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Elevated [CO2] Mitigates Drought Effects and Increases Leaf 5-O-Caffeoylquinic Acid and Caffeine Concentrations During the Early Growth of Coffea Arabica Plants
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Increasing atmospheric [CO2] is thought to contribute to changes in precipitation patterns, increasing heatwaves and severe drought scenarios. However, how the combination of elevated [CO2] and progressive drought affect plant metabolism is poorly understood. Aiming to investigate the effects of this environmental condition on photosynthesis and specialized metabolites in leaves of Coffea arabica during the early growth, plants fertilized with ambient (a[CO2]-400 ppm) and elevated (e[CO2]-800 ppm) [CO2] were exposed to well-watered (WW) or water-deficit (WD) regimes for 40 days. Over the 40-day-water-withdrawal, soil moisture, and leaf water potential decreased compared to WW-condition. Elevated [CO2] stimulates CO2 assimilation (A) and intrinsic water use efficiency (iWUE) even under WD. Drought condition slightly changed stomatal conductance, transpiration rate and maximum quantum efficiency of photosystem II (PSII) regardless of [CO2] compared to WW-plants. Total soluble amino acid concentration did not change significantly, while total phenolic compounds concentration decreased under e[CO2] regardless of water regimes. The combination of e[CO2]+WD increased the 5-O-caffeoylquinic acid (5-CQA) and caffeine amounts by 40-day when compared to a[CO2]+WD plants. Altogether, these results suggest that e[CO2] buffers mild-drought stress in young C. arabica by increasing A, iWUE and stimulating changes in the leaf contents of 5-CQA and caffeine.
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INTRODUCTION

The concentration of carbon dioxide ([CO2]) in the atmosphere is one of the environmental factors of the greatest influence on plant development. CO2 emissions have gradually increased in recent decades as a consequence of anthropogenic activities, with a current concentration around 415 ppm (NOAA, 2020). The increase in atmospheric [CO2] contributes to the greenhouse effect and changes in the precipitation pattern, which could favor flood and more frequent drought events depending on the location (IPCC, 2014). Water deficit represents the main abiotic stress to affect crop production worldwide. To cope with drought conditions, plant metabolism is adjusted including a range of morphological, physiological, biochemical and molecular changes (Seleiman et al., 2021). The initial effects of drought on plants are related to stomatal closure, decrease in leaf area, acceleration of leaf senescence and abscission aiming to control water status. However, these responses reduce the availability of CO2 in the chloroplasts inhibiting photosynthesis and modifying carbohydrate supply for metabolism (McDowell et al., 2008). As drought severity increase biochemical restrictions and oxidative stress impair plant development, which can later cause plant death (Seleiman et al., 2021).

The isolated effect of elevated [CO2] (e[CO2]) on plant growth and development has been studied in a variety of species, especially in annual crops and soybean (Ainsworth and Rogers, 2007; Gamage et al., 2018). These works report a species-specific response, but in general e[CO2] stimulates photosynthesis by increasing [CO2] in the vicinity of Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase), and reduces stomatal conductance and water loss. Additionally, plant growth enhancement is often observed, since photorespiration and reactive oxygen species (ROS) synthesis are inhibited in those conditions (DaMatta et al., 2016). Therefore, it is hypothesized that e[CO2] could mitigate the negative effects of drought stress on plants.

Although few studies have involved woody plants, some of them show a promising beneficial effect of e[CO2] when exposed to abiotic stresses (Ramalho et al., 2013; Xu et al., 2015; Sobuj et al., 2018). In Coffea arabica L., an important commodity worldwide, it was recently demonstrated that e[CO2] promoted higher carbon assimilation rate, water use efficiency and biomass under drought conditions when compared to plants exposed to drought and ambient [CO2] in a greenhouse (Sanches et al., 2017). These responses were also related to lower photorespiration rates and higher hydraulic conductance by the increase of aquaporins transcripts, which contributed to a better performance of these plants under water deficit conditions (Avila et al., 2020a,b). In C. arabica and C. canephora, e[CO2] improved photosynthetic efficiency by reducing energy dissipation and PSII activity inhibition of plants exposed to moderate and severe water deficit (Semedo et al., 2021). The mitigating role of e[CO2] was similarly observed in C. arabica trees under field conditions exposed to seasonal water deficit (Sanches et al., 2020). The authors assigned this positive effect to the increased levels of soluble carbohydrates, organic acids and amino acids in leaves of plants subjected to e[CO2].

Despite these important findings, the mechanisms underlying these responses, as well as the role of specialized metabolites, are poorly understood. The coffee tree has a complex phytochemical composition, including caffeine and chlorogenic acids (CGAs) which are both products of plant specialized metabolism that act in plant protection against biotic and abiotic stresses (Frischknecht et al., 1986; Mondolot et al., 2006; Leitão et al., 2008; Gebeyehu and Bikila, 2015). Among the purine alkaloids, caffeine is the most abundant, being found in all organs of coffee plants, with greater abundance in flowers and especially in young leaves, in which a great biosynthetic rate and concentration are noticed (Ashihara, 2006; Abrahão et al., 2010; Perrois et al., 2014; Sunarharum et al., 2014; Da Silva et al., 2018). Concerning phenolic compounds, the 5-O-caffeoylquinic acid (5-CQA) is the most abundant among the chlorogenic acids (CGAs) present in coffee plants, which is considered the main component of the phenolic fraction. 5-CQA is obtained by the esterification between quinic acid (esterification formed on the hydroxyl group at carbon 5) and caffeic acid (Campa et al., 2008). These substances are mainly involved with plant resistance and defense due to their antioxidant properties, acting particularly in ROS scavenging and, consequently, reducing the effects of oxidative stress. Chlorogenic acids seem to be involved in different abiotic stress responses, as observed by Ramakrishna and Ravishankar (2011). Furthermore, the amount of caffeine and chlorogenic acids are economically relevant due to their contribution to the coffee drink quality (Monteiro and Farah, 2012; Cheng et al., 2016).

Recently, the effect of increasing [CO2] on caffeine concentration was investigated in leaves of C. arabica and C. canephora grown under field conditions (Vega et al., 2020). In this work, caffeine amount was negatively correlated with e[CO2] in C. canephora (cv. Robusta), but no interaction was found between [CO2] and caffeine in C. arabica. In coffee beans, it was reported higher concentration of chlorogenic acids and kahweol when plants were exposed to water deficit and e[CO2] (Marcheafave et al., 2020). These two studies clearly showed that somehow e[CO2] and drought stress will affect synthesis/degradation of specialized metabolites in coffee plants. Nevertheless, the mechanisms underlying this process remain unclear, as is whether or not these compounds will be relevant to the acclimation of drought-stressed coffee plants. Therefore, the present study aimed to investigate the combined effect of e[CO2] and progressive water deficit on water relations, gas exchange and specific specialized metabolites in leaves of Coffea arabica L. in an early growth stage. Results related to photosynthesis, water status and specialized metabolites are discussed in an integrative way.



MATERIALS AND METHODS


Plant Material and Experimental Conditions

Seedlings of Coffea arabica cv. Catuaí Vermelho IAC-144 (3–4-month-old) obtained in a coffee nursery and having a similar growth pattern were transplanted into 7-liter pots containing Plantmax Café® (DDL Agroindustria Ltda) as substrate, with one plant per pot. After 20-day of acclimation in a greenhouse, plants were transferred to open-top chambers (OTC) installed inside a greenhouse at the Department of Physiology and Biochemistry of the Institute of Botany São Paulo, Brazil, for CO2 treatment acclimation (ambient atmospheric [CO2] – a[CO2] = 400 ppm or elevated atmospheric [CO2] – e[CO2] = 800 ppm), as described by Sanches et al. (2017). The gas injection was applied through a compressed CO2 cylinder attached to the system. During this [CO2] acclimation period, plants were daily watered with tap water and supplied with Hoagland and Arnon's nutrient solution (Hoagland and Arnon, 1950) once a week. After 30 days of [CO2] acclimation period (plants about 7–8 expanded leaf pairs), half of the plants grown in a[CO2] and e[CO2] were subjected to water deficit (WD) by total water withholding, while the other half was maintained on a daily watering regime (WW) for 40 consecutive days, featuring the following treatments: a[CO2]+WW, a[CO2]+WD, e[CO2]+WW and e[CO2]+WD. The experiment was performed from October to December 2018 and only [CO2] inside the OTCs was controlled. The air temperature and relative humidity (HMP45C-L, Campbell Sci.) and photosynthetic active radiation (Li-190R, LiCor) were monitored inside the OTCs over the experiment period. The environmental conditions inside the OTCs during the experimental period were as follows: photosynthetic photon flux density (PPFD) of 302 ± 36 μmol photons m−2 s−1, temperature (day/night) of 27.7 ± 0.6°C/20.9 ± 0.5°C, relative humidity (day/night) of 63.9 ± 1.2%/82.9 ± 0.7%, a[CO2] of 380 ± 41 ppm, e[CO2] of 780 ± 28 ppm, and 12-h of photoperiod (Supplementary Figures 1, 2). During the experimental period, measurements of gas exchange, chlorophyll a fluorescence, water potential (Ψw), soil moisture and sampling of leaf material for further analysis were performed on day 0, 20, and 40 after water deficit imposition. All instantaneous physiological analysis took place in the morning from 06:00 am to 11:30 a.m.



Ecophysiological Analysis
 
Soil Moisture and Leaf Water Potential

The soil moisture was measured by the Time Domain Reflectometry (TDR) method, using a ML2-x Delta-T Devices model sensor (Theta-Probe, Cambridge, UK). Water potential (Ψw) was measured from 06-07 am using a Scholander pressure pump (model 1000, PMS Instrument Co) in fully expanded leaves of the third to the fourth pair from the apex immediately opposite to the leaves that were used for instantaneous photosynthetic measurements.



Gas Exchanges and Chlorophyll a Fluorescence

The instantaneous net CO2 assimilation rate (A), stomatal conductance (gs), leaf transpiration rate (E), and intercellular CO2 partial pressure (Ci) were determined on fully expanded leaves of the third to fourth pair (from the apex and at the opposite side that Ψw was measured) using a portable infrared gas analyzer (IRGA model LC-SD Pro, ADC Bioscentific), under [CO2] of 400 ppm and 800 ppm, according to plant [CO2] condition, and at photosynthetic saturation light (PPFD of 600 μmol photons m−2 s−1) (Sanches et al., 2017). The intrinsic water use efficiency (iWUE) was calculated as A/gs. The chlorophyll a fluorescence emission was measured on dark-adapted (30 min) leaves according to the saturation pulse (Schreiber, 2004) using a portable fluorometer (OS5p Opti-Sciences, Hudson, NH, USA). The intensity and duration of the saturation pulse were 3,000 μmol m−2 s−1 and 1 s, respectively. The following parameters were assessed: minimum fluorescence (F0), maximum fluorescence (Fm) and maximum quantum efficiency of photosystem II (PSII) [Fv/Fm = (Fm-F0)/Fm)].




Biochemical Analysis

Mature leaves (third to fourth pairs from the apex) were taken in each sampling time (day 0, 20, and 40 after water deficit imposition) after the photosynthetic measurements and rapidly snap-frozen in liquid nitrogen followed by storage at −80°C until analysis. Later, the extract for biochemical analysis was performed as follows: leaf samples were freeze-dried, ground in a mill, incubated in 80% ethanol (v/v) for 48 h and constantly mixed. Afterwards, the solution was filtered to obtain the ethanolic extract and it was used in the subsequent analysis.


Total Phenolic Compounds and Total Soluble Amino Acids

The total soluble amino acids (TSA) was determined according to Yemm et al. (1955), using L-leucine (Fluka®) as a standard. The absorbance reading was performed on a spectrophotometer (Bel SPECTRO S05) at 570 nm. The concentration of total phenolic compounds (TPC) was quantified according to the Folin-Ciocalteau method (Singleton and Rossi, 1965), modified by Marinova et al. (2005), using gallic acid (Sigma) as a standard. Subsequently, TPC levels were determined in an ELISA microplate reader (KC4, Biotek Instruments) at 750 nm.



Caffeine and 5-O-Caffeoylquinic Acid

The quantification of caffeine and 5-O-caffeoylquinic acid (5-CQA) in the ethanol extracts obtained as described above was performed with samples after drying in a speed-vac system, solubilized in 1 mL of MeOH (Merck), filtered (Millipore filter 0.45 μm), stored in vials for analysis on an Agilent 1260 Liquid Chromatograph equipped with a 60 mm flow cell and photodiode array scanning spectrum detector (HPLC-UV/DAD), according to Tamayose et al. (2019). All analyzes were performed on a C18 reverse-phase column Zorbax Eclipse Plus (150 × 4.6 mm and 3.5 μm particle diameter) as a stationary phase. The mobile phase was composed of a mixture of eluents using a gradient system, started with a mixture of 90% H2O acidified with 0.1% acetic acid and 10% acetonitrile (ACN) up to 6 min, 6–7 min, 10–15% ACN, and 7–20 min 15% ACN with a flow rate of 1.0 mL min−1 and injection volume of 1 μL of each sample. Chromatographic profiles were recorded at 254 nm, 280 nm, 325 nm and 352 nm. Standard curves were obtained with 3 μL of stock solutions of authentic standards of caffeine and 5-CQA in methanol, at concentrations of 1, 5, 10, 20, 40, 60, 100, 120, 150, 200, 300, and 400 μg mL−1). The chromatographic profiles of the crude extracts, the ultraviolet spectra and commercial standards (Sigma) allowed identifying two metabolites present in the crude extracts as 5-CQA (tR ~3.84 min) and caffeine (tR ~5.23 min). Quantification of compounds was carried out by external standard method.




Statistical Analysis

The experiment was arranged in a completely randomized design, 2 × 2 × 3 factorial (two atmospheric [CO2] concentrations—a[CO2] and e[CO2], two water regimes—well-watered and water-deficit and three sampling times—day 0, 20, and 40 after water withholding onset) with 5–6 replicates per treatment, each one represented by one plant per pot. The data obtained were submitted to analysis of variance (ANOVA) and the contrast between averages was further evaluated by Tukey's test at 5% of probability (P ≤ 0.05). Figures were created in R (version 4.0.2) and RStudio (version 1.3.959). Box and whiskers plots were prepared using ggplot2 package; boxes show medians and first and third quartiles (25th and 75th percentiles), and whiskers extend from the hinge to the largest or smallest value, no further than 1.5 times. The statistical analyses showed in the box plots were performed using SigmaPlot 12.0 (Systat Software, San Jose, USA). The multivariate approach by principal component analysis (PCA) was performed using the R FactoMineR and factoextra packages (Kassambara and Mundt, 2017; Husson et al., 2020) in order to verify the behavior of samples and variables. The decompose of additive time-series was performed in R (version 4.0.2) and RStudio (version 1.3.959) using the commands “ts()” and “decompose()” from the preinstalled stats package.




RESULTS


Water Deficit Drastically Decreased Soil Moisture and Slightly Reduced Leaf Water Status Regardless [CO2]

Soil moisture was measured every 10 days after water withdrawal imposition (Supplementary Figure 3). In the first 10 days, the water content in the substrate of the water-deficit (WD) pots did not change compared to the well-watered (WW) ones. After that, soil moisture progressively reduced from day 20 to 40 (~58 and 89%, respectively) regardless [CO2], compared to WW pots. The impact of WD on leaf water potential was observed only on day 40 after WD imposition, which decreased from −0.4 at WW conditions to −0.7 in a[CO2]+WD plants and −0.9 in e[CO2]+WD plants (Figure 1).


[image: Figure 1]
FIGURE 1. Leaf water potential of C. arabica plants exposed to ambient [CO2] under well-watered and water deficit (a[CO2]+WW and a[CO2]+WD, respectively) and elevated [CO2] under well-watered and water deficit (e[CO2]+WW and e[CO2]+WD, respectively) conditions on day 0, 20, and 40 after water deficit imposition in the OTC. Boxes represent the median and first and third quartiles, symbols represent individual samples (n = 6–5 biological replicates). Different capital letters represent significant differences between sampling day in the same water and [CO2] condition, whereas different lowercase letters represent significant differences between water and [CO2] conditions in the same sampling day according to Tukey's test at 5% of probability (P ≤ 0.05).




Elevated [CO2] Augmented CO2 Assimilation and Water Use Efficiency With Little Impact on Stomatal Conductance and PSII Activity

On day 0 (i.e., 30 days after e[CO2] acclimation and before water restriction), CO2 assimilation and intrinsic water use efficiency increased 3- and 3.9-fold, respectively, and remained higher in WW condition relative to a[CO2] plants (Figures 2A,D). Water deficit reduced these parameters in e[CO2]+WD plants on day 20 and 40 after the stress onset, relative to e[CO2]+WW, but they were still higher than a[CO2]+WD, especially on day 20 (Figures 2A,D). Stomatal conductance and transpiration rate were affected by WD only on day 40 after stress imposition irrespective [CO2], which reduced by around 60 and 51%, respectively, compared to WW plants (Figures 2B,C). The gas exchange measurements of a[CO2] plants was not affected by WD relative to WW plants (Figure 2). The stomatal conductance of all plants on day 20 was higher than day 0 and 40, probably as a consequence of lower temperature and higher air relative humidity on this day (Supplementary Figures 1, 2). The intercellular CO2 partial pressure (Ci) increased over the experiment in e[CO2]-enriched plants when compared to a[CO2] ones and it was not affected by WD (Supplementary Figure 4).


[image: Figure 2]
FIGURE 2. Gas exchange of C. arabica plants exposed to ambient [CO2] under well-watered and water deficit (a[CO2]+WW and a[CO2]+WD, respectively) and elevated [CO2] under well-watered and water deficit (e[CO2]+WW and e[CO2]+WD, respectively) conditions on day 0, 20, and 40 after water deficit imposition in the OTC. (A) Net CO2 assimilation, (B) Stomatal conductance, (C) Transpiration rate, and (D) Intrinsic water use efficiency. Boxes represent the median and first and third quartiles, symbols represent individual samples (n = 6–5 biological replicates). Different capital letters represent significant differences between sampling day in the same water and [CO2] condition, whereas different lowercase letters represent significant differences between water and [CO2] conditions in the same sampling day according to Tukey's test at 5% of probability (P ≤ 0.05).


The chlorophyll a minimum and maximum fluorescence decreased similarly in plants acclimated to e[CO2] on day 0 of water shortage, mainly under WD, irrespective to [CO2], when compared to a[CO2]+WW plants (Figures 3A,B). On day 20, the levels of these parameters in all treatments returned to the levels found in a[CO2]+WW on day 0, but decreased equally in all treatments on day 40, possibly as an effect of the environmental condition variations (Figures 3A,B; Supplementary Figures 1, 2). Despite no statistical difference between treatments, on day 40 it was observed that F0 was quite variable in e[CO2]+WD plants. The maximum quantum efficiency of PSII did not change in the first two sampling times and slightly decreased (18%) in e[CO2]+WD plants compared to and e[CO2]+WW plants (Figure 3C).


[image: Figure 3]
FIGURE 3. Photochemical parameters of C. arabica plants exposed to ambient [CO2] under well-watered and water deficit (a[CO2]+WW and a[CO2]+WD, respectively) and elevated [CO2] under well-watered and water deficit (e[CO2]+WW and e[CO2]+WD, respectively) conditions on day 0, 20, and 40 after water deficit imposition in the OTC. (A) Chlorophyll a minimum fluorescence, (B) Maximum fluorescence, and (C) Maximum quantum efficiency of PSII. Boxes represent the median and first and third quartiles, symbols represent individual samples (n = 6–5 biological replicates). Different capital letters represent significant differences between sampling day in the same water and [CO2] condition, whereas different lowercase letters represent significant differences between water and [CO2] conditions in the same sampling day according to Tukey's test at 5% of probability (P ≤ 0.05).




Elevated [CO2] Decreased Total Phenolic Compounds Amount and Increased the Content of 5-O-Caffeoylquinic Acid and Caffeine in Leaves of Drought-Stressed Plants

The concentration of total soluble amino acids was variable and did not change between treatments over the experimental period, despite the tendency to increase in e[CO2]+WD plants on day 20 and 40 (Figure 4A). The amount of total phenolic compounds (TPC) increased over time in a[CO2]+WW plants (Figure 4B). While e[CO2] did not change the concentration of TPC on day 0, it was equally decreased by e[CO2] and water deficit on day 20, when compared to a[CO2]+WW plants (Figure 4B). On day 40, this response remained, especially in e[CO2] plants, regarding a[CO2]+WW plants (Figure 4B).


[image: Figure 4]
FIGURE 4. (A) Content of total soluble amino acids and (B) Total phenolic compounds in leaves of C. arabica plants exposed to ambient [CO2] under well-watered and water deficit (a[CO2]+WW and a[CO2]+WD, respectively) and elevated [CO2] under well-watered and water deficit (e[CO2]+WW and e[CO2]+WD, respectively) conditions on day 0, 20, and 40 after water deficit imposition in the OTC. Boxes represent the median and first and third quartiles, symbols represent individual samples (n = 6–5 biological replicates). Different capital letters represent significant differences between sampling day in the same water and [CO2] condition, whereas different lowercase letters represent significant differences between water and [CO2] conditions in the same sampling day according to Tukey's test at 5% of probability (P ≤ 0.05).


Elevated [CO2] did not change the amount of 5-O-caffeoylquinic acid (5-CQA) and caffeine on day 0 and 20, despite the large variation between treatments (Figure 5). On day 40, the combination of e[CO2] and WD increased the concentration of 5-CQA, when compared to e[CO2]+WW and a[CO2]+WD plants (Figure 5A). Moreover, e[CO2] and WD treatment stimulated the accumulation of caffeine regarding e[CO2]+WW plants, but it was similar to a[CO2] plants irrespective of water regime, on day 40 (Figure 5B).
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FIGURE 5. (A) Content of 5-O-caffeoylquinic acid and (B) Caffeine in leaves of C. arabica plants exposed to ambient [CO2] under well-watered and water deficit (a[CO2]+WW and a[CO2]+WD, respectively) and elevated [CO2] under well-watered and water deficit (e[CO2]+WW and e[CO2]+WD, respectively) conditions on day 0, 20, and 40 after water deficit imposition in the OTC. Boxes represent the median and first and third quartiles, symbols represent individual samples (n = 6–5 biological replicates). Different capital letters represent significant differences between sampling day in the same water and [CO2] condition, whereas different lowercase letters represent significant differences between water and [CO2] conditions in the same sampling day according to Tukey's test at 5% of probability (P ≤ 0.05).




Specialized Metabolites as Affected by e[CO2] and Water Deficit

A multivariate approach was performed using PCA analysis aiming to better understand the data set variation. Figure 6 shows the distribution of variables determined in this study, including all treatments and sampling times. This analysis indicates that leaf water potential, Fm, soil moisture, intrinsic water use efficiency, stomatal conductance and transpiration rate were the main relevant variables for principal component 1 and 2 (Supplementary Figure 5). Additionally, 5-CQA and caffeine showed a distinct behavior when compared with other physiological and biochemical variables, such as photosynthetic rate and chlorophyll a fluorescence, and total soluble amino acids (Figure 6).


[image: Figure 6]
FIGURE 6. Principal component analysis of physiological and biochemical variables of C. arabica plants exposed to ambient [CO2] under well-watered and water deficit (a[CO2]+WW and a[CO2]+WD, respectively) and elevated [CO2] under well-watered and water deficit (e[CO2]+WW and e[CO2]+WD, respectively) conditions on day 0, 20, and 40 after water deficit imposition in the OTC. Numbers in parentheses give the per cent variation explained by the first and second principal component. Variables abbreviation: CQA, 5-CQA; Phenol, Total phenolic compounds; WPot, Leaf water potential; Fv.Fm, Fv/Fm; SoilHm, Soil moisture.


The same analysis was carried out in each sampling point to verify the distribution of treatments and variables (Figure 7). On day 0 and 20, there was no clear distribution pattern between treatments, but samples from e[CO2] tend to behave differently from a[CO2] samples (Figures 7A,B). On day 40, plants under water deficit were separated from well-watered plants (Figure 7C). Despite no clear separation between a[CO2]+WD and e[CO2]+WD groups was found, there was a tendency of different distribution supported by a similar behave of 5-CQA and caffeine in e[CO2]+WD plants, whereas amino acids content seems to be important to a[CO2]+WD plants (Figure 7C).


[image: Figure 7]
FIGURE 7. Principal component analysis of physiological and biochemical variables and treatments of C. arabica plants exposed to ambient [CO2] under well-watered and water deficit (a[CO2]+WW and a[CO2]+WD, respectively) and elevated [CO2] under well-watered and water deficit (e[CO2]+WW and e[CO2]+WD, respectively) conditions on day (A) 0, (B) 20, and (C) 40 after water deficit imposition in the OTC. Numbers in parentheses give the per cent variation explained by the first and second principal component. The color and distribution of each variable depending on their contribution to each principal component. Variables abbreviation: CQA, 5-CQA; Phenol, Total phenolic compounds; WPot, Leaf water potential; Fv.Fm, Fv/Fm; SoilHm, Soil moisture.





DISCUSSION

Coffee plants cultivated under natural conditions are constantly challenged by abiotic stresses (DaMatta and Ramalho, 2006; DaMatta et al., 2018; Sanches et al., 2020). However, how the predictable environmental conditions related to high [CO2] and the frequent drought events will affect coffee plants metabolism are not fully understood. In this study, we assessed whether elevated [CO2] will ameliorate drought stress and how the combination of these environmental conditions will affect the metabolism of specialized metabolites in young C. arabica plants. The effects of water deficit in plants will depend on the stress level (duration, intensity, and frequency), other environmental conditions (temperature, relative humidity and vapor pressure deficit) and interaction with other stresses, soil characteristics, plant stage and ability to tolerate the stress (Seleiman et al., 2021). In this study, water deficit drastically decreased soil moisture, but leaf water potential decreased only to about −1 MPa after 40 days of water withdrawal (Supplementary Figure 3; Figure 1). This water potential level represents mild to moderate drought stress to coffee, which has a narrow stomatal conductance and an efficient water status control (Martins et al., 2019; Semedo et al., 2021). Despite the very dry soil condition, the environmental conditions related to air temperature and relative humidity and the light intensity inside the OTCs were optimum to coffee plants and did not aggravate the stress. Indeed, this stress condition slightly affected gas exchange with no severe impacts on the PSII apparatus (Figures 2, 3).

Furthermore, elevated [CO2] stimulated CO2 assimilation, as a consequence of higher Ci (Supplementary Figure 4), and water use efficiency with no influence on stomatal conductance and transpiration rate, as reported by previous works (DaMatta et al., 2016; Sanches et al., 2017; Avila et al., 2020a). This response supports the hypothesis that the current atmospheric [CO2] is limiting for coffee plants photosynthesis since they have very low stomata aperture and insensitivity to [CO2] (DaMatta et al., 2016; Rodrigues et al., 2016). The gas exchange performance of plants exposed to e[CO2] and WD were not significantly different from plants exposed to ambient [CO2] and WD. However, higher medians were noted for these parameters on plants subjected to e[CO2] than a[CO2] under drought. These results suggest that coffee plants, even during the early growth stages, have an efficient water status control to keep a basal photosynthetic rate and when combined with drought, e[CO2] has the potential to buffer the negative effect of this stress on gas exchange.

Recently, it was demonstrated that coffee plants fertilized with e[CO2] have higher photosynthesis than ambient [CO2] under water deficit conditions in both greenhouse or field environments (Sanches et al., 2017, 2020). In this short-term experiment, considering the mild water deficit reached after 40 days in the WD plants (−1.0 MPa), the same pattern in gas exchange of coffee plants was observed. To better understand this behavior, we are carrying additional experiments subjecting the plants to a more intense water deficit associated with transcriptomic and phenotypic analysis. This approach aims to understand the implications of the intensity and duration of drought on the positive effect of e[CO2] on plant photosynthesis, carbon metabolism and ultimately on coffee plant growth.

The influence of e[CO2] in the presence or not of water deficit on PSII integrity was little (Figure 3). The slight decrease in Fv/Fm of e[CO2]+WD plants on day 40 could be assigned to the variations of F0, which was not statistically different from the other treatments. This response suggests that young coffee plants have an efficient capacity to dissipate excess energy in response to the imposed stress. Similar results were observed previously (Cavatte et al., 2012; Peloso et al., 2017; Semedo et al., 2021), where coffee plants submitted to different levels of water deficit did not show major changes in Fv/Fm, indicating that coffee plants exposed to that drought conditions may not have undergone photoinhibition. In fact, coffee plants seem to have an efficient protective thermal dissipation by activating the non-photochemical quenching, and a ROS scavenging system in the thylakoid membranes (Fortunato et al., 2010; Pompelli et al., 2010; Semedo et al., 2021). Hence, as it was observed in this study, a slight effect can be expected in the PSII activity of coffee plants exposed to mild water deficit and sub-saturating light conditions.

This study shows that e[CO2] probably increase the availability of CO2 next to Rubisco active sites, stimulating photosynthesis and buffer the negative effects of drought by increasing water use efficiency, in accordance with previous works (Avila et al., 2020b; Semedo et al., 2021). As mentioned above, C. arabica plants are drought resistant due to their low stomatal aperture and efficient water status control. This later can be improved by e[CO2], since it was observed that e[CO2]-fertilized plants kept hydraulic conductance and higher expression of aquaporin genes (Avila et al., 2020a). Moreover, we observed here that water deficit decreased the beneficial effect of e[CO2] in the gas exchange plant performance, which can be possibly related to biochemical limitations once stomatal and photochemical restrictions did not happen.

Our results also showed no statistically significant difference in total soluble amino acids (TSA) between a[CO2] and e[CO2] plants, but these later presented higher medians mainly under water deficit conditions (Figure 4). Therefore, it is possible to infer that the synthesis of TSA may not be the main sink of photoassimilates in e[CO2]-fertilized plants of C. arabica. Moreover, other solutes besides TSA may contribute to the osmotic adjustment of these plants under drought (Paixão et al., 2014; Avila et al., 2020a; Sanches et al., 2020).

In coffee, specialized metabolites are diverse and their amount varies according to plant development stage and tissue. These compounds are classified as specialized metabolites and act in many metabolic pathways. Besides, the role of these compounds is mainly related to antioxidant and plant defense responses, important under biotic and abiotic stresses (Baumann, 2006; Naikoo et al., 2019). The effect of elevated [CO2] under well-watered and water-deficit conditions on the metabolism of the three major specialized metabolites in coffee was investigated here (Figures 4, 5). The concentration of phenolic compounds increased over time in plants under normal conditions (a[CO2]+WW), corroborating with previous studies that showed higher accumulation of these compounds in older leaves of C. arabica plants (Kristiningrum et al., 2016). In plants subjected to e[CO2], despite water availability, the amount of TPC (total phenolic compounds) did not undergo major changes over time, but it was lower than a[CO2] plants on day 40. It suggests that the carbon skeletons synthesized by the higher photosynthetic rates under e[CO2] were probably mobilized to sustain other pathways, such as carbohydrate and amino acid synthesis and plant growth, as it was already demonstrated in coffee plants (Sanches et al., 2017; Avila et al., 2020b).

In fact, in an early development stage, rapid tissue growth is supported by a high synthesis/degradation of primary metabolites (Aharoni and Galili, 2011). However, the production and accumulation of specialized compounds are also noticed, especially in young leaves and beans from the upper layers, which are more exposed to intense light (Mondolot et al., 2006; Rakocevic et al., 2021). This response seems to be stimulated by e[CO2] exposure and it is species-specific (Sallas et al., 2001, 2003; Matros et al., 2006; Rakocevic et al., 2021). In needles scots pine seedling, e[CO2] did not affect TPC whereas in needles of Norway spruce seedlings it was reduced by e[CO2] (Sallas et al., 2003). The authors related that this response may be involved with the higher growth rates in Norway spruce needles. Moreover, it was also demonstrated that e[CO2] trend to increase specialized metabolites, but it can be restricted to particular compounds depend on plant species (Peñuelas and Estiarte, 1998; Sallas et al., 2003). Bearing in mind the growth stage and treatments imposed in this study, it is worth highlighting the tendency of increasing the concentration of 5-CQA throughout the experiment, especially in e[CO2]+WD treatment. In that case, it can be proposed that the fertilizing effect of the additional [CO2] observed in photosynthesis, even under WD, may favor vegetative growth and explain the gradual increase in 5-CQA levels under these conditions. In C. canephora plants, Mondolot et al. (2006) also observed an accumulation of 5-CQA, especially in young leaves.

A previous study showed that moderate drought alters caffeine content in C. canephora leaves (Kumar et al., 2015), which is decreased and the genes involved in its biosynthesis are possibly downregulated. On the other hand, a tendency toward an increase in the caffeine content in the treatment e[CO2]+WD, indicates a positive effect of e[CO2] on the concentrations of this compound in leaves. Recently, an experiment with arabica coffee trees subjected to four CO2 concentrations (300, 400, 500 and 600 ppm) under non-stressful conditions, showed that e[CO2] did not alter significantly the caffeine accumulation in leaves (Perrois et al., 2014).

In our study, the multivariate analysis indicate that specialized metabolites show distinct behavior comparing the physiological responses (Figure 6). As pointed earlier it might be associated with the use the additional carbon for specialized molecules synthesis. Surprisingly, after 40 days of treatments, the effect of water deficit appears as the main factor to distinguish the samples (Figure 7C), explaining one-third of the total variation (PC1). From these observations, we can conclude that the period of experiment was enough to allow the accumulation of the specialized metabolite by water deficit imposition but too short to allow the compensation of elevated [CO2], considering these variables. Further studies including a large-scale analysis of transcripts and metabolites, as well as more intense drought stress, will bring insightful contributions of future climatic scenarios in coffee production.



CONCLUSION

Collectively, our results demonstrated that e[CO2] had a positive effect on photosynthetic rates and intrinsic water use efficiency, buffering the extension of negative effects of mild drought stress. Moreover, water deficit and e[CO2] influenced the increased leaf concentration of 5-CQA and caffeine throughout the experimental period, which could play an important role in the vegetative phase of young coffee plants under this environmental condition. This work adds new insights about the short-term combination of e[CO2] and progressive water deficit affect the leaf concentration of these two specialized metabolites during the early growth stage of Coffea arabica plants. However, more studies are necessary especially involving long-term exposure to e[CO2] and drought and large scale analyses of transcripts and metabolomics to better understand the metabolism regulation and how coffee plants will cope with the predicted environmental scenario.
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