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This study unveils the single and combined drought and heat impacts on the photosynthetic performance of Coffea arabica cv. Icatu and C. canephora cv. Conilon Clone 153 (CL153). Well-watered (WW) potted plants were gradually submitted to severe water deficit (SWD) along 20 days under adequate temperature (25/20°C, day/night), and thereafter exposed to a gradual temperature rise up to 42/30°C, followed by a 14-day water and temperature recovery. Single drought affected all gas exchanges (including Amax) and most fluorescence parameters in both genotypes. However, Icatu maintained Fv/Fm and RuBisCO activity, and reinforced electron transport rates, carrier contents, and proton gradient regulation (PGR5) and chloroplast NADH dehydrogenase-like (NDH) complex proteins abundance. This suggested negligible non-stomatal limitations of photosynthesis that were accompanied by a triggering of protective cyclic electron transport (CEF) involving both photosystems (PSs). These findings contrasted with declines in RuBisCO and PSs activities, and cytochromes (b559, f, b563) contents in CL153. Remarkable heat tolerance in potential photosynthetic functioning was detected in WW plants of both genotypes (up to 37/28°C or 39/30°C), likely associated with CEF in Icatu. Yet, at 42/30°C the tolerance limit was exceeded. Reduced Amax and increased Ci values reflected non-stomatal limitations of photosynthesis, agreeing with impairments in energy capture (F0 rise), PSII photochemical efficiency, and RuBisCO and Ru5PK activities. In contrast to PSs activities and electron carrier contents, enzyme activities were highly heat sensitive. Until 37/28°C, stresses interaction was largely absent, and drought played the major role in constraining photosynthesis functioning. Harsher conditions (SWD, 42/30°C) exacerbated impairments to PSs, enzymes, and electron carriers, but uncontrolled energy dissipation was mitigated by photoprotective mechanisms. Most parameters recovered fully between 4 and 14 days after stress relief in both genotypes, although some aftereffects persisted in SWD plants. Icatu was more drought tolerant, with WW and SWD plants usually showing a faster and/or greater recovery than CL153. Heat affected both genotypes mostly at 42/30°C, especially in SWD and Icatu plants. Overall, photochemical components were highly tolerant to heat and to stress interaction in contrast to enzymes that deserve special attention by breeding programs to increase coffee sustainability in climate change scenarios.




Keywords: acclimation, climate change, coffee, drought, heat, photoinhibition, photosynthesis



Introduction

The global CO2 emissions have been increased steadily from the industrial revolution onwards, from around 280 µL CO2 L-¹ until a global atmosphere average of 407.4 in 2018 (NOAA, 2019). Further increases might lead to estimated values between 730 and 1,020 µL CO2 L-¹ in 2100 accompanied by a global warming up to 4.8°C (IPCC, 2014). In addition, heat waves and altered inter- and intra-annual precipitation patterns, with periods of prolonged drought to extreme rainfall events, have also been predicted (IPCC, 2014; IPCC, 2018).

Heat and drought stresses, which are major environmental constraints to plant growth and crop productivity, have been associated with decreases in both stomatal conductance (gs) and net CO2 assimilation rates (Pn) (Long et al., 2006). These decreases predispose leaves to photoinhibitory damage due to decreased energy use through photosynthesis (Baker and Rosenqvist, 2004; Lambers et al., 2008; Haworth et al., 2018), which can be exacerbated when these stresses are superimposed. As a consequence, growth and productivity of agricultural crops are depressed under these conditions to a greater extent than to each single applied stress (Sehgal et al., 2017; Urban et al., 2018). Additionally, the type and magnitude of plant responses to combined stresses usually differ from the responses triggered by single stress exposure (Mittler, 2006; Sehgal et al., 2017). This might be even more relevant for perennial crops such as coffee, which can have a lifespan up to 30 years (Bunn et al., 2015) or even more.

In particular, drought is the major threat to world agricultural production. Water shortage reduces plant growth, nutrient uptake, photosynthesis, and assimilate partitioning, therefore strongly reducing crop yields (Fahad et al., 2017; Lamaoui et al., 2018). Photosynthesis is a major primary process affected by water constraints (Chaves et al., 2009). Under mild drought, the photosynthetic decline is mostly related to stomatal closure that avoids additional water loss through transpiration. However this also reduces the CO2 supply to ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), although with limited impact on photochemistry and photosynthetic capacity (Amax). Under more prolonged/severe water constraint, non-stomatal limitations will progressively occur with impairments to several photosynthetic components, namely in pigment pools, photosystems (PSs) functioning, and activity of key enzymes such as RuBisCO (Chaves et al., 2003; Ramalho et al., 2014a; Fahad et al., 2017). Limited photochemical energy use can additionally impose a secondary stress related to oxidative conditions due to the uncontrolled generation of reactive species of oxygen (ROS) and chlorophyll, leading to damages to the photosynthetic apparatus (e.g., D1 protein, lipids, electron transport) (Chaves et al., 2009; Osakabe et al., 2014). Therefore, at the cellular level drought tolerance is often associated with the triggering of photoprotective and antioxidative mechanisms. These include cyclic electron flow (CEF) around PSs and antioxidative molecules (e.g., enzymes, carotenoids) (Chu and Chiu, 2016; Ramalho et al., 2018b; Sun et al., 2018).

High temperature can also cause physiological, biochemical and molecular disturbances, affecting all major physiological processes (Long et al., 2006). As regards to the photosynthetic pathway, heat modifies pigment composition (Hasanuzzaman et al., 2013) while reducing electron transport and RuBisCO activity (Crafts-Brandner and Salvucci, 2000; Haldimann and Feller, 2004). Additionally, under heat the chemical bonds are weakened and membrane lipid bilayer becomes more fluid and destabilized (Wahid et al., 2007; Los and Zinchenko, 2009), thus compromising membrane-based events such as chloroplast light energy capture and electron transport (Scotti-Campos et al., 2019). High temperature further alters gas diffusion throughout the mesophyll (Lambers et al., 2008), and stimulates respiration and photorespiration more than photosynthesis. Finally, heat stress alters hormones and primary and secondary metabolite balance (Wahid et al., 2007), causes protein denaturation and aggregation as well as ROS overproduction and inhibition of transcription and translation (Wahid et al., 2007; Song et al., 2014; Dusenge et al., 2019), thereby further concurring to depress plant growth and crop yields.

Coffee chain of value is supported by Coffea. arabica L. and Coffea canephora Pierre ex A. Froehner species, which are responsible for nearly 99% of the global coffee production. Coffee is one of the world’s most traded agricultural products, being cropped in approximately 80 tropical countries. It supports the livelihoods of ca. 25 million smallholder farmers and ca. 100-125 million people in its worldwide chain of value (Osorio, 2002; Semedo et al., 2018; Ramalho et al., 2018a; DaMatta et al., 2019).

The estimated increase of air [CO2] in the coming years could have a positive impact on mineral balance (Martins et al., 2014), C-assimilation (Rodrigues et al., 2016) and even on productivity (DaMatta et al., 2019), helping the preservation of coffee bean quality under supra-optimal temperatures (Ramalho et al., 2018a) if sufficient water is available. However, a growing concern is related to this crop sustainability given that coffee is cultivated in tropical areas, which are predicted to be strongly impacted by climate change (IPCC, 2018). Indeed, inadequate temperature and water availability are known as the most important environmental constraints for the coffee crop (DaMatta et al., 2018; Ramalho et al., 2018b). In addition, coffee is extensively cropped under full sunlight exposure what can further exacerbate both temperature and drought stresses. Climate change, associated with a greater frequency of extreme events of temperature and drought, is expected to reduce crop yield and sustainability, with likely greater impacts in C. arabica that is considered more sensitive to heat than C. canephora (DaMatta and Ramalho, 2006; DaMatta et al., 2018). Furthermore, predicted future warming may cause the extinction of at least 60% of all coffee species (Davis et al., 2019).

Coffee plants have a common set of response mechanisms allowing them to cope with single stress events, including high irradiance, drought, cold, and heat (Nunes et al., 1993; Pinheiro et al., 2004; Ramalho et al., 2014b; Martins et al., 2019). Under water shortage, drought-tolerant coffee genotypes reduce gs to avoid excessive transpiration and trigger antioxidant molecules (DaMatta et al., 2003; Pinheiro et al., 2004; Dias et al., 2007). Regarding heat stress, recent studies showed that coffee can maintain photosynthetic performance up to 37°C, well above what was traditionally assumed (DaMatta et al., 2018). Such tolerance has been shown to be supported by the reinforcement of the antioxidant system (Martins et al., 2016; Rodrigues et al., 2016), and adjustments in the lipid profile of chloroplast membranes (Scotti-Campos et al., 2019). However, the predicted scenarios of climate changes point to future greater exposure to the combination of heat and drought stresses. Therefore, the understanding of the underlying mechanisms by which the coffee plant deals with these single and superimposed stresses is of utmost importance for future crop sustainability. In this context, we conducted an in-depth analysis of plant impacts and responses to drought, heat and their interaction on the photosynthetic performance. Morphological (stomata traits), physiological (gas exchanges, chlorophyll a fluorescence), and biochemical (thylakoid electron transport and carriers, enzyme activities, and proteins involved in CEF) traits were evaluated. Our findings provide paramount evidence regarding the functioning of the photosynthetic machinery under harsh heat and/or drought conditions, unveiling relevant tolerance/sensitivity points in two cropped genotypes from the most cultivated coffee species. This information should be taken into account in future adaptation/breeding efforts to ongoing climate changes and future harsher environmental scenarios.



Material and Methods


Plant Material and Growth Conditions

Plants of two cultivated genotypes (in Brazil), C. canephora Pierre ex A. Froehner cv. Conilon Clone 153 (CL153) and C. arabica L. cv. Icatu Vermelho (an introgressed variety resulting from a cross of C. canephora and C. arabica cv. Bourbon Vermelho, then further crossed with C. arabica cv. Mundo Novo), were used. Seven-year-old plants were grown in 80 L pots in walk-in growth chambers (EHHF 10000, ARALAB, Portugal) under controlled temperature (25/20°C, day/night), irradiance (ca. 700–800 μmol m-2 s-1), relative humidity (70%), photoperiod (12 h), and 380 μL CO2 L-1 air. Plants were maintained without restrictions in water, nutrients (see Ramalho et al., 2013a,b), or root development (as judged by visual examination at the end of the experiment after removing the plants from their pots).



Drought and Temperature Stress Implementation

Water and heat stresses were imposed gradually in order to allow plant acclimation. Initially, watering treatments were established under adequate temperature (25/20°C, day/night), corresponding to control well-watered (WW) or severe water deficit (SWD) conditions, which represented approximately 80 or 10% of maximal pot water availability, respectively (Ramalho et al., 2018b). Drought conditions were imposed along two weeks by partially withholding irrigation (through a partial reposition of water that was lost in each pot) until stability of predawn water potential (Ψpd) at values below −3.0 MPa for SWD plants, whereas WW plants were maintained at Ψpd above −0.35 MPa. Water availability conditions were thereafter kept for another five days before the onset of temperature increase.

The temperature rise from 25/20°C up to 42/30°C was imposed on both WW and SWD plants at a rate of 0.5°C day-1 (diurnal temperature) with 5 days of stabilization at 31/25, 37/28, and 42/30°C to allow for programmed evaluations. Afterwards, the temperature was readjusted to 25/20°C and the plants from both water treatments were fully irrigated and then monitored over a recovery period of 14 days (Rec14). Overall, the

SWD plants reached the desired Ψpd within 14 days upon gradual drought imposition, and were maintained at this condition plus 54 days,(49 of which during the temperature rise from 25/20°C to 42/30°C). The entire experiment lasted 82 days.

Determinations were performed on newly matured leaves from the upper third part of 6-8 plants per treatment, usually at 25/20, 31/25, 37/28, 42/30°C, and at Rec14. Additionally, some non-destructive parameters were further monitored at the intermediate temperatures of 28/23, 34/28, 39/30°C, and after 4 days (Rec4) or 7 to 10 (Rec7-10) days of stress relief.

Unless otherwise stated, evaluations or samplings were performed under photosynthetic steady-state conditions after ca. 2 h of illumination. For biochemical evaluations, leaf material was collected from 6 to 8 plants of each genotype, flash frozen in liquid nitrogen and stored at −80°C until analysis. Leaf tissue extractions were performed using an ice-cold mortar and pestle, as well as cold homogenizing solutions.



Leaf Water Status

Leaf Ψpd was determined at predawn immediately after leaf excision (Schölander et al., 1965) using a pressure chamber (Model 1000, PMS Instrument Co., USA). This was performed on 5–6 replicates per treatment, every two or three days, but only the data at the main temperature points for data collection (considering temperature rise, and both heat and drought recoveries) are presented.



Stomatal Traits

Imprints from the leaf abaxial surface were taken from five plants (two leaves per plant, and three different areas per leaf) and observed under an optical light microscope (Ramalho et al., 2013b). Stomatal density (SD) was calculated as the number of stomata per unit of leaf area, and the stomatal index (SI) was calculated as SI = [(stomata)/(total cells + stomata)] x 100. Stomatal area (SA) was measured in 60 randomly selected stomata (using the same leaves) with an ocular micrometer. The area of each individual stoma was calculated as SA = πab, where a is 1/2 length and b is 1/2 width, thus assuming an elliptical stomata shape.



Leaf Gas Exchanges

The net photosynthesis rate (Pn), stomatal conductance (gs), transpiration rate (E) rate, and internal [CO2] (Ci) were obtained using a portable open-system IRGA (Li-Cor 6400, LiCor, USA) with an external [CO2] supply of ca. 400 µL L-1, and ca. 650 µmol m-2 s-1 of irradiance. Instantaneous water use efficiency (WUE) was calculated as the Pn/E ratio.

Photosynthetic capacity (Amax), representing the photosynthetic rate obtained under saturating light and [CO2], was measured in 1.86 cm2 leaf discs through the evolution of O2 using a Clark-type O2 electrode (LD2/2; Hansatech, Kings Lynn, UK). Amax was obtained at 25°C, ca. 7% [CO2] (supplied by 400 μL 2 M KHCO3), and by exposing the leaf samples to increasing irradiance up to 1,200 μmol m-2 s-1 using a Björkman lamp (Hansatech) and neutral filters.



Chlorophyll a Fluorescence

Chlorophyll (Chl) a fluorescence parameters were determined on the same leaves and conditions used for gas exchange measurements using a PAM-2000 system (H. Walz, Germany), exactly as previously described (Rodrigues et al., 2016). Measurements of the (i) minimal fluorescence from excited Chl a molecules from the antennae, before excitation energy migrates to the reaction centers (F0), (ii) maximal fluorescence, corresponding to the complete reduction of primary photosystem (PS) II acceptors (Fm), and (iii) maximal PSII photochemical efficiency (Fv/Fm) were performed on overnight dark-adapted leaves. F0 was determined by using a weak light (< 0.5 μmol m-2 s-1) beam, while Fm was obtained through a saturation pulse of 0.8 s of ca. 7,500 μmol m-2 s-1 of actinic light.

A second set of parameters were evaluated under photosynthetic steady-state conditions, with 650 μmol m-2 s-1 of actinic light and superimposed saturating flashes: qL, Y(II), Y(NPQ), Y(NO), Fv’/Fm’ (Kramer et al., 2004; Schreiber, 2004; Klughammer and Schreiber, 2008; Huang et al., 2011) and Fs/Fm’ (Stirbet and Govindjee, 2011). F0’, which is required for the quenching calculations, was measured in the dark immediately after the actinic light was switched off and before the first fast phase of the fluorescence relaxation kinetics. Fv’/Fm’ expresses the PSII photochemical efficiency of energy conversion under light exposure; qL is the photochemical quenching based on the concept of interconnected PSII antennae, and represents the proportion of energy captured by open PSII centers and driven to photochemical events; Fs/Fm’ is a predictor of the rate constant of PSII inactivation. Estimates of photosynthetic quantum yields of non-cyclic electron transfer (Y(II)), photoprotective regulated energy dissipation of PSII (Y(NPQ)), and non-regulated energy dissipation (heat and fluorescence) of PSII (Y(NO)), where (Y(II)+Y(NPQ)+Y(NO)=1), were also obtained.



Thylakoid Electron Transport Rates

The sub-chloroplast membrane fractions were obtained from a pool of leaves (ca. 5 g FW) from 3 plants (in triplicate), as previously described for coffee leaves (Ramalho et al., 1999). The in vivo electron transport rates associated with PSI (DCPIPH2 → MV) and PSII, including (H2O → DCPIP) or excluding (DPC → DCPIP) the oxygen-evolving complex (OEC), were obtained with an O2 electrode (LW2, Hansatech) using 1 mL of reaction mixture containing ca. 100 mg Chl, at 25°C under ca. 3000 μmol m-2 s-1 irradiance supplied by a Björkman lamp.



Thylakoid Electron Carriers

Chloroplast isolation for cytochrome determinations was performed using a pool of leaves of ca. 7 g FW, from 3 plants (in triplicate), following the procedures of Spiller and Terry (1980) with modifications for coffee leaves (Ramalho et al., 1999). The concentrations of cytochromes (Cyt) b559LP, b559HP, b563 and f were obtained using a spectrophotometer (UV-Vis Shimadzu UV-1800, Japan) with readings at 545 nm, with isosbest wavelengths of 528 and 568 nm for cytochrome b559, and 552 and 572 nm for cytochrome b563 (Houchins and Hind, 1984), An extinction coefficient of 20 mmol L-1 cm-1 was assumed. For Cyt f concentration, readings were performed at 554 nm, and an extinction coefficient of 19.7 mmol L-1 cm-1 was used.

The pool of the redox form of plastoquinone (PQ-9) was determined from sub-chloroplast fractions that were obtained from a pool of leaves of ca. 5 g FW, from 3 plants (in triplicate), following Droppa et al. (1987) with minor modifications (Ramalho et al., 1999). PQ-9 content was determined according to Redfearn and Friend (1962) by measuring the absorption difference between the oxidized and reduced forms of PQ-9 at 255 nm, relative to isosbest wavelengths of 276 and 308 nm. An extinction coefficient of 14.8 mmol L-1 cm-1 was assumed.



Photosynthetic Enzyme Activities

Activities of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO; EC 4.1.1.39) (Osório et al., 2006; Tazoe et al., 2008) and ribulose-5-phosphate kinase (Ru5PK; EC 2.7.1.19) (Souza et al., 2005) were adapted for coffee leaves (Ramalho et al., 2003; Ramalho et al., 2013b). In detail, leaf material was finely powdered in liquid nitrogen, and an aliquot of ca. 100 mg FW was taken and homogenized in 1 mL extraction buffer consisting of 100 mM Tris-HCl, pH 8, containing 10 mM MgCl2, 15 mM NaHCO3, 10 mM β-mercaptoethanol, 2 mM DTT, 1% (v/v) Triton X-100, 2), 10% (v/v) glycerol and 2% (v/v) “Complete-protease inhibitor cocktail” (Roche, ref. 04693159001), together with 100 mg insoluble PVPP per homogenate. The extracts were centrifuged (16,000 g, 15 min, 4°C) and the obtained clean supernatant was used for spectrophotometric assessment of enzyme activities at 25°C, in a final volume of 1 mL.

RuBisCO activities—an assay medium containing 50 mM Tris-HCl buffer, pH 8.0, 15 mM MgCl2, 20 mM NaHCO3, 100 mM phosphocreatine, 10 mM ATP, 0.2 mM NAPH, 20 U mL-1 creatine kinase, 15 U mL-1, 3-phosphoglycerate kinase, and 15 U mL-1 glyceraldehyde-3-phosphate dehydrogenase was used for determination of initial and total RuBisCO activities. For the initial activity, to the assay medium were added 10 mM RuBP, and then 20 μL of the clean supernatant, followed by immediate reading. For the total activity, to the assay medium were added 20 μL of the clean supernatant, followed by a 20 min incubation period, after which the reaction was started with addition of 10 mM RuBP. In both cases measurements followed the 3-PGA-dependent NADH oxidation at 340 nm (Osório et al., 2006).

Ru5PK activity—the activity was determined according to the method of Souza et al. (2005). Briefly, 20 μL of clean supernatant were added to the spectrophotometer cell with 100 mM Tris-HCl pH 8.0 buffer assay, containing 8 mM MgCl2, 40 mM KCl, 20 mM phosphoenolpyruvate, 5 mM ATP, 1 mM NADH, 20 mM DTT, 8 U pyruvate kinase, 10 U mL-1 lactate dehydrogenase and 5 U mL-1 phosphoriboisomerase. After a 15 min incubation period, the reaction was started by adding 10 µL of 500 mM ribose-5-phosphate, and NADH oxidation was monitored at 340 nm.



Proteins Associated With Thylakoid Cyclic Electron Flow


Protein Extraction and Trypsin Proteolysis

Protein extraction followed Parkhey et al. (2015) with some modifications. Briefly, ca. 200 mg of powdered frozen leaves were suspended in 1.5 mL of TCA (10% w/v in acetone), vortexed and incubated during 30 min at 20°C. After centrifugation (12,300 g, 10 min, 4°C) the supernatant was discarded. This washing step was repeated and the pellet was then mixed with 1.5 mL of 0.1 M ammonium acetate in 80% v/v methanol, and left for 30 min. The sample was centrifuged (12,300 g, 10 min, 4°C), the dried residue was washed once more and an additional washing step was performed with 80% v/v acetone at the same conditions. The well-dried residue was treated with 500 µL of Tris-saturated phenol pH 8.0 and 500 µL of Tris-HCl-β-mercaptoethanol-SDS buffer (0.1 M Tris-HCl, 5% v/v β-mercaptoethanol, 2% w/v SDS and 30% w/v sucrose, pH 8.0). After 1 h of incubation at room temperature, the mixture was centrifuged (12,300 g, 10 min, 4°C) and the upper phenolic phase was removed. To precipitate the proteins, 1.5 mL of 0.1 M ammonium acetate in 80% v/v methanol was added to the phenolic phase collected and left overnight at −20°C. The sample was again centrifuged (12,300 g, 10 min, 4°C) to obtain the protein pellet that was then rinsed first with methanol and next with 80% v/v acetone, twice. The protein pellet was briefly air-dried and resuspended in 200 µL Laemmli buffer.

Protein concentration was determined by Coomassie blue dye-binding method using BSA as a standard (Bradford, 1976).

Thereafter, protein samples were diluted with MilliQ water and LDS3X reagent (Invitrogen) to obtain a 30 µL LDS1X solution containing 50 µg of proteins. After heating at 99°C for 5 min, proteins were loaded onto a NuPAGE 4−12% gradient gel (Invitrogen) and subjected to a short electrophoresis of 5 min. The samples were treated and proteolyzed with trypsin Gold (Promega) in presence of ProteaseMax detergent (Invitrogen) as previously described (Hartmann et al., 2014).



Liquid Chromatography and High Resolution Mass Spectrometry

NanoLC-MS/MS analysis of peptides was carried out in data-dependent mode with a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific, USA) coupled to an UltiMate 3000 LC system (Dionex-LC Packings, Thermo Fisher Scientific). The analytical system was operated as described elsewhere (Klein et al., 2016). Peptides (10 µL) were desalted on a reverse-phase C18 PepMap 100 column, and then resolved with a 90 min gradient of CH3CN, 0.1% formic acid, at a flow rate of 0.2 µL min-1. The gradient was from 4 to 25% solvent B (80% CH3CN, 19.9% MilliQ water, 0.1% formic acid) against solvent A (99.9% MilliQ water, 0.1% formic acid) for 75 min and then from 25% to 40% for 15 min. Full scan mass spectra were acquired from m/z 350 to 1800 with an automatic gain control (AGC) target set at 3 × 106 ions and a resolution of 60,000. The 20 most abundant precursor ions in each scan cycle were sequentially subjected to fragmentation through high-energy collisional dissociation. MS/MS scans were initiated for ions with potential charge states of 2+ and 3+ with an AGC target at 105 ions and threshold intensity of 83,000. A dynamic exclusion of 10 sec was applied for improving peptide coverage.



Protein Identification and Label Free Quantification

MS/MS spectra were assigned to peptide sequences using the MASCOT Daemon 2.6.1 search algorithm (Matrix Science). A reference database from C. canephora (Denoeud et al., 2014) of 25,574 polypeptide sequences totaling 10,251,572 residues was downloaded from Genoscope (http://coffee-genome.org/sites/coffee-genome.org/files/download/coffea_cds.fna.gz) on July 1st 2019 and used for peptide and protein inference. The following parameters were used in the search: trypsin as proteolytic enzyme, maximum of two missed cleavages, mass tolerances of 5 ppm on the precursor ion and 0.02 Da on the MS/MS, fixed modification of cysteine into carboxyamidomethylated cysteine (+57.0215), and oxidized methionine (+15.9949) as variable modification. All peptide matches with a MASCOT peptide score below a p value of 0.05 were filtered and assigned to a protein. In order to keep the biologically relevant protein isoforms typical from plant proteomes, parsimony was not applied between samples. A protein was validated when at least two different peptide sequences were detected. The false discovery rate for protein identification was estimated through the decoy search option of MASCOT (Matrix Science) to be below 1%. Label-free quantification was based on counts of peptide-to-spectrum matches for each polypeptide.

From our results we searched for proteins that are known to be involved in cyclic electron transport, and four proteins were found: one proton gradient regulation protein PGR5 (Cc08_g13730 - PGR5-like protein 1A, chloroplastic) and three chloroplast NADH dehydrogenase-like (NDH) complex proteins (Cc06_g22880 - Putative NDH-dependent cyclic electron flow 5, Cc04_g05100 - NDH-dependent cyclic electron flow 1, Cc06_g22890 - NDH-dependent cyclic electron flow 1). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD019474 and DOI: 10.6019/PXD019474 for C. arabica proteome, and the dataset identifier PXD019541 and DOI: 10.6019/PXD019541 for C. canephora proteome.




Statistical Analysis

Physiological and biochemical data were analysed using a two-way ANOVA to evaluate the differences between water treatments (WW or SWD), between temperature treatments, and their interaction, followed by a Tukey’s test for mean comparisons.

For the proteomic data, a two-way ANOVA was used to evaluate the differences between water treatments, between the several temperatures, and their interaction, followed by a Fisher’s LSD test for mean comparisons between each condition and the double control (WW at 25/20°C).

A 95% confidence level was adopted for all tests, which were performed always independently for each genotype.




Results


Leaf Water Status

The Ψpd was remarkably low (below −3.7 MPa) in SWD plants under control temperature (25/20°C), and tended to reach even lower values, close to −4.40 MPa at the two highest temperatures irrespective of genotype (Figure 1).




Figure 1 | Leaf water potential (Ψpd) determined at pre-dawn in Coffea canephora cv. Conilon Clone 153 (CL153) and Coffea arabica cv. Icatu, submitted to well-watered (WW) and severe drought (SWD), and temperature increase from (25/20°C, day/night), to 42/30°C, followed by a recovery of 4 (Rec4), 7 to 10 (Rec7-10) and 14 (Rec14) days. For each parameter, the mean values ± SE (n=5-6) followed by different letters express significant differences between temperature treatments for the same water level (A, B), or between water availability levels for each temperature treatment (a, b), always separately for each genotype.



The single temperature rise did not significantly modify water status, despite the gradual decline tendency of Ψpd in WW plants from 25/20°C to the highest temperature, i.e. from −0.31 to −0.77 MPa in CL153, and from −0.34 to −0.70 MPa in Icatu (Figure 1).

Along the recovery period, Ψpd in SWD plants recovered from 4 days onwards to values close to their respective controls.



Changes in Stomatal Traits Driven by Drought and/or Heat

The stomatal density (SD) was not significantly altered by drought in CL153, but it gradually increased with the imposition of heat, although significantly only at 42/30°C (Figure 2). In contrast, SD was reduced in Icatu with the single imposition of either severe drought or heat stress, reaching the lowest values upon stress superimposition (SWD plants at 42/30°C). Two weeks after stress relief the SD values remained similar to those at 42/30°C.




Figure 2 | Stomatal density (SD) (A, D), stomatal index (SI) (B,  E) and stomatal area (SA) (C, F) from leaves of Coffea canephora cv. Conilon Clone 153 (CL153) and Coffea arabica cv. Icatu, submitted to well-watered (WW) and severe drought (SWD), and temperature increase from (25/20°C, day/night), to 42/30°C, followed by a recovery of 14 days (Rec14) days. For each parameter, the mean values ± SE (n=5) followed by different letters express significant differences between temperature treatments for the same water level (A–D), or between water availability levels for each temperature treatment (a, b), always separately for each genotype.



The single exposure to drought (at 25/20°C) reduced the stomata area (SA) in CL153, with an opposite behavior in Icatu, whereas elevated temperature alone (in WW plants) reduced SA in both genotypes from 31/25°C up to 42/30°C (Figure 2). The exposure of SWD plants to all supra-optimal temperatures attenuated SA decline in CL153 with no clear impact in Icatu since SA was similar regardless of water treatments, although lower than at 25/20°C.

At the end of the experiment (Rec14), WW and SWD plants showed similar values of SD and SA within each genotype, but a fully recovery to the initial WW values were observed only in Icatu for SA and CL153 for SD.

The stomatal index (SI) was unresponsive to the applied treatments.



Stresses Impact on Leaf Gas Exchanges

Compared to WW plants, single exposure to drought significantly depressed the net photosynthetic rate (Pn) to 18% and 8% in CL153 and Icatu plants, respectively (Table 1). Concomitant reductions of stomatal conductance (gs) (to 25 and 23%), and transpiration rates (E) (to 33 and 40%) were observed, in the same genotype order. Instantaneous water use efficiency (WUE) was also reduced due to a stronger decrease in Pn than in E. In contrast, the internal [CO2] (Ci) showed an almost doubled value in SWD than in WW plants at 25/20°C. Reductions in photosynthetic capacity (Amax) of SWD plants, to 59% (CL153) and 79% (Icatu), were found relative to their respective WW values.


Table 1 | Variation in the leaf gas exchange parameters, net photosynthesis (Pn), stomatal conductance to water vapor (gs), transpiration (E), and photosynthetic capacity (Amax) rates, as well as values of internal concentration of CO2 (Ci), instantaneous water-use efficiency (WUE) in Coffea canephora cv. Conilon Clone 153 (CL153) and Coffea arabica cv. Icatu, submitted to well-watered (WW) and severe drought (SWD), and temperature increase from (25/20°C, day/night), to 42/30°C, followed by a recovery of 4 (Rec4), 7-10 (Rec7-10) and 14 (Rec14) days.



The single exposure to high temperature (WW plants) caused different impacts between genotypes in these same parameters. Pn was gradually reduced above 25/20°C, significantly only at 39/30 and 42/30°C in CL153, when the values represented only ca. 22% of those at 25/20°C. In contrast, Icatu was affected from 34/28°C onwards, but maintained ca. 55% of the initial Pn values at these highest temperatures, more than doubling relative to CL153 values. This might have also contributed to an earlier recovery in Icatu from Rec4 onwards, and the partial recovery in CL153 by Rec14, when Pn represented 76% of the control value.

The Amax peaked at 31/25°C and decreased afterwards (especially in Icatu), although significantly only at 42/30°C, when it represented 69% and 49% of the values observed at 25/20°C in CL153 and Icatu, respectively.

Stomata opening responded differently to increasing temperatures relative to drought. In fact, gs suffered some fluctuations until 37/28°C in both genotypes, but above this temperature it was reduced in CL153 (accompanying Pn trend), and increased in Icatu. This was in line with E values, which peaked at 37/28°C in CL153, whereas it increased continuously until 42/30°C in Icatu. At this temperature E values were 193% and 712% higher than those of controls of CL153 and Icatu, respectively. These increases in E, together with Pn declines, led to remarkable WUE reductions. Noteworthy is also the fact that Ci increased above 25/20°C, especially at the highest two temperatures, similarly for both genotypes, pointing to an absence of CO2 limitation to photosynthesis.

Along the recovery period Icatu kept gs and E values higher than those of control plants (and lower WUE), whereas CL153 maintained lowered gs (as Pn) values until Rec 7-10, although with E and Ci values closer to their control than did Icatu.

The combined stress exposure clearly aggravated most gas exchange impacts. For SWD plants of both genotypes Pn further decreased to negligible (or negative) values from 28/23°C to 42/30°C (Table 1), whereas gs became residual. This strongly reduced the water loss by transpiration as compared to WW plants at each temperature, although E also increased in SWD plants accompanying the temperature rise. In any case,WUE values were usually similar to those of WW plants from 28/23 to 42/30°C in CL153 and Icatu plants.

For both genotypes, Amax was lower in SWD than in WW plants until 37/28°C (although not differing from values at 25/20°C), suggesting that Amax decreases were mostly imposed by drought than by heat until this temperature. However, at 42/30°C Amax was further reduced in SWD Icatu plants, but without difference relative to WW plants, thus suggesting that at this extreme temperature heat played a major role for this additional decline of Amax.

The greater severity imposed by stress combination was also reflected in the slower recovery of SWD plants, usually until Rec4, but by Rec14 close values of Pn, gs, Ci, E and WUE were observed between WW and SWD plants in both genotypes. Nevertheless, only Icatu showed a complete Pn recovery in SWD plants, as compared to WW at the initial 25/20°C conditions (contrary to WW and SWD plants of CL153), while maintaining significantly higher gs and E values. Furthermore, only Icatu SWD plants showed a total recover of Amax from Rec4 onwards, although keeping lower values than those of WW plants.



Stress Promoted Alterations in Fluorescence Parameters

In both genotypes, drought (at 25/20°C) did not affect F0, whereas heat (in WW plants) led to significant increases only at 42/30°C (Table 2). Interestingly, at this temperature F0 was less affected by the combined stress exposure, although a full recovery was faster in WW (Rec4) than in SWD plants (Rec7).


Table 2 | Variation in the leaf chlorophyll a fluorescence parameters in Coffea canephora cv. Conilon Clone 153 (CL153) and Coffea arabica cv. Icatu, submitted to well-watered (WW) and severe drought (SWD), and temperature increase from (25/20°C, day/night), to 42/30°C, followed by a recovery of 4 (Rec4), 7-10 (Rec7-10) and 14 (Rec14) days.



The Fv/Fm was only significantly reduced by the single exposure to drought in CL153. Additionally, WW plants did not show impacts up to 39/30°C, but a large Fv/Fm reduction was observed at 42/30°C (mostly related to the F0 rise) in both genotypes, although stronger in Icatu. No clear negative stress interaction was evident up to 42/30°C. Indeed, only a tendency to lower Fv/Fm values was observed at 39/30°C in SWD plants of both genotypes, and at 42/30°C the SWD Icatu plants showed even a 32% higher value than their WW counterparts. However, stress interaction was reflected along the recovery period given that SWD plants recovered more slowly and incompletely than WW ones in both genotypes.

The performance of the photosynthetic apparatus was further assessed under steady-state conditions. Y(II) was significantly reduced by single drought (larger in CL153) and 42/30°C (larger in Icatu). Notably, SWD plants tended to somewhat similar (Icatu) or higher (CL153) Y(II) values until 39/20°C, and even at 42/30°C drought seems to be the most important stress driver irrespective of genotype. Also, by Rec4 the SWD plants recovered slightly better than WW plants, but by the end of the experiment Y(II) did not completely recover regardless of genotypes and water conditions. Therefore, the Y(II) values until 42/30°C and in the recovery period did not clearly pointed to a stress interaction.

In both genotypes, Fv’/Fm’ was significantly reduced by drought at 25/20°C (40% and 25%), and by 42/30°C (31% and 52%) in CL153 and Icatu, respectively, thus in line with Y(II) and Fv/Fm variations. Additionally, qL was only significantly reduced by drought (65% in CL153 and 46% in Icatu). However, it is noteworthy that under superimposed stress conditions qL values did not differ significantly between WW and SWD plants up to 39/30°C in CL153 and 31/25°C in Icatu. Also, at 42/30°C the SWD plants behaved similarly as their SWD counterparts at 25/20°C, again suggesting an absence of stress interaction and that drought was the most important limiting condition. Notably, Fv’/Fm’ recovered completely in WW and SWD plants, faster in Icatu (Rec4) than in CL153 (Rec7-10). In turn, qL showed aftereffects by Rec14 regardless of treatments and genotypes.

A strong reinforcement of photoprotective energy dissipation mechanisms was reflected in Y(NPQ) increases, under the single exposure of either stresses, especially under drought in both genotypes. Notably, the WW plants were not impacted until 39/30°C, but at 42/30°C clear rises (larger in CL153) of Y(NPQ) were observed. With stress superimposition, SWD plants showed significantly higher values of these parameters than the WW plants at 42/30°C, but similar to those of SWD plants at 25/20°C, further pointing to an absence of stress interaction and that drought determined these genotype responses.

Notably, non-regulated energy dissipation processes (Y(NO)) were not significantly modified by drought or heat, except for WW Icatu plants at 42/30°C. Furthermore, under stress superimposition Y(NO) tended to lower values in SWD plants than in WW ones at the two highest temperatures, pointing to an absence of aggravated status.

With some fluctuations, Y(NPQ) recovered mostly by Rec7-10, although the SWD plants showed higher values than those of WW ones by the end of the experiment, suggesting that some reinforcement of energy dissipation mechanisms are still needed in place. This was in line with some Y(NO) rise by Rec7-10 (and in WW Icatu plants by Rec14).

PSII inactivation status (estimated as Fs/Fm’) nearly followed Fv’/Fm’, showing significant increases due to severe drought or heat (only at 42/30°C) conditions. In general, SWD plants from both genotypes maintained higher Fs/Fm’ values than those of WW plants up to 42/30°C, although not differing from those at 25/20°C. These results also suggest an absence of stresses interaction.

Along the recovery period the Fs/Fm’ values approached those of control, but with higher values even by Rec14. This was in line with the aftereffects in the energy driven to photochemical events (Y(II)) (all plants), and with some higher values of Y(NPQ) (SWD plants of both genotypes) or Y(NO) (WW plants of Icatu).



Stresses Impact in Thylakoid Functioning–Electron Transport Rates and Carriers

To unveil specific key impact points at the thylakoid membrane level, we next assessed the potential rates of electron transport involving PSs, and the content of the main carriers involved in electron transport.

In CL153, drought moderately reduced the activities of PSII including (PSII+OEC) or excluding (PSII-OEC) OEC, and of PSI in ca. 21, 24, and 18%, respectively (Figure 3), thus to a much smaller extent than in Y(II) (Table 2) or even Amax (Table 1). Remarkably, SWD Icatu plants showed significant increases of ca. 10% in PSII activity (with or without OEC), whereas that of PSI remained unaffected.




Figure 3 | Changes in the potential thylakoid electron transport rates associated with PSI (C, F), and PSII, with (+OEC) (A, D) or without (-OEC) (B, E) the oxygen evolving complex participation, in Coffea canephora cv. Conilon (CL153) and Coffea arabica cv. Icatu, submitted to well-watered (WW) and severe drought (SWD), and temperature increase from (25/20°C, day/night), to 42/30°C, followed by a recovery of 14 days (Rec14) days. For each parameter, the mean values ± SE (n=3) followed by different letters express significant differences between temperature treatments for the same water level (A–D), or between water availability levels for each temperature treatment (a, b), always separately for each genotype.



The single exposure to heat did not impair PSs activities until 37/28°C for both genotypes. Furthermore, at the highest temperature no impact at the PSI level was observed in both genotypes, whereas PSII activity was marginally reduced only in CL153, as compared to the WW plants at 25/20°C. Yet, a closer look revealed that CL153 displayed maximum PSII and PSI activities at 37/28°C and 31/25°C, whereas in Icatu this happened at 31/25°C and 37/28°C, respectively. Taking this into account, both genotypes revealed some heat impact at 42/30°C when compared to their respective maxima. These impacts were stronger in Icatu which showed reductions of 16, 32, and 25%, for PSII+OEC, PSII-OEC, and PSI, respectively, against 12, 4, and 5% in CL153, in the same order.

Stress interaction exacerbated the impact on both PSs regardless of genotype, usually at 37/28°C and 42/30°C, when SWD plants presented lower PSs activities relative to (i) WW plants at these temperatures and (ii) SWD plants at 25/20°C. These reductions in SWD plants at 42/30°C reached ca. 37% for both PSII and PSI as compared to their maxima, but to a much lower extent than in WW plants at 25/20°C, and still held relevant activity under these very harsh conditions.

Unexpectedly, some of the strongest impacts on electron transport rates at PSs level were found at the end of the recovery period (Rec14). This was the case of WW CL153 plants that showed minimum rates, which were even below those of SWD plants in both PSs. Additionally, SWD plants showed strong aftereffects at the end of the experiment since the rates were maintained (CL153) or even reduced (Icatu) relative to those observed at maximal temperature. In contrast, WW Icatu displayed electron transport rates similar to those at the beginning of the experiment.

As concerns the contents of the thylakoid electron carriers (Figure 4), the single exposure to each stress promoted changes in a genotype-dependent manner, which, in most cases, closely followed the patterns of electron transport rates. Single drought increased the content of all cytochromes (Cyt) in Icatu, from 5% in Cyt b563 (the only non-significant) to 28% in Cyt f, whereas PQ-9 content doubled that of WW plants. In contrast, PQ-9 was the only carrier to rise (20%) in CL153, whereas Cyt pools significantly declined between 20% (Cyt f) and ca. 30% (the rest).




Figure 4 | Variation in the contents of the thylakoid electron carriers plastoquinone (PQ-9) (A), and cytochromes b559LP (B), b559HP (C); b563 (E) and f (D) in Coffea canephora cv. Conilon (CL153) and Coffea arabica cv. Icatu, submitted to well-watered (WW) and severe drought (SWD), and temperature increase from (25/20°C, day/night), to 42/30°C, followed by a recovery of 14 days (Rec14) days. For each parameter, the mean values ± SE (n=3) followed by different letters express significant differences between temperature treatments for the same water level (A–D), or between water availability levels for each temperature treatment (a, b), always separately for each genotype.



At supra-optimal temperatures, the content of all electron carriers significantly increased at 31/25°C and 37/28°C in WW Icatu plants, ranging from ca. 30% (all Cyt at 31/25°C) to 83% in PQ-9 (at 37/28°C). With a further increase to 42/30°C all contents were reduced, but maintaining values close to those at 25/20°C, similarly to what happened with electron transport rates (Figure 3). In contrast, the WW CL153 plants maintained Cyt contents at 31/25°C, but showed significant reductions between ca. 11–12% (Cyt f, Cyt b563) and 17–18% (Cyt b559HP, Cytb559LP) at 37/28°C. Despite a weak recovery at 42/30°C, significant differences to 25/20°C were still present (except in Cyt b563). The PQ-9 was the only carrier to show large increases over the entire experiment (including 42/30°C), with a maximal 54% rise at 37/30°C.

The simultaneous stress exposure affected the carrier pools in both genotypes. The SWD plants showed lower contents of all carriers than their respective WW plants at 37/28°C and 42/30°C. Still, in CL153 the values were similar to those of SWD plants at 25/20°C, suggesting that the superimposition of stresses did not aggravate the drought impact that was already observed at 25/20°C. By opposition, the content of all electron carriers gradually decreased above 25/20°C in SWD Icatu plants, reaching minimum values at either 37/28°C or 42/30°C, thus pointing to an additional negative impact promoted by the stress interaction.

At Rec14, WW Icatu plants completely recovered (except Cyt b563) their carriers content, but in SWD plants lower values were still observed for most carriers (Cyt b559HP, Cyt f, Cyt b563), thus confirming the higher impact of stress superimposition. Notably, CL153 plants (WW and SWD) showed an incomplete recovery of all carrier pools (except for PQ-9) as compared to those found at 25/20°C. Furthermore, WW CL153 plants tended to lower values of all carriers than at 42/30°C, whereas the SWD plants recovered better than WW ones in some cases (Cyt b559LP, Cyt b563). These changes followed the same pattern observed for the electron transport rates (incomplete recovery of WW plants and higher values in SWD than WW plants at Rec14), thus further underlining the persistence of aftereffects by the end of the experiment.



Proteins Involved in Cyclic Electron Flow

Under single drought exposure the abundance of PGR5 and NDH (Cc04_g05100 and Cc06_g22890) proteins increased in SWD plants of both genotypes, although to a greater extent and significantly only in Icatu (Table 3).


Table 3 | Changes in protein abundance (estimated by MS/MS spectra counts) of the proton gradient regulation protein PGR5 (Cc08_g13730 - PGR5-like protein 1A, chloroplastic) and three chloroplast NADH dehydrogenase-like (NDH) complex proteins (Cc06_g22880 - Putative NDH-dependent cyclic electron flow 5, Cc04_g05100 - NDH-dependent cyclic electron flow 1, Cc06_g22890 - NDH-dependent cyclic electron flow 1) in plants of Coffea canephora cv. Conilon Clone 153 (CL153) and Coffea arabica cv. Icatu, submitted to well-watered (WW) and severe drought (SWD), and temperature increase from (25/20°C, day/night), to 42/30°C, followed by a recovery of 14 days (Rec14) days.



The levels of these three proteins increased by heat exposure in WW plants at 37/28°C, with Icatu showing again a greater responsiveness. However, at 42/30°C, PGR5 declined in both genotypes, whereas NDH (Cc04_g05100 and Cc06_g22890) were mostly maintained in Icatu, and showed a rising tendency in CL153. At this temperature an additional NDH (Cc06_g22880) was also detected.

The superimposition of severe water deficit and heat compromised plant responses remarkably. In fact, at 37/28°C the proteins that increased under the single exposure to either stress (PGR5 and NDH, Cc04_g05100 and Cc06_g22890) decreased in SWD plants, both as compared to their values at 25/20°C and to the values of WW plants at 37/28°C. At the highest temperature, abundance of these proteins was usually further reduced in SWD plants, and maintained at lower levels than in their WW counterparts irrespective of genotype.

Notably, two weeks after stresses relief PGR5 and NDH (Cc04_g05100 and Cc06_g22890) protein pools were greater than their control initial values regardless of watering or genotypes.



Impact on Key Photosynthetic Enzymes

Drought significantly reduced RuBisCO initial (38%) and total (28%) activities, as well as its activation state (16%) in CL153 plants, whereas Icatu showed marginal reductions of 14, 12, and 1%, in the same order (Figure 5). Drought did not significantly affect Ru5PK activity in both genotypes.




Figure 5 | Changes in the Initial and Total Activities of ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO), and this enzyme activation status, as well as the maximal activity of ribulose-5-phosphate kinase (Ru5PK), in plants of Coffea canephora cv. and Coffea arabica cv. Icatu, submitted to well-watered (WW) and severe drought (SWD), and temperature increase from (25/20°C, day/night), to 42/30°C, followed by a recovery of 14 days (Rec14) days. For each parameter, the mean values ± SE (n=5) followed by different letters express significant differences between temperature treatments for the same water level (A–D), or between water availability levels for each temperature treatment (a, b), always separately for each genotype.



The temperature rise up to 37/28°C significantly promoted RuBisCO and Ru5PK activities, while RuBisCO activation was maintained in WW plants of both genotypes. At this temperature, initial RuBisCO activity increased by 55% (CL153) and 38% (Icatu), and its total activity increased by 47% in both genotypes, whereas Ru5PK activity increased by 24% (CL153) or 32% (Icatu). However, these enzymes were particularly affected at 42/30°C irrespective of genotype, to a greater extent than was observed for the photochemical components. In fact, as compared to 25/20°C, the activities of RuBisCO (initial and total) and Ru5PK were nearly halved (or less) in WW plants from both genotypes. These decreases were even greater (ca. 65% or even more) when compared to the maximal activities at 37/28°C.

Notably, RuBisCO was mostly unresponsive to stress interaction until 37/28°C, whereas Ru5PK activity decreased significantly at this temperature in the SWD plants of both genotypes as compared to their counterparts at 25/20°C. However, at 42/30°C stress interaction clearly affected both enzymes and genotypes, with SWD plants displaying the lowest activities over the entire experiment. Under these harsh conditions (42/30°C and SWD), drastic reductions (ca. 80%) were observed in initial and total RuBisCO activities, as well as in Ru5PK activity in both genotypes, as compared to their controls. Such reductions were even greater if compared to WW plants at 37/28°C. Overall, RuBisCO activation remained unchanged, with a reduction only in WW CL153 plants of at 42/30°C.

At Rec14 enzyme activities recovered remarkably, although some aftereffects remained in RuBisCO (in WW and SWD plants of CL153 for initial activity; in WW Icatu plants for total activity) and Ru5PK activity (WW CL153 plants). Interestingly, both enzymes recovered completely in SWD Icatu plants, whereas in CL153 that was observed only for Ru5PK.




Discussion


Impact of Severe Drought on the Water Status and Photosynthetic Performance

Severe water restriction was imposed to SWD plants, as judged from the remarkable low Ψpd (≤ −3.7 MPa) from 25/20°C to 42/30°C. This was below −3.5 MPa, which is considered an extreme water deficit in coffee trees (Pinheiro et al., 2004), or −2.15 MPa, which is low enough to cause leaf wilting (Santos and Mazzafera, 2012).

Water deficit and supra-optimal temperatures altered the stomatal traits SD and SA in a genotype-dependent manner, but not SI which is a reasonably constant trait in coffee (Grisi et al., 2008; Rodrigues et al., 2016). Under drought, Icatu showed reduced SD, similar to findings in droughted plants of C. arabica cv. Siriema (Melo et al., 2014), and a rise in SA. In contrast, CL153 presented opposite trends, denoting a different response to water constraints. Overall, decreased gs is associated with larger stomatal size and lower density for the same total area of stomatal pores, due to a larger diffusion path for water vapor (Franks and Beerling, 2009). Thus, SD and SA changes contributed to reduce gs in SWD Icatu plants. In CL153 such SD and SA changes would also at a first glance point to a gs increase.However the marked decreases in gs imply that the physiological regulation of stomata opening clearly overcomes the contribution of morphological stomatal traits over the control of water loss.

Coffee leaves display intrinsically low gs values even under optimal growth conditions and thus, stomatal constraints, more than mesophyll or biochemical ones, have been shown to be the major limitations of photosynthesis (DaMatta et al., 2016; DaMatta et al., 2019; Martins et al., 2019). These constraints are believed to be exacerbated due to stomatal closure under soil drought (here shown by the strong Ψpd decline) or rising leaf-to-air vapor pressure deficit, which in turn usually accompanies increases in air temperature (DaMatta et al., 2018). However, as drought severity progressed, non-stomatal factors dominate the limitations to photosynthesis, as herein shown by the increase in Ci, despite the reduction in gs. This fact, coupled to reduction of Amax (assessed under saturating CO2 and as such in the absence of diffusion-mediated limitations to photosynthesis) and to the greater decline of Pn than in Amax, clearly suggests that both biochemical and mesophyll constraints were the major factors explaining the overall photosynthesis decrease in SWD plants.

Single drought impact was further noted in the SWD plants in PSII photochemical efficiency (Fv/Fm, Fv’/Fm’) and inactivation (Fs/Fm’), the energy use to photosynthesis (Y(II), qL), and the need for thermal energy dissipation (Y(NPQ)), with a global lesser impact in Icatu than in CL153, in agreement with the somewhat lower Amax impact. Still, in both genotypes, the significant decline of Y(II) reflected a lower use of energy for ATP and NADPH synthesis (Peloso et al., 2017), in line with the very low Pn values. Such lower photochemical use of energy was compensated for by the reinforcement of thermal dissipation mechanisms at the PSII level, reflected in strong Y(NPQ) rise, which protects the coffee leaves from excessive excitation damages (Pompelli et al., 2010; Silva et al., 2015). Besides, Y(NO) tended to lower values, meaning that photoinhibition and deregulated energy dissipation in PSII, related to limitations in photochemical processes (Y(II)) and/or insufficiency of photoprotective mechanisms (Y(NPQ)) (Kramer et al., 2004; Busch et al., 2009; Huang et al., 2011), did not occur in SWD plants.

Water deficit can cause protein denaturation (Hoekstra et al., 2001), decrease the synthesis of the small RuBisCO units, and increase RuBisCO inhibitors, thus affecting RuBisCO activity (Vu et al., 1999; Fahad et al., 2017). This is in good agreement with the greater drought sensitivity of CL153 plants, which showed stronger negative impacts on RuBisCO activity (and their activation state) (Figure 5) and both PSs activity (Figure 3), as well as in Cyt contents (Figure 4) than did Icatu. In fact, the higher photochemical performance in SWD Icatu plants was likely related to the preservation or reinforcement of those photosynthetic components associated with a strengthened antioxidative system under drought (Ramalho et al., 2018b). Still, PQ-9 increased in both genotypes, especially in Icatu, likely reinforcing the protective mechanisms against drought. In fact, PQ-9 corresponds to the redox form of plastoquinone (PQ) that displays antioxidant properties, capable of suppressing singlet oxygen (1O2) and inhibiting the oxidation of lipid membranes (Ksas et al., 2018). Furthermore, PQ is also linked to alternative electron flow pathways, among them the CEF involving PSII (with Cyt b559) and PSI (with Cyt b6/f complex). This is in good agreement with the increase in all Cyts displayed by SWD Icatu plants, in sharp contrast with the reductions found in CL153 plants. In fact, CEF can help to dissipate the excess photon energy and to mitigate PSs photoinhibition (Miyake and Okamura, 2003; Chu and Chiu, 2016; Yamori et al., 2016). For instance, Cyt b559 (both LP and HP forms) is not involved in the primary electron transfer pathway in PSII, but can participate in CEF-PSII. This is not accompanied by O2 evolution, but significantly reduce the excess excitation pressure on PSII (Laisk et al., 2006), thus protecting it against photoinhibition (Shinopoulos and Brudvig, 2012; Chu and Chiu, 2016). Furthermore, the reinforcement of Cyt b563 and f in SWD Icatu plants might have additionally promoted a CEF-PSI without accumulation of NADPH, but allowing the transport of H+ into the thylakoid lumen associated with the Q cycle, thus ultimately contributing to ΔpH formation and ATP synthesis. CEF-PSI further involves proton gradient regulation proteins (PGR5 and PGRL1), which mediate electron transport from ferredoxin to PQ, depending uniquely on the Q cycle of the Cyt b6/f complex. Additionally, a second CEF-PSI is related to the chloroplast NADH dehydrogenase-like (NDH) complex, which recycles electrons from ferredoxin to PQ and subsequently to PSI, alleviating oxidative pressure in chloroplasts under excessive light energy. Both PGR- and NDH dependent CEF-PSI were reported as essential for photoprotection of PSs under high irradiance and heat (Yamori et al., 2016; Shikanai and Yamamoto, 2017; Sun et al., 2018). Furthermore, the Cyt b6/f complex is a key control point of photosynthetic flow, and changes in electron transport capacity and C-assimilation are closely related to their content, which is sensitive to changes in environmental disturbances, including drought (Kohzuma et al., 2009; Sanda et al., 2011; Schöttler and Toth, 2014). Altogether, the greater increases in PGR5 and two NDH proteins as well as in all electron carriers observed in Icatu agree with CEF-PSII and CEF-PSI reinforcement, maintenance of PSII photochemical efficiency (Fv/Fm) and both PSs activity in SWD Icatu plants. In contrast, CL153 plants showed significant declines in Fv/Fm, PSs activity, reductions in all Cyt contents in addition to minor changes in PGR5 and NDH proteins. Similar impacts at PSI and PSII levels were associated with drought sensitivity in other plant species (Oukarroum et al., 2009; Chen et al., 2016), and showed that Icatu displayed a greater drought tolerance than CL153.



Impact of Increasing Temperatures at Physiological and Biochemical Levels

Heat impact on photosynthesis was unrelated to leaf dehydration given that Ψpd (Figure 1) was not affected by temperature rise despite the strong E increase (Table 1). Therefore, the potential impacts on photosynthetic performance at the imposed temperatures should have been mostly associated with metabolic disturbances or structural damages rather than changed leaf water status.

Temperature rise altered stomatal traits differently from drought, but also in a genotype-dependent manner. Although the SD increase and SA reduction observed in CL153 might have the potential to facilitate leaf cooling through a higher gs, and in Icatu the SD decrease could have promoted a decreasing gs trend at 42/30°C, none of these gs patterns were observed, i.e. CL153 showed the lowest, and Icatu the highest, gs values at 42/30°C. Therefore, as for drought, these findings highlights a greater importance of stomatal opening control, which overrode the contribution of altered stomatal traits in WW plants, confirming previous reports (Rodrigues et al., 2016).

CL153 showed a strong reduction of Pn (and gs) at 39/30°C onwards, coupled with significant Ci rise and Amax reduction, although with a much smaller extent than in Pn. Together this suggests both stomatal and non-stomatal limitations of photosynthesis. In Icatu, the global photosynthetic functioning was even more affected at the highest temperature. Since higher gs and Ci values were observed, concomitantly with a halved Amax, we contend that non-stomatal limitations should have dominated the overall Pn decreases. The dichotomous Pn and E patterns contributed thereafter for the reduction of WUE to very low values in both genotypes, as also observed for whole coffee plants subjected to elevated temperatures (Rodrigues et al., 2018).

With the gradual temperature imposition Icatu presented maximal values of PSII activity and Cyt contents at 31/25°C (and for PSI activity and PQ-9 content at 37/28°C), supporting the significant Amax rise. For both genotypes, a greater heat tolerance than that observed for severe water restriction was still found until 39/30°C in WW plants. This was reflected in the absence of significant changes in the energy capture in the antennae (F0), PSII photochemical efficiency (Fv/Fm, Fv’/Fm’) and inactivation (Fs/Fm’), photochemical energy use (Y(II), qL), or even the energy dissipation mechanisms (Y(NPQ), Y(NO)). Indeed, maintenance of high values of Y(II) and PSII photochemical efficiency reflect photosynthetic tolerance to stress (Li et al., 2017). This is likely to have been coupled with larger pools of several protective and antioxidative molecules, and the upregulated expression of some genes related to protection mechanisms, as previously demonstrated (Martins et al., 2016). Besides, photochemical quenching (represented by qL) is considered an indicator of PSII redox state as well as of energy captured by open PSII centers and used for electron transport (Murchie and Lawson, 2013). The higher the value, the greater the number of open reaction centers, reflecting a greater use of light by the plant, as happened here until 42/30°C in both genotypes.

Notably, at 31/25°C and even at 37/28°C a global rise of all Cyts (only in Icatu) and PQ-9 (both genotypes) was noted. At 37/28°C this was accompanied by higher values of PGR5 and two NDH (Cc04_g05100 and Cc06_g22890), always greater in Icatu, whereas RuBisCO and Ru5PK showed maximal activities (both genotypes). This suggests a global investment in photosynthetic/chloroplast structures, in line with the strong lipid synthesis observed until 37/30°C, particularly in Icatu (Scotti-Campos et al., 2019). Such reinforcement of electron carriers, PGR5 and two NDH proteins, further highlights the presence of photoprotective CEF at PSI (Yamori et al., 2016; Sun et al., 2018) and PSII (Miyake and Okamura, 2003; Chu and Chiu, 2016) levels until 37/28°C, similarly to what was observed for drought conditions in Icatu. This complemented the antioxidative defences (e.g., enzymes such as SOD, and APX, Martins et al., 2016), while maintaining ATP synthesis that can be used, among others, for de novo protein synthesis needed for the rapid repair of photodamaged PSII (Murata et al., 2007; Huang et al., 2018). Altogether, these responses would support the maintenance of high PSs performance (Rodrigues et al., 2016) or even an upregulation of the photosynthetic apparatus at 31/25°C (with maximal Cyt and Amax values in Icatu) and up to 37/28°C, despite the lower Pn values.

Membrane stability is a crucial feature to drought and heat tolerance (Elbasyoni et al., 2017). Furthermore, thylakoid membranes are considered highly sensitive to heat, and impacts on photochemistry are among the first indicators of sensitivity, with damages occurring at PSII and chloroplast ultrastructure (Mano, 2002). This seemed to occur only at 42/30°C, when most fluorescence parameters were significantly altered in WW plants, usually to a higher extent in Icatu, namely in PSII photochemical efficiency. F0 rise (accompanied by Fv/Fm decline) may reflected the uncoupling of LHCII from the PSII reaction center (Ruban, 2016). This rise indicates that a threshold for irreversible photoinhibition on the PSII centers have been exceeded (Pastenes and Horton, 1999; Baker and Rosenqvist, 2004), and it has been used to estimate crop tolerance to high temperature. Furthermore, F0 rise might have been related to an over fluidity of chloroplast membranes (Tovuu et al., 2013) associated with altered membrane properties and loss of fatty acids from 37/28°C to 42/30°C, as previously observed in these genotypes (Scotti-Campos et al., 2019), These impairments found in both genotypes at 42/30°C, are in line with the stronger increase in PSII inactivation (Fs/Fm’), the Amax decline, and the increase of non-regulated energy dissipation processes (Y(NO)), especially in Icatu (Tables 1 and 2). Such Y(NO) increase is usually associated with constraints in the use of incident radiation (Huang et al., 2011), which in turn is largely related to an inability for photochemical energy conversion (reduced Y(II)) as found in WW Icatu plants. Finally, this agrees with the rise in the rate constant for PSII inactivation (Fs/Fm’) as well as with the lowest values of Fv/Fm and Fv’/Fm’ in WW Icatu plants. Overall, these results suggest a higher sensitivity of Icatu than CL153 only under extreme heat. However, PSII activity maintained most of its potential (Figure 2), whereas PSs activities (Figure 3) and electron carrier contents (Figure 4) suffered only minor impacts at the maximal temperature in both genotypes, as compared to their respective controls. This contrasts with reports of heat sensitivity of PSII (namely at D1 protein and OEC level) (Komayama et al., 2007) and PSI (Ivanov et al., 2017; Chovancek et al., 2019) in other species, likely associated with unsuficient photoprotection as well as with heat-induced alterations on the structure, composition, and functional performance. Therefore, these results confirm a notable PSs preservation and a global photochemical functioning in coffee (Rodrigues et al., 2016), thus highlighting that thylakoid membranes function was largely uncompromised. To this would have likely contributed the significant quantitative and qualitative lipid profile adjustments in chloroplast membranes under heat (Scotti-Campos et al., 2019), and the maintenance or reinforcement of the pools of several protective and antioxidative molecules (Martins et al., 2016).

In sharp contrast with the reinforcement up to 37/28°C, RuBisCO and Ru5PK activities suffered the strongest impacts at 42/30°C among the parameters that explore the potential values (Amax, PSs activities), with at least a 65% reduction of their maximum activity values, thus reflecting much stronger impacts than those promoted. In contrast to was found up to 37/28°C, RuBisCO and Ru5PK activities were remarkably affected at 42/30°C to a gretear extent than was On the other hand, RuBisCO and Ru5PK activities were remarkably affected from 37/28°C to 42/30°C to a gretear extent than was by single drought exposure. In fact, RuBisCO was found to be the most heat sensitive component in the photosynthetic machinery of Coffea spp. (Rodrigues et al., 2016), which agrees with observations of major negative impacts on its activity over a range of abiotic stresses, with direct negative impacts on crop productivity (Galmés et al., 2013).



Impact of the Harsh Conditions of Combined Severe Water Deficit and High Temperature on Photosynthetic Functioning

Stress superimposition did not affect either tissue water status or modify the stomatal SD and SA patterns promoted by temperature. However, some interaction was depicted in Pn which tended to even lower values at 42/30°C than under the single exposure to drought (SWD plants at 25/20°C) or heat (WW plants at 42/30°C) in both genotypes. Since gs was maintained at very low values, similar to those of SWD plants at 25/20°C, this additional Pn reduction has been likely to be related to further non-stomatal impacts which lead Pn to the minimal values observed over the entire experiment. In fact, severe drought may predispose the leaves to photoinhibitory damage given that a strong stomata closure will impose drastic restriction of CO2 diffusion into the chloroplast, reducing photochemical energy use and promoting energy overcharge (Baker and Rosenqvist, 2004; Haworth et al., 2018), with the concurrent need to an increased thermal energy dissipation (Y(NPQ)). However, it seems relevant that in some cases at 42/30°C, the SWD plants displayed better values (e.g. F0, Y(NPQ)) than the WW plants, in both genotypes, as well also in Fv/Fm, and Y(NO) in Icatu, showing important resilience of these plants to stress combination. In fact, even under the most stressful conditions both genotypes did not show an increased non-regulated energy dissipation in PSII (Y(NO)), which is known to rise only under harsh environmental conditions (Busch et al., 2009). Instead, Y(NPQ) reached maximum values, showing that protective mechanisms were still functioning to protect the photosynthetic apparatus from additional damages caused by the excessive excitation (Pompelli et al., 2010; Rodrigues et al., 2016), likely associated with the presence of photoprotective carotenoids (Martins et al., 2016; Ramalho et al., 2018b).

When looking at thylakoid-related photochemical events and components, the exposure to heat aggravated the drought impact (SWD plants) on the PSs activity, electron carriers and the proteins involved in CEF of both genotypes. However, while Icatu showed a negative interaction above 25/20°C, this was not observed in CL153 that showed an impact of drought at 25/20°C but some parameters were mostly insensitive to temperature rise in SWD plants. Electron carriers can be affected under abiotic stress conditions (Nouri et al., 2015) since they are close to the production sites of highly excited molecules of either chlorophyll or oxygen (Logan, 2005). Such oxidative stress conditions can promote the dissociation of the PSII oxygen evolving complex (OEC), resulting in greater inhibition of electron transport to the receptor side of PSII (Wang et al., 2018). This was not the case in coffee genotypes, which maintained close PSII activities either including or not the OEC, irrespective of stress conditions (Figure 3). In contrast, PSI photoinhibition can be mostly promoted by ROS produced on the receptor side of PSI through the Mehler reaction (Sonoike, 2011; Yan et al., 2013). PSI is often considered to be more resistant to photoinhibition through an efficient scavenging of ROS produced on the reducing side of PSI (Ozakca, 2013). In any case, under the present experimental conditions, PSI and PSII were affected to a similar extent within each genotype by drought (only CL153), by heat, or even by the stress combination, suggesting that thermal dissipation and/or antioxidative mechanisms protected both PSs indistinctly. In fact, it should be highlighted a high degree of tolerance of SWD plants given that relevant PSs activity and electron carrier contents were preserved under the harshest conditions, even under conditions in which CEF might had a limited role due to PGR5 and NDH proteins reduction at 42/30°C.

Finally, we have demonstrated that the combination of the highest temperature and drought exacerbated the impacts on RuBisCO and Ru5PK activities relative to those promoted by each single stress. In fact, with activity reductions higher than 80%, these enzymes were the most affected photosynthetic components, thus likely limiting the photosynthetic pathway, in good agreement with the minimal Amax values. This limiting point in the coffee acclimation to harsh environmental conditions clearly agreed with the estimates pointing that reductions in RuBisCO activity will be one of the main effects caused by climate change, and should be considered in prediction models on future plant productivity (Galmés et al., 2013). Indeed, given that only a few parameters showed an aggravated status under the imposition of both stresses, we contend that the impacts related to the Calvin-Benson cycle enzymes will play a key role in determining the performance of the photosynthetic apparatus irrespective of genotype.



Recovery From Stress Exposure and After Effects

Despite the superior performance of Icatu upon drought, and a relatively better performance of CL153 at the highest temperature, some interesting results were obtained along the recovery period after stress relief, with diverse promptness and extent of recoveries of physiological and biochemical parameters.

An almost full recovery of gs and Ψpd was observed in SWD plants from both genotypes, although with a consistent trend to lower water status (e.g., Ψpd values in CL153 until Rec14). This suggested a considerable tolerance of the hydraulic system under the harsh conditions of combined water deficit and heat.

However, some marked aftereffects persisted in plants submitted to the combined stresses (SWD plants), usually stronger in CL153, namely in Amax, Y(NPQ), Fv’/Fm’, PSs activity, and PQ-9 content. In fact, only the SWD CL153 plants were unable to show a full recovery of several parameters (e.g., Pn, Y(II), Y(NPQ)) by Rec14, denoting an exacerbated sensitivity to stress interaction. Also, Fs/Fm’ was kept at high values by Rec14, in line with lower energy driven to photochemical events (Y(II)) (all plants), and with some higher values of Y(NPQ) (SWD plants from both genotypes) or Y(NO) (WW and SWD plants of Icatu).

Several parameters recovered in WW plants of both genotypes (e.g., Amax, Fv/Fm, Fv’/Fm’, qL, Fs/Fm’, PQ-9 content), but a faster and/or greater recovery was observed in Icatu than in CL153 in WW or SWD plants (Pn, PSs activity, Cyt f and b563 contents, Ru5PK activity). This denotes lower impairments upon stress exposure and/or greater recovery capability. Overall, our data agree with previous findings for Icatu resilience involving improved antioxidative mechanisms and adjustments of chloroplast membrane lipids, which ultimately minimize oxidative damages under cold and/or drought (Fortunato et al., 2010; Partelli et al., 2011; Ramalho et al., 2014b; Ramalho et al., 2018b).

It was noteworthy that in a few cases the SWD plants recovered better than their WW counterparts (e.g., PSs and Ru5PK activities, Cyt b559LP and b563 contents in CL153; and RuBisCO and Ru5PK activities in Icatu), suggesting some degree of stress cross-tolerance related to protecting mechanisms of these photosynthetic components. This was likely related, at least partly, to a more effective ROS control, as also observed under the combined exposure to cold and drought (Ramalho et al., 2018b).

Finally, some aftereffects were observed by the end of the experiment, particularly in the plants exposed simultaneously to both stresses, thus justifying the plant response to maintain an increased potential for CEF and thermal dissipation mechanisms. Furthermore, most photosynthetic components recovered between Rec4 and Rec14, suggesting that coffee plants present an interesting resilience to water scarcity and heat, which may help the sustainability of this crop in a scenario of climate variability.




Conclusions

In the context of ongoing climate changes and extreme weather events, this study thoroughly assessed the impacts of both single and combined drought and heat stressful conditions on the photosynthetic functioning.

Globally, single severe drought significantly affected most gas exchange and fluorescence parameters in both genotypes. This was likely associated with a prevalence of stomata limitations of photosynthesis particularly in Icatu, that showed a better photosynthetic performance and protection of both photosystems, associated with CEF involving PSII and PSI, together with the increase in thermal dissipation mechanisms (the latter in both genotypes). In contrast, in CL153, RuBisCO activities, electron transport rates and Cyt content were reduced, and only minor changes were observed regarding PG5 and NDH proteins. Notably, the reduction of energy use in photochemical events was compensated for by rises in photoprotection and not by uncontrolled energy dissipation in both genotypes, thus reflecting a common triggering of acclimation mechanisms to avoid damages.

A strong photosynthetic heat tolerance was found in WW plants until temperatures well above those considered adequate for the coffee crop. Most parameters related to the photosynthetic potential were barely affected up to 37/28°C or 39/30°C. Notably, CEF around both PSs was also likely involved in the response to heat, particularly in Icatu that showed increased values in all electron carriers, and PG5 and NDH proteins up to 37/28°C. A further increase to 42/30°C impacted most parameters, evidencing that the tolerance threshold in these genotypes was exceeded. At this temperature, gs was mostly governed by stomata opening control than by stomatal morphological traits. In any case, the simultaneous reduction in Amax and increase in Ci indicate the prevalence of non-stomatal limitations of photosynthesis, particularly in RuBisCO and Ru5PK. These enzymes were, by far, the most sensitive components, in sharp contrast with PSs activity and electron carrier contents that were mostly unaffected, even with a reduction of PG5 and NDH proteins from 37/28 to 42/30°C.

Stress interaction was largely absent until 37/28°C, with drought being the main constraint until this temperature. However, the two extreme conditions (SWD plants at 42/30°C) aggravated some single stress impacts, with emphasis on the PSI, PSII, and enzymes activities, and electron carriers, the latter somewhat stronger in Icatu (as also in Amax). Noteworthy, even under such harsh conditions uncontrolled energy dissipation did not increase due to reinforcements in energy thermal dissipation.

Strong coffee’s resilience to these stress conditions was observed given that most photosynthetic parameters recovered between the 4th and 14th days after stress relief. However, some aftereffects persisted, mostly in SWD plants (Y(NPQ), Fv’/Fm’, PSs activity, Cyts) by the end of the experiment, justifying the maintenance of a higher potential for protective mechanisms, reflected in energy thermal dissipation and CEF. Among genotypes, Icatu showed a faster and/or greater recovery in WW or SWD plants in several parameters (Pn, Fv’/Fm’, qN, PSs and enzymes activities, most electron carriers content) than did CL153.

Overall, genotype-related impacts on the photosynthetic performance were observed under the exposure to the two major environmental constraints, and their interaction. Icatu was more tolerant to drought, and displayed a better recovery after stress relief. Both genotypes were clearly tolerant until 37/28°C, but were deeply affected at 42/30°C, with some additional impacts under the stress superimposition (e.g., RuBisCO activity and electron carriers). The photochemical components were highly tolerant to drought (Icatu), heat and stress interaction (both genotypes), in sharp contrast with enzymes (RuBisCO and Ru5PK) that were highly sensitive, thus, deserving special attention in breeding programs regarding these environmental limiting conditions.



Data Availability Statement

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD019474 and DOI: 10.6019/PXD019474 for C. arabica proteome, and the dataset identifier PXD019541 and DOI: 10.6019/PXD019541 for C. canephora proteome.



Author Contributions

DD: Investigation, formal analysis, writing (original draft). FL: Conceptualization, Investigation, writing (review and editing), project administration. AR: Investigation, validation, formal analysis. JS: Investigation, formal analysis. IMa: Investigation, validation, formal analysis. DG: Investigation, visualization, formal analysis. JA: Investigation, visualization, formal analysis, supervision. MS: Investigation, validation, formal analysis. SM: Investigation, validation, formal analysis. WR: Investigation, formal analysis, writing (review and editing); MS-C: Investigation, validation, formal analysis; IMo: Investigation, validation. formal analysis; IP: Investigation, validation, formal analysis; PS-C: Investigation, validation; FP: Investigation, supervision; EC: Investigation, supervision, writing (review and editing); AR-B: Conceptualization, investigation, formal analysis, supervision, Funding acquisition;. FD: Conceptualization, Data Analysis, writing (review and editing); JR: Conceptualization, investigation, visualization, data analysis, supervision, project administration, funding acquisition, writing (original draft, review and editing).



Funding

This work received funding from the European Union’s Horizon 2020 research and innovation program under grant agreement No 727934 (project BreedCAFS), and from national funds from Fundação para a Ciência e a Tecnologia (FCT), Portugal, through the project PTDC/ASP-AGR/31257/2017, and the research units UIDB/00239/2020 (CEF), and UIDP/04035/2020 (GeoBioTec). Funding from Brazil through FAPERJ (grant E-26/202.323/2017, WR) and CNPq (FP, EC, and FD) are also greatly acknowledged.



Acknowledgments

The authors would like to thank Novadelta – Comércio e Indústria de Cafés Lda., as well as Tech. Paula Alves for technical assistance.



References

 Baker, N. R., and Rosenqvist, E. (2004). Applications of chlorophyll fluorescence can improve crop production strategies: an examination of future possibilities. J. Exp. Bot. 55, 1607–1621. doi: 10.1093/jxb/erh196

 Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1006/abio.1976.9999

 Bunn, C., Läderach, P., Rivera, O. O., and Kirschke, D. (2015). A bitter cup: climate change profile of global production of Arabica and Robusta coffee. Clim. Change 129, 89–101. doi: 10.1007/s10584-014-1306-x

 Busch, F., Hunter, N. P. A., and Ensminger, I. (2009). Biochemical constrains limit the potential of the photochemical reflectance index as a predictor of effective quantum efficiency of photosynthesis during the winter-spring transition in Jack pine seedlings. Funct. Plant Biol. 36, 1016–1026. doi: 10.1071/FP08043

 Chaves, M. M., Maroco, J. P., and Pereira, J. S. (2003). Understanding plant responses to drought – from genes to the whole plant. Funct. Plant Biol. 30, 239–264. doi: 10.1071/FP02076

 Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551–560. doi: 10.1093/aob/mcn125

 Chen, Y.-E., Liu, W.-J., Su, Y.-Q., Cui, J.-M., Zhang, X.-W., Yuan, M., et al. (2016). Different response of photosystem II to short and long-term drought stress in Arabidopsis thaliana. Physiol. Plant 158, 225–235. doi: 10.1111/ppl.12438

 Chovancek, E., Zivcak, M., Botyanszka, L., Hauptvogel, P., Yang, X., Misheva, D., et al. (2019). Transient heat waves may affect the photosynthetic capacity of susceptible wheat genotypes due to insuficient photosystem I photoprotection. Plants 8, 282. doi: 10.3390/plants8080282

 Chu, H.-A., and Chiu, Y.-F. (2016). The Roles of cytochrome b559 in assembly and photoprotection of Photosystem II revealed by site-directed mutagenesis studies. Front. Plant Sci. 6, 1261. doi: 10.3389/fpls.2015.01261

 Crafts-Brandner, S. J., and Salvucci, M. E. (2000). Rubisco activase constrains the photosynthetic potential of leaves at high temperature and CO2. PNAS 97, 13430–13435. doi: 10.1073/pnas.230451497

 DaMatta, F. M., and Ramalho, J. C. (2006). Impacts of drought and temperature stress on coffee physiology and production: a review. Braz. J. Plant Physiol. 18, 55–81. doi: 10.1590/S1677-04202006000100006

 DaMatta, F. M., Chaves, A. R. M., Pinheiro, H. A., Ducatti, C., and Loureiro, M. E. (2003). Drought tolerance of two feld-grown clones of Coffea canephora. Plant Sci. 164, 111–117. doi: 10.1016/S0168-9452(02)00342-4

 DaMatta, F. M., Godoy, A. G., Menezes-Silva, P. E., Martins, S. C. V., Sanglard, L. M. V. P., Morais, L. E., et al. (2016). Sustained enhancement of photosynthesis in coffee trees grown under free-air CO2 enrichment conditions: disentangling the contributions of stomatal, mesophyll, and biochemical limitations. J. Exp. Bot. 67, 341–352. doi: 10.1093/jxb/erv463

 DaMatta, F. M., Avila, R. T., Cardoso, A. A., Martins, S. C. V., and Ramalho, J. C. (2018). Physiological and agronomic performance of the cofee crop in the context of climate change and global warming: a review. J. Agric. Food Chem. 66, 5264–5274. doi: 10.1021/acs.jafc.7b04537

 DaMatta, F. M., Rahn, E., Läderach, P., Ghini, R., and Ramalho, J. C. (2019). Why could the coffee crop endure climate change and global warming to a greater extent than previously estimated? Clim. Change 152, 167–178. doi: 10.1007/s10584-018-2346-4

 Davis, A. P., Chadburn, H., Moat, J., O’Sullivan, R., Hargreaves, S., and Lughadha, E. N. (2019). High extinction risk for wild coffee species and implications for coffee sector sustainability. Sci. Adv. 5, eaav3473. doi: 10.1126/sciadv.aav3473

 Denoeud, F., Carretero-Paulet, L., Dereeper, A., Droc, G., Guyot, R., Pietrella, M., et al. (2014). The coffee genome provides insight into the convergent evolution of caffeine biosynthesis. Science 345, 1181–1184. doi: 10.1126/science.1255274

 Dias, P. C., Araujo, W. L., Moraes, G. A. B. K., Barros, R. S., and DaMatta, F. M. (2007). Morphological and physiological responses of two coffee progenies to soil water availability. J. Plant Physiol. 164, 1639–1647. doi: 10.1016/j.jplph.2006.12.004

 Droppa, M., Masojidek, J., Rózsa, Z., Wolak, A., Horváth, L. I., Farkas, T., et al. (1987). Characteristics of Cu deficiency induced inhibition of photosynthetic electron transport in spinach chloroplasts. Biochim. Biophys. Acta 891, 75–84. doi: 10.1016/0005-2728(87)90085-5

 Dusenge, M. E., Duarte, A. G., and Way, D. A. (2019). Plant carbon metabolism and climate change: elevated CO2 and temperature impacts on photosynthesis, photorespiration and respiration. New Phytol. 221, 32–49. doi: 10.1111/nph.15283

 Elbasyoni, I., Saadalla, M., Baenziger, S., Bockelman, H., and Morsy, S. (2017). Cell membrane stability and association mapping for drought and heat tolerance in a worldwide wheat collection. Sustainability 9, 1606. doi: 10.3390/su9091606

 Fahad, S., Bajwa, A. A., Nazir, U., Anjum, S. A., Farooq, A., Zohaib, A., et al. (2017). Crop production under drought and heat stress: plant responses and management options. Front. Plant Sci. 8, 1147. doi: 10.3389/fpls.2017.01147

 Fortunato, A., Lidon, F. C., Batista-Santos, P., Leitão, A. E., Pais, I. P., Ribeiro, A. I., et al. (2010). Biochemical and molecular characterization of the antioxidative system of Coffea sp. under cold conditions in genotypes with contrasting tolerance. J. Plant Physiol. 167, 333–342. doi: 10.1016/j.jplph.2009.10.013

 Franks, P. J., and Beerling, D. J. (2009). Maximum leaf conductance driven by CO2 effects on stomatal size and density over geologic time. Proc. Nat. Acad. Sci. U.S.A. 106, 10343–10347. doi: 10.1073/pnas.0904209106

 Galmés, J., Aranjuelo, I., Medrano, H., and Flexas, J. (2013). Variation in Rubisco content and activity under variable climatic factors. Photosynth. Res. 117, 73–90. doi: 10.1007/s11120-013-9861-y

 Grisi, F. A., Alves, J. D., Castro, E. M., Oliveira, C., Biagiotti, G., and Melo, L. A. (2008). Leaf anatomical evaluations in ‘Catuaí’ and ‘Siriema’ coffee seedlings submitted to water stress. Ciência Agrotec. 32, 1730–1736. doi: 10.1590/S1413-70542008000600008

 Haldimann, P., and Feller, U. (2004). Inhibition of photosynthesis by high temperature in oak (Quercus pubescens L.) leaves grown under natural conditions closely correlates with a reversible heat-dependent reduction of the activation state of ribulose-1,5-bisphosphate carboxylase/oxygenase. Plant Cell Environ. 27, 1169–1183. doi: 10.1111/j.1365-3040.2004.01222.x

 Hartmann, E. M., Allain, F., Gaillard, J. C., Pible, O., and Armengaud, J. (2014). Taking the shortcut for high-throughput shotgun proteomic analysis of bacteria. Methods Mol. Biol. 1197, 275–285. doi: 10.1007/978-1-4939-1261-2_16

 Hasanuzzaman, M., Nahar, K., Alam, M. M., Roychowdhury, R., and Fujita, M. (2013). Physiological, biochemical, and molecular mechanisms of heat stress tolerance in plants. Int. J. Mol. Sci. 14, 9643–9684. doi: 10.3390/ijms14059643

 Haworth, M., Marino, G., Brunetti, C., Killi, D., De Carlo, A., and Centritto, M. (2018). The impact of heat stress and water deficit on the photosynthetic and stomatal physiology of olive (Olea europaea L.). A case study of the 2017 heat wave. Plants 7, pii: E76. doi: 10.3390/plants7040076

 Hoekstra, F. A., Golovina, E. A., and Buitink, J. (2001). Mechanisms of plant desiccation tolerance. Trends Plant Sci. 6, 431–438. doi: 10.1016/S1360-1385(01)02052-0

 Houchins, J. P., and Hind, G. (1984). Concentration and function of membrane-bound cytochromes in cyanobacterial heterocysts. Plant Physiol. 76, 456–460. doi: 10.1104/pp.76.2.456

 Huang, W., Zhang, S.-B., and Cao, K.-F. (2011). Cyclic electron flow plays an important role in photoprotection of tropical trees illuminated at temporal chilling temperature. Plant Cell Physiol. 52, 297–305. doi: 10.1093/pcp/pcq166

 Huang, W., Yang, Y.-J., Zhang, S.-B., and Liu, T. (2018). Cyclic electron flow around photosystem I promotes ATP synthesis possibly helping the rapid repair of photodamaged photosystem II at low light. Front. Plant Sci. 9, 239. doi: 10.3389/fpls.2018.00239

 IPCC - Intergovernmental Panel on Climate Change (2014). Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Eds.  O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlömer, C. Von Stechow, T. Zwickel, and J. C. Minx (Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press).

 IPCC - Intergovernmental Panel on Climate Change (2018). “Summary for policymakers,” in Global warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above pre -industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of climate change, sustainable development, and efforts to eradicate poverty. Eds.  V. Masson -Delmotte, P. Zhai, H. O. Pörtner, D. Roberts, J. Skea, P. R. Shukla, A. Pirani, W. Moufouma -Okia, C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews, Y. Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield (Switzerland: World Meteorological Organization).

 Ivanov, A. G., Velitchkova, M. Y., Allakhverdiev, S. I., and Huner, N. P. A. (2017). Heat stress-induced effects of photosystem I: an overview of structural and functional responses. Photosynth. Res. 133, 17–30. doi: 10.1007/s11120-017-0383-x

 Klein, G., Mathé, C., Biola-Clier, M., Devineau, S., Drouineau, E., Hatem, E., et al. (2016). RNA-binding proteins are a major target of silica nanoparticles in cell extracts. Nanotoxicol 10, 1555–1564. doi: 10.1080/17435390.2016.1244299

 Klughammer, C., and Schreiber, U. (2008). Complementary PSII quantum yields calculated from simple fluorescence parameters measured by PAM fluorometry and the Saturation Pulse method. PAM Appl. Notes 1, 27–35.

 Kohzuma, K., Cruz, J. A., Akashi, K., Hoshiyasu, S., Munekage, Y. N., Yokota, A., et al. (2009). The long-term responses of the photosynthetic proton circuit to drought. Plant Cell Environ. 32, 209–219. doi: 10.1111/j.1365-3040.2008.01912.x

 Komayama, K., Khatoon, M., Takenaka, D., Horie, J., Yamashita, A., Yoshioka, M., et al. (2007). Quality control of Photosystem II: Cleavage and aggregation of heat-damaged D1 protein in spinach thylakoids. Biochim. Biophys. Acta 1767, 838–846. doi: 10.1016/j.bbabio.2007.05.001

 Kramer, D. M., Johnson, G., Kiirats, O., and Edwards, G. E. (2004). New flux parameters for the determination of QA redox state and excitation fluxes. Photosynth. Res. 79, 209–218. doi: 10.1023/B:PRES.0000015391.99477.0d

 Ksas, B., Légeret, B., Ferretti, U., Chevalier, A., Pospisil, P., Alric, J., et al. (2018). The plastoquinone pool outside the thylakoid membrane serves in plant photoprotection as a reservoir of singlet oxygen scavengers. Plant Cell Environ. 41, 2277–2287. doi: 10.1111/pce.13202

 Laisk, A., Eichelmann, H., Oja, V., Rasulov, B., and Rämma, H. (2006). Photosystem II cycle and alternative electron flow in leaves. Plant Cell Physiol. 47, 972–983. doi: 10.1093/pcp/pcj070

 Lamaoui, M., Jemo, M., Datla, R., and Bekkaoui, F. (2018). Heat and drought stresses in crops and approaches for their mitigation. Front. Chem. 6, 26. doi: 10.3389/fchem.2018.00026

 Lambers, H., Chapin, F.S. III, and Pons, T. L. (2008). Plant Physiological Ecology. 2nd Edn. (New York: Springer-Verlag). doi: 10.1007/978-0-387-78341-3

 Li, H., Chang, J., Chen, H., Wang, Z., Gu, X., Wei, C., et al. (2017). Exogenous melatonin confers salt stress tolerance to watermelon by improving photosynthesis and redox homeostasis. Front. Plant Sci. 8, 295. doi: 10.3389/fpls.2017.00295

 Logan, B. A. (2005). “Reactive Oxygen Species and Photosynthesis Chapter 10,” in Antioxidants and Reactive Oxygen in Plants. Ed.  N. N. Smirnoff (Oxford: Blackwell Publishing), 250–267. doi: 10.1002/9780470988565.ch10

 Long, S. P., Ainsworth, E. A., Leakey, A. D. B., Nösberger, J., and Ort, D. R. (2006). Food for thought: lower-than-expected crop yield stimulation with rising CO2 concentrations. Science 312, 1918–1921. doi: 10.1126/science.1114722

 Los, D. A., and Zinchenko, V. V. (2009). “Regulatory role of membrane fluidity in gene expression Chapter 15,” in Lipids in Photosynthesis: Essential and Regulatory Functions Series Advances in Photosynthesis and Respiration Vol. 30. Eds.  H. Wada, and N. Murata (Dordrecht: Springer Verlag), 329–348. doi: 10.1007/978-90-481-2863-1_15

 Mano, J. (2002). “Early events in environmental stresses in plants – induction mechanisms of oxidative stress Chapter 9,” in Oxidative Stress in Plants. Eds.  D. Inzé, and M. M. Van Montagu (London: Taylor & Francis), 217–245.

 Martins, L. D., Tomaz, M. A., Lidon, F. C., and Ramalho, J. C. (2014). Combined effects of elevated [CO2] and high temperature on leaf mineral balance in Coffea spp. plants. Clim. Change 126, 365–379. doi: 10.1007/s10584-014-1236-7

 Martins, M. Q., Rodrigues, W. P., Fortunato, A. S., Leitão, A. E., Rodrigues, A. P., Pais, I. P., et al. (2016). Protective response mechanisms to heat stress in interaction with high [CO2] conditions in Coffea spp. Front. Plant Sci. 7, 947. doi: 10.3389/fpls.2016.00947

 Martins, S. C. V., Sanglard, M. L., Morais, L. E., Menezes-Silva, P. E., Mauri, R., Avila, R. T., et al. (2019). How do coffee trees deal with severe natural droughts? An analysis of hydraulic, diffusive and biochemical components at the leaf level. Trees 33, 1679–1693. doi: 10.1007/s00468-019-01889-4

 Melo, E. F., Fernandes-Brum, C. N., Pereira, F. J., Castro, E. M., and Chalfun-Júnior, A. (2014). Anatomic and physiological modifications in seedlings of Coffea arabica cultivar Siriema under drought conditions. Ciência Agrotec. 38, 25–33. doi: 10.1590/S1413-70542014000100003

 Mittler, R. (2006). Abiotic stress, the field environment and stress combination. Trends Plant Sci. 11, 15–19. doi: 10.1016/j.tplants.2005.11.002

 Miyake, C., and Okamura, M. (2003). Cyclic electron flow within PSII protects PSII from its photoinhibition in thylakoid membranes from spinach chloroplasts. Plant Cell Physiol. 44, 457–462. doi: 10.1093/pcp/pcg053

 Murata, N., Takahashi, S., Nishiyama, Y., and Allakhverdiev, S. I. (2007). Photoinhibition of photosystem II under environmental stress. Biochim. Biophys. Acta 1767, 414–421. doi: 10.1016/j.bbabio.2006.11.019

 Murchie, E. H., and Lawson, T. (2013). Chlorophyll fluorescence analysis: a guide to good practice and understanding some new applications. J. Exp. Bot. 64, 3983–3998. doi: 10.1093/jxb/ert208

 NOAA (2019). Climate change: Atmospheric carbon dioxide. Climate.gov, USA (Accessed at https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide, November 2019).

 Nouri, M. Z., Moumeni, A., and Komatsu, S. (2015). Abiotic Stresses: Insight into gene regulation and protein expression in photosynthetic pathways of plants. Int. J. Mol. Sci. 16, 20392–20416. doi: 10.3390/ijms160920392

 Nunes, M. A., Ramalho, J. C., and Dias, M. A. (1993). Effect of nitrogen supply on the photosynthetic performance of leaves from coffee plants exposed to bright light. J. Exp. Bot. 44, 893–899. doi: 10.1093/jxb/44.5.893

 Osakabe, Y., Osakabe, K., Shinozaki, K., and Tran, L.-S. P. (2014). Response of plants to water stress. Front. Plant Sci. 5, 86. doi: 10.3389/fpls.2014.00086

 Osório, M. L., Breia, E., Rodrigues, A., Osório, J., Roux, X. L., Daudet, F. A., et al. (2006). Limitations to carbon assimilation by mild drought in nectarine trees growing under field conditions. Environ. Exp. Bot. 55, 235–247. doi: 10.1016/j.envexpbot.2004.11.003

 Osorio, N. (2002). The Global Coffee Crisis: A Threat to Sustainable Development (London: International Coffee Organization).

 Oukarroum, A., Schansker, G., and Strasser, R. J. (2009). Drought stress effects on photosystem I content and photosystem II thermotolerance analyzed using Chl a fluorescence kinetics in barley varieties differing in their drought tolerance. Physiol. Plant 137, 188–199. doi: 10.1111/j.1399-3054.2009.01273.x

 Ozakca, D. U. (2013). “Effect of abiotic stress on photosystem i-related gene transcription in photosynthetic organisms,” in Photosynthesis. Ed.  Z. Dubinsky (London: IntechOpen), 57–85. doi: 10.5772/intechopen.72374

 Parkhey, S., Chandrakar, V., Naithani, S. C., and Keshavkant, S. (2015). Efficient extraction of proteins from recalcitrant plant tissue for subsequent analysis by two-dimensional gel electrophoresis. J. Separation Sci. 38, 3622–3628. doi: 10.1002/jssc.201500415

 Partelli, F. L., Batista-Santos, P., Campos, P. S., Pais, I. P., Quartin, V. L., Vieira, H. D., et al. (2011). Characterization of the main lipid components of chloroplast membranes and cold induced changes in Coffea sp. Environ. Exp. Bot. 74, 194–204. doi: 10.1016/j.envexpbot.2011.06.001

 Pastenes, C., and Horton, H. (1999). Resistance of photosynthesis to high temperature in two bean varieties (Phaseolus vulgaris L.). Photosyn. Res. 62, 197–203. doi: 10.1023/A:1006391113097

 Peloso, A. F., Tatagiba, S. D., Reis, E. F., Pezzopane, J. E. M., and Amaral, J. F. T. (2017). Photosynthetic limitations in leaves of arabic coffee promoted by the water deficit. Coffee Sci. 12, 389–399. doi: 10.25186/cs.v12i3.1314

 Pinheiro, H. A., DaMatta, F. M., Chaves, A. R. M., Fontes, E. P. B., and Loureiro, M. E. (2004). Drought tolerance in relation to protection against oxidative stress in clones of Coffea canephora subjected to long-term drought. Plant Sci. 167, 1307–1314. doi: 10.1016/j.plantsci.2004.06.027

 Pompelli, M. F., Martins, S. C. V., Antunes, W. C., Chaves, A. R. M., and DaMatta, F. M. (2010). Photosynthesis and photoprotection in coffee leaves is affected by nitrogen and light availabilities in winter conditions. J. Plant Physiol. 167, 1052–1060. doi: 10.1016/j.jplph.2010.03.001

 Ramalho, J. C., Campos, P. S., Quartin, V. L., Silva, M. J., and Nunes, M. A. (1999). High irradiance impairments on photosynthetic electron transport, ribulose-1,5-bisphosphate carboxilase/oxygenase and N assimilation as a function of N availability in Coffea arabica L. plants. J. Plant Physiol. 154, 319–326. doi: 10.1016/S0176-1617(99)80174-6

 Ramalho, J. C., Quartin, V., Leitão, A. E., Campos, P. S., Carelli, M. L., Fahl, J. I., et al. (2003). Cold acclimation ability of photosynthesis among species of the tropical Coffea genus. Plant Biol. 5, 631–641. doi: 10.1055/s-2003-44688

 Ramalho, J. C., Fortunato, A. S., Goulao, L. F., and Lidon, F. C. (2013a). Cold-induced changes in mineral content in leaves of Coffea spp. Identification of descriptors for tolerance assessment. Biol. Plant 57, 495–506. doi: 10.1007/s10535-013-0329-x

 Ramalho, J. C., Rodrigues, A. P., Semedo, J. N., Pais, I. P., Martins, L. D., Simões-Costa, M. C., et al. (2013b). Sustained photosynthetic performance of Coffea spp. under long-term enhanced [CO2]. PloS One 8, e82712. doi: 10.1371/journal.pone.0082712

 Ramalho, J. C., Zlatev, Z. S., Leitão, A. E., Pais, I. P., Fortunato, A., and Lidon, F. C. (2014a). Moderate water stress causes differential stomatal and non-stomatal changes on the photosynthetic functioning of Phaseolus vulgaris L. genotypes. Plant Biol. 16, 133–146. doi: 10.1111/plb.12018

 Ramalho, J. C., DaMatta, F. M., Rodrigues, A. P., Scotti-Campos, P., Pais, I., Batista-Santos, P., et al. (2014b). Cold impact and acclimation response of Coffea spp. plants. Theor. Exp. Plant Physiol. 26, 5–18. doi: 10.1007/s40626-014-0001-7

 Ramalho, J. C., Pais, I. P., Leitão, A. E., Guerra, M., Reboredo, F. H., Máguas, C. M., et al. (2018a). Can elevated air [CO2] conditions mitigate the predicted warming impact on the quality of coffee bean? Front. Plant Sci. 9, 287. doi: 10.3389/fpls.2018.00287

 Ramalho, J. C., Rodrigues, A. P., Lidon, F. C., Marques, L. M. C., Leitão, A. E., Fortunato, A. F., et al. (2018b). Stress cross-response of the antioxidative system promoted by superimposed drought and cold conditions in Coffea spp. PloS One 13, e0198694. doi: 10.1371/journal.pone.0198694

 Redfearn, E. R., and Friend, J. (1962). Studies on plastoquinone-1. Determination of the concentration and oxidation-reduction state of plastoquinone in isolated chloroplasts. Phytochem 1, 147–151. doi: 10.1016/S0031-9422(00)82816-2

 Rodrigues, W. P., Martins, M. Q., Fortunato, A. S., Rodrigues, A. P., Semedo, J. N., Simões-Costa, M. C., et al. (2016). Long-term elevated air [CO2] strengthens photosynthetic functioning and mitigates the impact of supra-optimal temperatures in tropical Coffea arabica and C. canephora species. Global Change Biol. 22, 415–431. doi: 10.1111/gcb.13088

 Rodrigues, W. P., Silva, J. R., Ferreira, L. S., Machado Filho, J. A., Figueiredo, F. A., Ferraz, T. M., et al. (2018). Stomatal and photochemical limitations of photosynthesis in Coffea sp. plants subjected to elevated temperatures. Crop Past. Sci. 69, 317–325. doi: 10.1071/CP17044

 Ruban, A. V. (2016). Nonphotochemical chlorophyll fluorescence quenching: Mechanism and effectiveness in protecting plants from photodamage. Plant Physiol. 170, 1903–1916. doi: 10.1104/pp.15.01935

 Sanda, S., Yoshida, K., Kuwano, M., Kawamura, T., Munekage, Y. N., Akashi, K., et al. (2011). Responses of the photosynthetic electron transport system to excess light energy caused by water deficit in wild watermelon. Physiol. Plant 142, 247–264. doi: 10.1111/j.1399-3054.2011.01473.x

 Santos, A. B., and Mazzafera, P. (2012). Dehydrins are highly expressed in water stressed plants of two coffee species. Trop. Plant Biol. 5, 218–232. doi: 10.1007/s12042-012-9106-9

 Schölander, P. F., Hammel, H. T., Bradstreet, E. D., and Hemmingsen, E. A. (1965). Sap pressure in vascular plants. Science 148, 339–346. doi: 10.1126/science.148.3668.339

 Schöttler, M. A., and Toth, S. Z. (2014). Photosynthetic complex stoichiometry dynamics in higher plants: environmental acclimation and photosynthetic flux control. Front. Plant Sci. 5, 188. doi: 10.3389/fpls.2014.00188

 Schreiber, U. (2004). “Pulse-Amplitude-Modulation (PAM) fluorometry and saturation pulse method: an overview Chapter 11,” in Chlorophyll a Fluorescence: A Signature of Photosynthesis Advances in Photosynthesis and Respiration, vol. 19 . Eds.  G. C. Papageorgiou, and Govindjee (Dordrecht: Springer), 279–319. doi: 10.1007/978-1-4020-3218-9_11

 Scotti-Campos, P., Pais, I. P., Ribeiro-Barros, A. I., Martins, L. D., Tomaz, M. A., Rodrigues, W. P., et al. (2019). Lipid profile adjustments may contribute to warming acclimation and to heat impact mitigation by elevated [CO2] in Coffea spp. Environ. Exp. Bot. 167, 103856. doi: 10.1016/j.envexpbot.2019.103856

 Sehgal, A., Sita, K., Kumar, J., Kumar, S., Singh, S., Siddique, K. H. M., et al. (2017). Effects of drought, heat and their interaction on the growth, yield and photosynthetic function of lentil (Lens culinaris Medikus) genotypes varying in heat and drought sensitivity. Front. Plant Sci. 8, 1776. doi: 10.3389/fpls.2017.01776

 Semedo, J. N., Rodrigues, W. P., Martins, M. Q., Martins, L. D., Pais, I. P., Rodrigues, A. P., et al. (2018). “Coffee responses to drought, warming and high [CO2] in a context of future climate change scenarios Chapter 26,” in Theory and Practice of Climate Adaptation Climate Change Management Series. Eds.  F. Alves, W. Leal, and U. Azeiteiro (Cham: Springer), 465–477. doi: 10.1007/978-3-319-72874-2

 Shikanai, T., and Yamamoto, H. (2017). Contribution of cyclic and pseudo-cyclic electron transport to the formation of proton motive force in chloroplasts. Mol. Plant 10, 20–29. doi: 10.1016/j.molp.2016.08.004

 Shinopoulos, K. E., and Brudvig, G. W. (2012). Cytochrome b559 and cyclic electron transfer within Photosystem II. Biochim. Biophys. Acta 1817, 66–75. doi: 10.1016/j.bbabio.2011.08.002

 Silva, V. A., Salgado, S. M. L., Sá, L. A., Reis, A. M., Silveira, H. R. O., Mendes, A. N. G., et al. (2015). Use of physiological characteristics to identify genotypes of arabic coffee tolerant to Meloidogyne paranaensis. Coffee Sci. 10, 242–250. doi: 10.25186/cs.v10i2.868

 Song, Y., Chen, Q., Ci, D., Shao, X., and Zhang, D. (2014). Effects of high temperature on photosynthesis and related gene expression in poplar. BMC Plant Biol. 14, 111. doi: 10.1186/1471-2229-14-111

 Sonoike, K. (2011). Photoinhibition of photosystem I. Physiol. Plant 42, 56–64. doi: 10.1111/j.1399-3054.2010.01437.x

 Souza, C. R., Maroco, J., Santos, T. P., Rodrigues, M. L., Lopes, C., Pereira, J. S., et al. (2005). Control of stomatal aperture and carbon uptake by deficit irrigation in two grapevine cultivars. Agric. Ecosyst. Environ. 106, 261–274. doi: 10.1016/j.agee.2004.10.014

 Spiller, S., and Terry, N. (1980). Limiting factors in photosynthesis. Iron stress diminishes photochemical capacity by reducing the number of photosynthetic units. Plant Physiol. 65, 121–125. doi: 10.1104/pp.65.1.121

 Stirbet, A., and Govindjee, S. A. (2011). On the relation between the Kautsky effect (chlorophyll a fluorescence induction) and Photosystem II: basics and applications of the OJIP fluorescence transient. J. Photochem. Photobiol. (B.: Biol.) 104, 236–257. doi: 10.1016/j.jphotobiol.2010.12.010

 Sun, Y., Gao, Y., Wang, H., Yang, X., Zhai, H., and Du, Y. (2018). Stimulation of cyclic electron flow around PSI as a response to the combined stress of high light and high temperature in grape leaves. Funct. Plant Biol. 45, 1038–1045. doi: 10.1071/FP17269

 Tazoe, Y., Hanba, Y. T., Furumoto, T., Noguchi, K., and Terashima, I. (2008). Relationships between quantum yield for co2 assimilation, activity of key enzymes and CO2 leakiness in Amaranthus cruentus, a C4 dicot, grown in high or low light. Plant Cell Physiol. 49, 19–29. doi: 10.1093/pcp/pcm160

 Tovuu, A., Zulfugarov, I. S., and Lee, C. (2013). Correlations between the temperature dependence of chlorophyll fluorescence and the fluidity of thylakoid membranes. Physiol. Plant 147 (4), 409–416. doi: 10.1111/j.1399-3054.2012.01700.x

 Urban, O., Hlaváčová, M., Klem, K., Novotná, K., Rapantová, B., Smutná, P., et al. (2018). Combined effects of drought and high temperature on photosynthetic characteristics in four winter wheat genotypes. Field Crops Res. 223, 137–149. doi: 10.1016/j.fcr.2018.02.029

 Vu, J. C. V., Gesch, R. W., Allen, L. H., Boote, K. J., and Bowes, G. (1999). CO2 enrichment delays a rapid, drought-induced decrease in Rubisco small subunit transcript abundance. J. Plant Physiol. 155, 139–142. doi: 10.1016/S0176-1617(99)80156-4

 Wahid, A., Gelani, S., Ashraf, M., and Foolad, M. R. (2007). Heat tolerance in plants: An overview. Environ. Exp. Bot. 61, 199–223. doi: 10.1016/j.envexpbot.2007.05.011

 Wang, Q.-L., Chen, J.-H., He, N.-Y., and Guo, F.-Q. (2018). Metabolic reprogramming in chloroplasts under heat stress in plants. Int. J. Mol. Sci. 19, 849. doi: 10.3390/ijms19030849

 Yamori, W., Makino, A., and Shikanai, T. (2016). A physiological role of cyclic electron transport around photosystem I in sustaining photosynthesis under fluctuating light in rice. Sci. Rep. 6, 20147. doi: 10.1038/srep20147

 Yan, K., Chen, P., Shao, H., Shao, C., Zhao, S., and Bestric, M. (2013). Dissection of photosynthetic electron transport process in sweet sorghum under heat stress. PloS One 8, e62100. doi: 10.1371/journal.pone.0062100



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Dubberstein, Lidon, Rodrigues, Semedo, Marques, Rodrigues, Gouveia, Armengaud, Semedo, Martins, Simões-Costa, Moura, Pais, Scotti-Campos, Partelli, Campostrini, Ribeiro-Barros, DaMatta and Ramalho. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-11-01049-g003.jpg
~ 0357 wcussww ocLissswo 035 7 mlcatwWW  Olcatu:SWD.
%o . AlTam] L 4w
o] @ o . Fowl w . e e
Son| I N w
2o = g o
g ot g ot
H g
2 o0s Q oos
2 0w 2 o000

asoc | susc | smmc | 4230 Rects 2z sussc | stz 420 Rects
~os s < .
wosd " Bl%om]
: " N 5 4 .
o g, Fon . W -, .
S oz < o W [ Som "
2o E o
g ot S o0
8w g 0
* 000 * 000

aszc | suesc | smzc | 4200 Reows asmncc | suas | ammc | 20 Recra

0 o0 P
c
Goml “ w w Towm ] w . e o
H - " h .
% om0 N e e | fom .
$ - é
S oa S ow
1 g
7 o2 3 020
om om0
asmoc | ous<c | smec | 420 Roots aszmec | s sz 4280 Recra

‘Temperature, dayinight) Temperature, day/night)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Resilient and Sensitive Key Points of the Photosynthetic Machinery of Coffea spp. to the Single and Superimposed Exposure to Severe Drought and Heat Stresses

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            Plant Material and Growth Conditions

          



          		

            Drought and Temperature Stress Implementation

          



          		

            Leaf Water Status

          



          		

            Stomatal Traits

          



          		

            Leaf Gas Exchanges

          



          		

            Chlorophyll a Fluorescence

          



          		

            Thylakoid Electron Transport Rates

          



          		

            Thylakoid Electron Carriers

          



          		

            Photosynthetic Enzyme Activities

          



          		

            Proteins Associated With Thylakoid Cyclic Electron Flow

          

            		

              Protein Extraction and Trypsin Proteolysis

            



            		

              Liquid Chromatography and High Resolution Mass Spectrometry

            



            		

              Protein Identification and Label Free Quantification

            



          



          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Leaf Water Status

          



          		

            Changes in Stomatal Traits Driven by Drought and/or Heat

          



          		

            Stresses Impact on Leaf Gas Exchanges

          



          		

            Stress Promoted Alterations in Fluorescence Parameters

          



          		

            Stresses Impact in Thylakoid Functioning–Electron Transport Rates and Carriers

          



          		

            Proteins Involved in Cyclic Electron Flow

          



          		

            Impact on Key Photosynthetic Enzymes

          



        



        



        		

          Discussion

        

          		

            Impact of Severe Drought on the Water Status and Photosynthetic Performance

          



          		

            Impact of Increasing Temperatures at Physiological and Biochemical Levels

          



          		

            Impact of the Harsh Conditions of Combined Severe Water Deficit and High Temperature on Photosynthetic Functioning

          



          		

            Recovery From Stress Exposure and After Effects

          



        



        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-11-01049-g001.jpg
W4 (MPa)

W, (MPa)

-1
-2

-3

-5

-6

K]

2

-3

5

%

Temperature, day/night)
25/20 °C 31/25 °C 37/28 °C 42/30°C Rec4 Rec7-10 Rec14

mCL153-WW  0OCL153-SWD

bB

L1

aA
aA

"]

aA

o

aA

25/20 °C 31/25°C 37/28 °C 42/30°C Rec4 Rec7-10 Rec14

micatu-Ww

bB bB
Olcatu-SWD

aA
aA

"I

aa A

I

aA aA






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-11-01049-g005.jpg
261 mcLissosoww  ocLisss 0
g | mewsr acnsnso A s g . K
g o H wewe M, wg e el
21 » i e e Juoa 00 e B
€% v . iz - o 2
g0 o o o e 8T 40
S oo, g 5
Fin E
o o
0% zsc | w4200 Recd 220°C | 325 e azc | Rects
B ©w « D
20°c | W2SC | amsc | 42%0°C | Rectd w20°C | W2SC | amsC 40T | Rects

Temperature (day/night) Tomperature (dayinight)





OEBPS/Images/table2.jpg
i
i
!
i






OEBPS/Images/table3.jpg
Genotype Water Temperature (day/night)

25/2°C  IREC  420°C  Rectd
Co06 622880 - Putative NDH-dopendent cyclic
eloctron flow 5
oL1ss  ww 000 000 238 133
swo 000 033 100 000
catu WW 000 000 000 000
swo 000 000 000 000
Cc04_g05100 - NDH-dependent cyclic electron flow 1
cL1ss  ww 033 100 233" 238
swp 133 067 167 100
cata WW 100 300" 267 233
swo 3w 1.67 167 400"
Co06_g22890 - NDH-dependent cyclic electron flow 1
cL1ss  ww 200 300 333 467
swp 333 133 167 333
caty WW 337 667 633 833
swp 900" 600 400 667
Co08_g13730 - PGRS-ike protein 1A, chioroplastic
cLiss  ww 000 asr 100 188
swp 033 1.00 067 200
caty Ww 333 767 100 467
swp  0ay 167 033 367

Aotate quantcaton was obtainec by the pumber of MSIMS spectal counts assocaled
wih cach proten. For oach paramete, the mean values (1=3) olowed by asterks
epresented signifcant < 0.05) or very sigrifcant ("< 0.01) diferences to the doubl
coabal WV pivile. o SREONY. shums senaaiele lor-eith SRS





OEBPS/Images/fpls-11-01049-g004.jpg
900

300

Q-9 (nmol g DW)

5

2

15

10

Cyt by (nmol g* OW)

¥t b (ol g DW)

)

Cytt(amol g* oW)

o

2

2

10

Cytbye (nmol g OW)

i 11k il
il il
L man
{1tk
i
sl N £y '". . G

Mk
LR
LT

Temperature (dayinight)





OEBPS/Images/fpls.2020.01049_cover.jpg
’ frontiers

in Plant Science

Resilient and Sensitive Key Points of
the Photosynthetic Machinery of
Coffea spp. to the Single and
Superimposed Exposure to Severe
Drought and Heat Stresses





OEBPS/Images/fpls-11-01049-g002.jpg
D (n. stomata mm)

S0

S ()

350 1 mcLisSWW  OCLISISWD Py 301 mcauwm olea
. s T A e D
300 e ™ T 300
i B
H
20 g “ -
£ "
200 & 0 we
150 150
220 was<c | wmsec | aanocc | Rects 200 was<c | wmascc | saocc | Rects
= =
B " SE
R “ R w 0] 22w A
1 & s
" 0
s s
o o
20 as<c | wmswc | sanocc | Rects w20 s ssc | aam0c | Recta
) 50
. war
0] a o 300 o e
] Wl e L e - . ™
20 % w T
150 2 150
100 10
w ©
o o
20 | wasec | e | am0%c | Recta B0 s e | a20°C | Rects

‘Temperature, dayinight) Temperature, day/night)





OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/table1.jpg
:
H
FELLRE LR LR LR LR S

t hil

HIgH IR






