., 2013; Baslam et al., 2014; Al-Karaki, 2016; Barje et al., 2016; Frosi et al., 2016; Yang et al., 2018; Raklami et al., 2019; Yu et al., 2019). Here we showed that inoculated and amended date palm plants had considerably higher mineral nutrient content (P and N) as compared to controls under water deficit conditions allowing higher plant performance. This resulted from the better absorption of the surface area provided by extensive fungal hyphae (Wu and Zou, 2017; Zhang et al., 2018) and/or a direct uptake from compost to plant root (Kohler et al., 2015) and/or the mobilization and absorption of various nutrients from soil to plants by PGPR (Grobelak et al., 2015). AMF-colonization results in the establishment of extensive hyphal networks and glomalin secretion, fueling plants with water and nutrient, and thereby, enhancing soil structure (Pagano, 2014). Recently, Volpe et al. (2016) reported the role of PT family genes as components of the Pi-sensing machinery in root tips, which is up-regulated in AMF colonized plants. In addition to P and N, evidence of the role of AMF and PGPR symbiosis in the “transportome” of several mineral nutrients has been obtained in studies on several plant species (Hogekamp et al., 2011; Casieri et al., 2013).

Physiological traits constitute an important tool to study the effect of drought stress on many plants. Our results showed an increase in leaf water potential, stomatal conductance, Fv/Fm, and chlorophyll pigment synthesis in plants inoculated with AMF and PGPR and/or amended by composts. This improvement of physiological traits can lead to an increase in CO2 assimilation for photosynthesis. Similarly, several studies have demonstrated the capacity of AMF inoculation to reduce the negative effect of drought stress on date palm growth by improving photosynthesis, water status, and antioxidant activity (Baslam et al., 2014; Meddich et al., 2015a). In our research under drought stress, treated plants reduced the degradation of total chlorophyll a and b and carotenoid. A higher photosynthetic pigment under drought stress conditions suggests a better performance of the photosynthetic apparatus. Our data show that biofertilizers not only increase water and nutrient uptake to mitigate the negative effect of drought but also improve stomatal conductance. Several studies have reported the existence of a positive correlation between photosynthetic efficiency maintenance and tolerance to drought stress in plants amended with compost and/or inoculated with AMF/PGPR (Wu et al., 2006; Sandhya et al., 2010; Tartoura, 2010; Abd El-Mageed et al., 2018, 2019; Duo et al., 2018; Khosravi Shakib et al., 2019). In response to drought stress, plants treated with biofertilizers showed lower levels of potentials and higher water content, allowing the inoculated and amended plants to sustain high organ hydration and turgor level which maintain overall physiological activities of the cells, especially those linked to the photosynthetic apparatus. Another study showed that the positive effect of compost on soil was related to the improvement of water retention (Tartoura, 2010). The association with AMF amends the plants’ water regulation by triggering hormonal signaling such as ABA-mediating stomatal conductance or by stimulating osmolytes. Other studies showed, under drought stress, the development of microorganisms-mediated mechanisms including modifications in the content of plant hormones (e.g., strigolactones, jasmonic acid, and abscisic acid) and improvement in plant water status by increasing hydraulic conductivity (Chaumont and Tyerman, 2014; Fernández-Lizarazo and Moreno-Fonseca, 2016). The increase in root hydraulic conductivity can be related to an enhanced expression in fungal or plant AQPs (Sánchez-Romera et al., 2016). Chitarra et al. (2016) showed an enhancement in the water transport capacity of treated roots, which correlated with overexpression of the NIP AQP-encoding gene (LeNIP3;1). Recently, Xie et al. (2018) found up-regulation of the root AQP gene PIP expression under moderate water deficit in AMF roots.

Soil organic matter and total organic carbon were improved by the biofertilizers used. This improvement could be explained by a direct contribution from compost or by the ability of AMF and PGPR to metabolize different compounds produced by plant roots mainly carbohydrates and organic acids. Shen et al. (2013) and Ning et al. (2017) showed that inoculation with microorganisms and compost application to plants was very effective in improving soil quality especially in organic matter, water retention, and mineral nutrition. The results obtained showed that biological treatments had an important effect on N and P in soil. However, a high amount of N and P in the rhizosphere soil of plants amended with compost and inoculated with AMF and PGPR could be due to a direct absorption via compost or by the fact that AMF and PGPR efficiently and directly take up from the soil to the plant nutrients such as N and P (Grobelak et al., 2015; Liu et al., 2018). In order to tolerate drought stress, plant adaptation is associated with high concentration of solutes such as soluble sugars and protein to regulate the osmotic potential of cells which, in turn, induce an improvement in water absorption under unfavorable condition (Zhang et al., 2010; Liao et al., 2019). Our data indicated that the concentrations of soluble sugars and protein in leaves increased during drought stress in treated plants as compared to microbes-free controls. These results are in agreement with previous reports using AMF or PGPR (Abbaspour et al., 2012; Vurukonda et al., 2016; Javan Gholiloo et al., 2019). In fact, PGPR were shown to secrete osmolytes to mitigate drought stress, which act synergistically with plants internal osmolytes boosting plant growth (Paul et al., 2008). Bano et al. (2013) and Sandhya et al. (2010) reported that plants inoculated with PGPR and grown under drought stress improved their growth by soluble sugars and protein accumulations compared to non-treated plants. However, our results suggest that the application of compost and inoculation with AMF and PGPR were propitious to carbohydrate accumulation, mainly soluble sugars, in drastic conditions resulting in reduced osmotic potentials in host cells. Indeed, the osmotic stress induced by drought is tolerated by the host plant by altering biochemical responses via the enhancement of metabolite biosynthesis (e.g., sugars and proline) that function as osmolytes, and thereby maintaining the water potential, hydration and turgor level which maintain overall physiological activities under harsh environments. Previous studies showed that sugar metabolism-related genes tend to be enriched in plants treated with beneficial microbes under drought stress (Ahanger et al., 2014; Bárzana et al., 2015). Our results demonstrated that levels of MDA and H2O2 in leaves were lower under drought stress in treated plants compared to beneficial microbe-free control plants. To explain the low lipid peroxidation damage in AMF-treated plants, two possibilities were suggested by Abbaspour et al. (2012): (1) either inoculated plants with AMF suffered less drought stress owing to a primary drought avoidance effect by symbiosis (e.g., direct water uptake by fungal hyphae from the soil to the host plant) or (2) AMF colonization improved the activities of antioxidant enzymes as a defense to eliminate the ROS. Our results suggest that the application of compost and inoculation with AMF and PGPR could improve the defense against drought stress by reducing and eliminating ROS diffusion and production. Plants treated with AMF/PGPR counteract water deficit-induced oxidative stress by upregulating ROS-scavenging antioxidant compounds and antioxidant enzymatic activities. It is well known that plants protect against the damage caused by this oxidative stress by mechanisms that detoxify ROS which can be enzymatic (superoxide dismutase, catalase, ascorbate peroxidase, glutathione reductase, and monodehydroascorbate reductase) and non-enzymatic (flavanones, anthocyanins, carotenoids, and ascorbic acid). Our results showed a significant increase in POX and PPO in plants subjected to water deficit and inoculated with beneficial microbes and/or amended with compost than controls. Duo et al. (2018) revealed that nano-compost alone or combined with bacterial strains minimized the effects of drought stress by increasing antioxidant enzymes and decreasing MDA. Other studies suggested that drought tolerance is acquired by bacteria through the improvement of plant cell membrane stability and elasticity by activating the antioxidant defense system (Dimkpa et al., 2009; Gusain et al., 2015).

The results highlight a physiological and biochemical switching mechanism in microbe association and provide additional confirmation of the hypothesis that, as illustrated in Figure 9, microbial association and compost operate at multiple (including photosynthesis machinery, antioxidant system, osmolytes biosynthesis, gene regulation) levels. Our study showed an improvement in the parameters studied in date palms growing in soil treated by the autochthonous biofertilizers mainly the consortium AMF2 alone and its combination with compost (C2) and/or PGPR (B2) under drought stress, especially AMF2+C2 and AMF2+C2+B2 treatments. This improvement in growth, mineral uptake, and physio-biochemical traits together with the decrease in MDA and H2O2 could be due to the synergy between AMF, compost, and PGPR: (1) the compost (C2) with low dose 5% allows good mycorrhizal infectivity, the presence of essential mineral elements such as N, P, and K for plant growth, and improves the soil quality by enhancing carbon, organic matter, and available P and N, (2) the native AMF hyphal structure might allow the uptake of water and nutrients needed by the plants and/or the changes in the level of phytohormones that participate in symbiosis. Furthermore, the stimulation of AMF symbiosis by root exudates could constitute an important source of organic carbon in the rhizosphere and a route of chemical communication between root plants and the fungi and (3) the PGPR (B2) could enhance phosphate solubilization resulting in increased phosphate available in the soil absorbed by plants through the production of organic acids and phosphatase. Furthermore, PGPR could modulate the tolerance of date palms via other mechanisms, yet to be elucidated, such as phytohormones (auxin, cytokinins), siderophores, and exopolysaccharide production.


[image: image]

FIGURE 9. Suggested model for the regulatory network involved in date palm growth and tolerance to drought in response to compost, arbuscular mycorrhizal fungi (AMF) and plant growth promoting rhizobacteria (PGPR). According to this model, AMF colonization of a plant root permits the extension of hyphae extending into the surrounding soil, providing availability and storage of nutrients such as phosphorus and nitrogen for the plant. Also, AMF help to promote the synthesis of aquaporins which by changing the root hydraulic conductivity can enhance water uptake and water homeostasis maintenance under drought conditions. PGPR function as plant enhancer and facilitate the drought-exposed plants by improving nutrient uptake (N), water balance and osmoregulation through hormones (CKs and ABA)-mediating stomatal pores and regulating plant biochemical mechanisms (reducing the degradation of chlorophyll content and lipid peroxidation, increasing production of protein that reduces the damaging effect of ROS and can help maintain photosystem functionality under drought stress). Further, PGPR affect the EPS, allowing the increase of the water holding capacity. The compost functions as a soil conditioner in the process of decomposition and nutrient cycling (capture and delivery), which are driven by the activity of soil microorganisms affecting the soil microorganism activity (e.g., AMF and PGPR). The resulting changes in soil characteristics permit soil aggregation and enhance water holding capacity. Additionally, the plant–AMF/PGPR-compost associations act on physiological (increases in the photosynthetic pigments, and ABA-mediating higher stomatal conductance, permitting the increase of internal CO2 and photosynthetic capacity) and biochemical (accumulation of osmolytes and activation of antioxidant metabolites/activities allowing leaf osmotic adjustment, ROS scavenging, and alleviation of oxidative stresses) parameters. Solid lines represent the analyses carried out in this study. Dashed lines indicate mechanisms found in the literature.


Altogether, the general pattern that can be observed in the dataset is that an amendment of the soil reflects in better growth, in better soil properties and this also mirrors in stress related properties of photosynthesis; gas exchange or compound accumulation. It is worthy of note that the use of autochthonous biofertilizers (i.e., AMF2, C2, and B2) could constitute an original approach to improving the boost in growth and tolerance and may be a suitable combination for date palms in arid climates.



CONCLUSION

Global agriculture will not only have to face the task of improving stress resistance and yields for food and biomass production but also that of reducing the dependence of producers on agrochemicals for a sustainable food system and environmental health. Therefore, the need to implement or revitalize eco-friendly technologies, such as compost and beneficial microbe-based biofertilization is of great importance for agriculture and the environment. Despite its enormous potential, the application of AMF, as yet, has not been fully adopted by farmers and the underlying mechanisms have not been sufficiently examined over recent decades. Moreover, since native AMF have demonstrated a great potential versus commercial isolates, in this work, it has been pointed out that native AMF, PGPR inoculation and compost overall produces positive outcomes on plant production, mainly owing to the several nutrition-related benefits that this class of soil beneficial microbes, symbionts and compost are able to provide to their host-plants. Furthermore, our data suggest that biofertilizers develop drought-adaptive strategies through the influence of plant mechanisms, such as photosynthetic machinery, better efficiency of PSII, root hydraulic conductivity, osmolyte accumulation, antioxidant enzyme production, higher membrane stability, and lower lipid peroxidation. Our findings are a first step toward encouraging farmers to autonomously produce their AMF inocula, starting from native soils. Further, this work makes biofertilization technology more likely to be affordable for farmers in harsh areas, and also those in developing countries for a sustainable crop growing system. For these reasons, the next significant step (an on-going study) toward the stable use of biofertilizers in agriculture and to better understand the potential effects of indigenous biofertilizers is carrying out field trials.
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Gas exchange Treatments

0 100 300 D 100+ D 300 + D
Pn (wmol m2s1) 22.71a +£0.82 23.19a £ 0.83 12.78¢c + 0.31 10.64c + 0.49 17.61b +£ 0.52 8.20d +0.20
gs (molm=2 s~ 1) 0.149a + 0.012 0.122b £0.010 0.074d £ 0.003 0.044e + 0.003 0.109¢ + 0.009 0.03% =+ 0.001
Ci (wmol m-2s1) 236a + 18.43 175b + 6.03 107d £ 4.76 98e + 6.65 151¢c + 3.76 62f +£4.22
E(molm=2s™ 1 3.71a + 0.059 2.78b £0.014 1.50c + 0.053 1.29d + 0.017 2.81b £ 0.008 0.78¢ +£0.012
WUEI (Pn/gs) 166bc + 18 198b £ 18 171bc £5 245a £+ 22 164c + 16 212a +7
ETR/Pngross (unitless) 4.61b + 0.21 4.78b + 0.06 6.79a + 0.81 4.67b + 0.07 4.45b + 0.13 4.28b +0.13
Ci/Catm (unitless) 0.5% + 0.046 0.44b £0.015 0.27d £ 0.012 0.49b +0.017 0.38¢ + 0.009 0.16e +£0.011
Rg (umolm=2 s~ 1) —0.65b + 0.07 —0.61b £ 0.01 —0.36a + 0.06 —0.92¢ +£0.08 —1.76e + 0.08 —1.46d +0.05
Is (wmol m—2 s~ 2,050a + 100 2,015a + 44 1,296c + 55 542d + 47 1,809 + 100 1,020c £ 77
Ic (wmol m=2 s~ 1) 56.65a + 3.22 47.68b £ 2.23 37.26¢ + 5.22 20.71d £ 6.23 49.74b +5.23 35.15¢ + 3.23
Dco2 (Mol COp pmol~—1) 0.017a + 0.000 0.018a + 0.000 0.012¢ + 0.001 0.009d =+ 0.001 0.014b £ 0.000 0.008d + 0.000
Vemax (molm=2 s~ 1) 72.68b +5.93 78.49a +£7.67 36.86d + 3.93 24.20e + 2.31 57.88¢ +5.35 14.84f +1.91
Jmax (wmol m=2 s~ 1) 72.51b £ 8.24 78.94a + 8.68 36.03d £ 4.91 24.49% + 3.91 57.89¢ + 2.00 15.16f +1.03

The values of net photosynthesis (Pn), stomatal conductance (gs), intercellular CO (Cy), transpiration rate (E), water use efficiency (WUEI), ETR/Pngross, Ci-to-COz in air
ratio (Ci/Cy), dark respiration (Rg), saturation light (Is), COo compensation point (Ic), apparent quantum yield of CO» assimilation (®co2), Rubisco carboxylase activity
(Vemax), and RuBP regeneration (Jmax) are the mean of three replicates + SE. Different letters express differences between treatments after Bonferroni post hoc test
(P < 0.05). 0, 100, and 300 are millimolar concentrations of NaCl treatments, D is drought, and 100 + D and 300 + D are combinations of drought with 100 and 300 mM

NaCl, respectively.
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NaCl: OmM 100 mM 300 mM

Water
Drought
Number of Stomatal area Roundness of Stomatal aperture
Treatments stomata (um?) stomata (um?)
(#/ cm?) (um)
0 13.50a +0.50 388.67b  +4.18 0.88a +0.05 91.25a +8.34
100 13.57a  +0.30  427.33a £29.55 0.89a +0.03 105.25a £3.17
300 12.63ab  +0.63  249.00c +6.56 0.60c +0.06 71.67b  +7.69
D 8.68c +0.34  208.67d £24.74 0.71b +0.04 39.00d +£3.21
100+D 11.02b  +0.58 232.33dc +5.04 0.60c +0.01 49.93¢c +£1.46

300+D 9.19¢ +0.19  200.00d +22.55 0.45d +0.01 36.67d =£1.20
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Reo/RC = (Mo/Vy) x (1-V)

Dig/RC = (ABS/RC - Tro/RC)

Performance index

Plags = RC/ABS x [gPo/(1 - ¢Po)] x [¥Eo/(1 ~ ¥Eo)]

Quantum yields and probabilities
9Po = FyFm

WE=1-Vy

Connectivity among PSII units

We =1~ [Fy = Faoo wsl(Fs = Fso us)) /S

W =100 us = Fo0 usFy = Fso us)

C = (We - WIVy x W x (1- We))

P26 = C x [Fs0 us/Fy = Fs0 ysl]

P =[p26 X (F/Fso us = W1 + P2g X (Fn/Feo s = 1
@ =p x [(Fm ~ Fso us)/Fm]

Name and basic physiological interpretation

Relative variable fluorescence at time t (v, Vi at 2, 30 ms)
Approximate value of the initial slope of relative variable fluorescence curve Vt (for Fo = Fso )

Absorbed photon flux per RC

Trapped excitation flux (ieading to Qa reduction) of absorbed photons per RC
Electron transport flux (from reduced Qa to Qg) per RC

Electron flux reducing end electron acceptors at the PSI acceptor side, per RC
Dissipated energy flux per RC

Performance index for energy conservation from photons absorbed by PSl antenna, to the reduction

of Qg

Maximum quantum efficiency of primary PSII photochemistry; maximum efficiency at which light
absorbed by PSll s used for reduction of Q.
Probabilty with which a PSIl trapped electron is transferred from reduced Qa to Qg

Model-derived value of relative variabe fluorescence at 100 s calculated for unconnected Sl units
Relative variable fluorescence at 100 s

Curvature constant of intial phase of the O-J curve

Overall grouping probability between PSII units when they are all open

Connectivity parameter

Probabilty of the connectiity among PSIl units when they are al closed

Based on information presented by Strasser et al.(1995, 2000, 2004, 2010), Strasser and Stirbet (2001), Stirbet and Govindjee (2011), Stirbet (2013).
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Data are means + SD (n = 5 plants) and no significant differences between the
different light conditions were detected at P < 0.01 according to the independent
sample t-test.
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Plants non-amended with compost, no-inoculated with AMF, and inoculated with PGPR consortia B1 (Z1+22)
Plants non-amended with compost, no-inoculated with AMF, and inoculated with PGPR consortia B2 (Z1+22+4-Z4+ER21)
Plants amended with compost C1 (grass waste), no-inoculated with AMF/PGPR

Plants amended with compost C1, no-inoculated with AMF, and inoculated with PGPR consortia B1

Plants amended with compost C1. no-inoculated with AMF, and inoculated with PGPR consortia B2

Plants amended with compost C2 (mixture of green waste) and no-inoculated with AMF/PGPR

Plants amended with compost C2, no-inoculated with AMF, and inoculated with PGPR consortia B1

Plants amended with compost C2. no-inoculated with AMF and inoculated with PGPR consortia B2

Plants inoculated with AMF1 (exogenous R. irregulare), non-amended with compost, and no-inoculated with PGPR
Plants inoculated with AMF1, inoculated with PGPR consortia B1, and non-amended with compost

Plants inoculated with AMF1, inoculated with PGPR consortia B2, and non-amended with compost

Plants inoculated with AMF1, amended with C1, and no-inoculated with PGPR

Plants inoculated with AMF1, inoculated with PGPR consortia B1, and amended with C1
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Plants inoculated with AMF2 (indigenous consortium of AMF), non-amended with compost, and no-inoculated with PGPR
Plants inoculated with AMF2, inoculated with PGPR consortia B1, and non-amended with compost

Plants inoculated with AMF2, inoculated with PGPR consortia B2, and non-amended with compost

Plants inoculated with AMF2, amended with C1, and no-inoculated with PGPR

Plants inoculated with AMF2, inoculated with PGPR consortia B1, and amended with C1

Plants inoculated with AMF2, inoculated with PGPR consortia B2, and amended with C1
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Composts pH EC (mS/cm) COT (%) NTK (%) C/N P (mg/g) Bacterial population (CFU/g) Fungal population (CFU/g)

Compost (C1) 7.86 7.10 30.65 2.19 14.00 0.270 1.65 x 108 430 x 10°
Compost (C2) 7.80 8.50 27.24 1.32 20.64 0.266 2.12 x 105 9.75 x 10*

EC, electrical conductivity; TOC, total organic carbon; TKN, total Kjeldahi-nitrogen; C/N, carbon-to-nitrogen ratio; B phosphorous; CFU, colony-forming unit.
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C1+B1 6.2+02ad 46+02fg 27.5+0.9b 250+£08f-m 267+11ak 21.9+09n-p 425+09ad 32.7+09fh
C1+B2 6.0+03a-e 50+03d-g 29.8=+08af 26.6 + 1.0 b- 26.6 £ 0.5 a- 234 +£1.3i-0 43.3+21a—c 29.3+1.3g4
c2 6.8+02a 56 +02af 30.1+06a-d 257+05c-m 27.1+05a 228+ 08k-o0 453+15a 34.5+0.8¢c-h
C2+B1 62+02ad 54+02bf 27.6=+09a- 25,1 £09em 245+02g-0 21.0+040p 420+1.2a-e 32.0+0.7fh
C2+B2 58+02af 54+02bf 31.0+1.1ab 26.7 £ 0.9 b~ 28.7 £ 0.9 a—f 23.4+0.5i-0 485+17a 33.0+1.6fh
AMFA1 64+02ac 54+£02bf 300+1.3a-d 27.2+05Db- 279+13a-h 23.1+04j-o0 4383+1.7a-c 31.5+0.7f4
AMF1+B1 62+03a-d 52+02cf 302+07ac 256+09c-m 293+08a-d 253+05d-n 440x16ab 33.0+1.3f-h
AMF1+B2 6.6 £0.2ab 54 +02b-f 296+09a-g 26.4+06b- 292 +13a-d 244+05g-0 430x11a—c 34.0+1.1d-h
AMF1+C1 56+02af 48+02eg 299+10ae 276=+07al 30.0+1.1a 250+ 05e-0 460+19a 34.7 £15¢c-h
AMF1+C1+B1  6.8+0.2a 52+02cf 304+13a—c 275x11al 295+05ac 27.1+05a 450+22a 31.3+0.9f-
AMF1+C14B2 58+ 0.2af 52+02cf 295+05a-h 26.8+09b- 30.0+0.8a 249+ 06e-o0 420+20a-e 33.0+1.3f-h
AMF1+C2 64+02ac 54+02bf 286+12a 247 +£0.7h-m 282+12a-g 262+06am 453+17a 31.7+1.1fh
AMF1+C2+B1  58+0.2af 58+02af 27.2+0.8b- 24.4 +£ 0.7 j-m 27.3+0.4 a-i 24.7 £ 0.5f0 443 +1.9ab 31.7+£1.6fh
AMF1+C2+B2 62+02a-d 50+£03d-g 302+06ac 248+07g-m 29.0+07a-e 256+07b-n 478+17a 32.6 £1.5fh
AMF2 62+02a-d 54+02b-f 289+0.7a 248 +£0.6g-m 288 +0.9af 244+ 0590 478+24a 32.3+1.1fh
AMF2+B1 6.0+03ae 52+02cf 295+12a-h 259+06c-m 279+06ah 2524+03d-n 463+14a 33.7 £1.7d-h
AMF2+B2 62+02ad 54+02bf 285+07ak 246+06i-m 28.8 £0.9 a—f 25.4+0.5¢—n 475+15a 35.0+0.9¢c-h
AMF2+C1 58+02af 50+00d-g 323+12a 27.0 £ 0.7 b~ 26.0+04an 226+07k-p 433+12a—c 328+1.1fh
AMF2+C1+B1  6.2+02a-d 54+02b-f 294+09a-i 238+ 0.7k-m 261 +05am 24.0+07h-0 445+20ab 34.0+1.4d-h
AMF2+C1+B2 58+02af 52+02cf 31.0+06ab 284 +08ak 296+1.2ab 271+ 0.7 a 4684224 33.5+1.6e-h
AMF2+C2 62+02a-d 56+02af 299+13a-e 268=+04Db- 262+08a-m 235+05i-0 46.0+21a 36.0+1.1b-g
AMF2+C2+B1  6.0+0.83a-¢ 48+02eg 323x1.1a 27.3 £ 0.9 b- 285+04a-g 248+06f0 450+19a 32.3+1.4fh
AMF2+C2+B2 6.0+0.0a-e 48+00e-g 299+06ad 253+05d-m 265+06a-m 227+07k-0 445+08ab 33.8+ 1.6d-h

Means followed by the same letters are not significantly different P < 0.05 (Tukey’s HSD).
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