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Abstract
As atmospheric [CO2] continues to rise to unprecedented levels, understanding its impact on plants is mandatory to predict agricultural performance and sustainability under future climate conditions. In this context, we investigated the transcriptional patterns modification promoted by long-term elevated CO2 in genotypes of the two most important traded coffee species: Coffea arabica cv. Icatu (ICATU) and C. canephora cv. Conilon Clone 153 (CL153). Both genotypes revealed a significant increase in gene expression due to elevated CO2, particularly CL153. Still, ca. 30% of the differentially expressed genes were common to both genotypes, indicating a high expression consistency among genotypes. Nevertheless, CL153 and ICATU showed a significant shift in the expression of differential genes indicating different abilities to modify plant responses to environmental modifications. A considerable number of genes linked to the physiological and biochemical tolerance responses of coffee to high CO2 were found (e.g., over-expression of RuBisCO and Cellular Respiration related genes; alteration of lipid and antioxidant expression), sustaining previous physiological results in these plants that showed no photosynthetic downregulation under elevated CO2, in contrast to many other species. Altogether, these set of genes explain coffee response to high CO2 and might hold the potential to improve tolerance of other crops.
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Key message [30 words]
This novel study discusses the transcriptomic profile changes in Coffea spp. promoted by the exposure to long-term elevated atmospheric [CO2], and its relation to leaf physiological and biochemical responses.
INTRODUCTION
Coffee is among the most important crops worldwide with an annual estimated value over 173,000 million USD (ICO 2014). From the Coffea genus, trading is dominated by two species: the allotetraploid Coffea arabica L. and one of its diploid ancestors, C. canephora Pierre ex A. Froehner. Coffee is currently grown in ca. 80 countries of the tropical region, mainly in Latin America, Africa, and Asia, constituting the economic and social basis of many of these countries. About 25 million farmers’ livelihoods, mostly smallholders, depend on this highly labor-intensive crop that involves ca. 125 million people worldwide in the entire value chain (Osorio 2002; Waller et al. 2007; Ramalho et al. 2014; Semedo et al. 2018).
While over the past 800,000 years, atmospheric [CO2] has varied between 180 μL L-1 (glacial periods) and 280 μL L-1 (interglacial periods), in the last ca. 200 years it has increased steadily to 384 μL L-1 in 2009, 415 μL L-1 in 2019, and is estimated to further rise to levels between 421 and 936 µL L-1 by 2100 (IPCC 2013; 2014). This affects the stability of plant ecosystems in general and the yield of agricultural systems in particular, mainly in two fashions: firstly directly through changes in photosynthesis (which is significantly increased due to a higher carboxylation rate and lower photorespiration rate) and stomatal conductance (which is usually reduced), with elevated [CO2] being regarded as a C-fertilization that might increase crop yield and strengthen plant tolerance to environmental stresses (Polley 2002, Long et al. 2004, Kirschbaum, 2011, Ramalho et al. 2013b, Rodrigues et al. 2016; DaMatta et al. 2018). Secondly, elevated air [CO2] might be implicated in climate changes through warming and unsteadiness of precipitation and evaporation patterns, soil salinization, pest and disease pressure and reduced availability of arable soil (Tubiello et al. 2007, Wassmann et al. 2010, Ghini et al. 2012; 2015; Magrach and Ghazoul 2015). Based on these projections, climate change will pose severe risks for the food security of a continuously growing world population with significant negative impacts for coffee crops (Bunn et al. 2015; Magrach and Ghazoul 2015).
Nevertheless, the impact of [CO2] at physiological and biochemical levels in the coffee plant were only recently reported in the two main producing genotypes. While some parameters showed differences between genotypes, there was no clear overarching pattern of species-dependent responses to elevated [CO2]. Such exposure to elevated [CO2] for long periods lead to an increase net photosynthesis between 34-49% under 700 μL L-1 and environmental controlled conditions (Ramalho et al. 2013b), and 40% under 550 μL L-1 under field conditions using a FACE system (Ghini et al. 2015), without significant impact on stomatal opening for both experimental cases (Ramalho et al. 2013b; Ghini et al., 2015; DaMatta et al. 2016). Furthermore, a reinforcement of some photosynthetic components was reported supporting higher thylakoid electron transport rates, as well as greater enzyme activities from the photosynthetic (e.g., ribulose-1,5-bisphosphate carboxylase/oxygenase, RuBisCO), and respiratory (e.g., malate dehydrogenase and pyruvate kinase) pathways (Ramalho et al. 2013b). Under elevated air [CO2] a downregulation of the photosynthetic potential (the so called negative acclimation) was reported in a wide range of plant species, which results from a reduction of metabolic processes, photoassimilates accumulation, and lowered investment in photosynthetic components that might reduce (but does not completely eliminate) the stimulation effect of high [CO2] (Woodward 2002). Yet, in coffee plants long-term exposure to elevated [CO2] promotes integrated structural and functional modifications (Rakocevic et al. 2018) and a better vigour status of the plant (Ramalho et al. 2013b). Enhanced [CO2] further improves coffee heat tolerance (Martins et al. 2014, 2016; Rodrigues et al. 2016, DaMatta et al. 2018), and modifies and mitigates the impact on physical and chemical traits of coffee beans, ultimately contributing to preserve its quality (Ramalho et al. 2018), under adequate water supply.
Identifying the genes underlining plant responses to altered environmental conditions is clearly crucial to unveil future crops sustainability. In particular, the transcriptomic approach is a powerful tool to detect genes and pathways involved in stress tolerance (Martin et al. 2013). Past transcriptomic studies have revealed that gene expression is altered when plants are exposed to elevated [CO2] (Tallis et al. 2010) affecting key processes as photosynthesis (Taylor et al. 2005; De Souza et al. 2008), and respiration (Leakey et al. 2009). Very recently, studies also identified gene expression differences when contrasting populations were exposed to ambient and elevated [CO2] (Grossman and Rice 2014; Horgan-Kobelski et al. 2016) showing adaptive responses to this important changing environmental condition (Watson-Lazowski et al. 2016). Molecular studies of Coffea have recently been fostered by the sequencing of the genome of C. canephora yielding 25,574 annotated protein-coding genes (Denoed et al. 2014). In this context, this work aims at to elucidate coffee plant responses at leaf transcriptomic level to long-term elevated air [CO2] (700 μL L-1) which is estimated to occur in a near future, considering two important cultivars: C. arabica cv. ICATU (Arabica type of coffee) and C. canephora cv. Conilon Clone 153 (Robusta type of coffee). This totally new and timely data will complement the thorough mineral, physiological and biochemical leaf analyses performed under the same control and elevated [CO2] conditions studied here (Ramalho et al. 2013b, 2018, Martins et al. 2014, 2016, DaMatta et al. 2018, Rodrigues et al 2016), allowing an unique complete picture regarding the complex mechanisms behind coffee plant responses to future environmental conditions.
RESULTS
Overall transcriptome profiling and mapping statistics
Stringent quality assessment and data filtering generated between 245 and 275 million average clean reads, from 263 and 294 million average raw reads (Table S1). Overall, a high proportion of reads were aligned to the reference genome with a quite low proportion of non-alignment reads (2.6%-3.2%), demonstrating a high coverage over the species transcriptome. In ICATU, the proportion of mapped reads aligned to a unique position was similar for both [CO2] conditions, whereas in CL153, this proportion increased under elevated air [CO2] (77.7% vs. 83.9%).
Principal coordinate (PC) 1 and 2 explained, respectively, 68.6% and 15.7% of the total variance of the dataset (Fig. S1). A low variance was found between CL153 samples, independently of being grown under control (replicates 5) or elevated air [CO2] (replicates 7) (Fig. S1A). By contrast, the PCoA clear separated ICATU samples grown in control (replicates 1) and elevated air [CO2] (replicates 3) except for sample 1C. Because this variance was too high to be explained within replicates, we choose to exclude replicate 1C from further analysis. The remaining biological samples clustered together (Fig. S1B) providing a suitable experimental dataset for the remaining analyses.
Differential gene expression analysis
Boxplots of log10-transformed FPKM values for each replicate showed that the overall range and distribution of gene expression values were consistent among the replicates (Fig. 1). In ICATU, a total of 21,717 and 21,662 expressed genes were found in control and elevated air [CO2], respectively (Table 1). Out of these, 8,017 DEGs were commonly expressed at the two [CO2] levels, 52% of which up-regulated. ICATU expressed a similar number of unique genes in each [CO2]. In contrast, CL153 showed an increase in the number of uniquely expressed genes under elevated [CO2] in relation to control [CO2] (4.0% vs. 1.9%). For a total of 20,731 and 21,189 expressed genes in CL153, 11,364 DEGs were found to be commonly expressed at both [CO2] levels, 51% of which up-regulated. From these, 79% were GO annotated in both genotypes.
When comparing the genotype effect within each [CO2], ICATU expressed a higher number of genes than CL153, independently of the [CO2] level (Table2). Unique expressed genes were much more abundant in ICATU than in CL153, either under control (7.2% vs. 2.8%) or under elevated (6.0% vs. 3.9%) [CO2]. Nevertheless, a large number of DEGs were commonly expressed by the two genotypes in control and elevated [CO2], being slightly down-regulated (51%). From these, 79% were GO annotated.
On average, 30% of annotated DEGs were commonly expressed by ICATU and CL153 independently of [CO2] (Fig. 1). Nonetheless, the enhancement of [CO2] triggered a lower number of DEGs in ICATU than in CL153 although they were mostly up-regulated in both genotypes (Fig. 1A, B). When comparing the response of the two genotypes at the same [CO2], we found that CL153 expressed 2x more exclusively DEGs in the 700-plants than in the 380-plants, although also mostly up-regulated (Fig. 1C, D).
Functional classification of DEGs
Regarding the impact of elevated [CO2], both genotypes expressed a high proportion of GO terms corresponding to Biological Process (BP), particularly the most enriched sub-categories of Cellular and Metabolic Processes (Fig. 3A). The sub-categories Binding and Catalytic Activity in Cellular Component (CC), and Cell and Organelle in Molecular Function (MF) were also highly enriched. For almost all categories, CL153 showed a higher number of genes with altered expression (both up- and down-regulated) than ICATU. Enriched categories were altogether usually more up- than down-regulated (although marginally). When comparing the genotype response effect (ICATU vs. CL153) in each [CO2], the same gene sub-categories stood up (Fig. 3B). Again, a higher number of genes showed altered expression (both up- and down-regulated) in CL153 than in ICATU, but the 700-plants usually presented slightly more enriched levels.
Identification of major expressed GO-term modules
Functional enrichment analyses to determine the most responsive modules of functionally similar genes revealed that in ICATU, module genes were preferentially involved in “Oxidation-Reduction”, “Transcription”, “Metabolism/biding”, “Transferase activity”, “Copper Ion Binding”, and “Defense Response” (the latter only partly) at enhanced [CO2] (Fig. 4A). Another hub with four major GO terms was found to be down-regulated at enhanced [CO2]: “Nucleotide binding”, “Plastid Envelope”, “Protein Ubiquitation” and “Lipid Metabolism”. The CL153 response to enhanced [CO2] was somewhat different from those of ICATU, showing the up-regulation of five major enriched GO modules: “Oxidation-reduction”, “Transcription” (both also observed in ICATU), “Membrane Transport”, “Lyase Activity” and “Stress Response” (Fig. 4B). In addition, four major modules were down-regulated in CL153 at enhanced [CO2] (“Plant Wall Process”, “Nucleotide Binding”, “Lipid Metabolism” and “Protein Ubiquitation”), the last three also found in ICATU.
Regarding the differences between genotypes for each [CO2], in 380-plants, five GO modules were over-expressed in CL153 in comparison to ICATU (“Transport,” “Hydrolase Activity,” “Transferase Activity”, “Phosphate Binding”, and “Translation”) whereas the opposite occurred for another three (“Oxidation-Reduction”, “Metabolism”, “Peroxidase”) (Fig. 4C). By contrast, in 700-plants, five major GO terms were found to be more enriched in CL153 than in ICATU (“Regulation Metabolic Process”, “Translation”, “Nucleotide Binding”, “Damage Stimulus” and “Stress signal”), while five other were found to be down-regulated (“Transport”, “Plant wall process”, “Transmembrane”, “Transport”, “Metal Binding). (Fig. 4D).
Top regulated genes with the enhancement of [CO2]
In ICATU, the enhancement of [CO2] led to the over-expression  of: one glycosyltransferase (UGT74C1), two transcriptional activators (ERF022, ERF025), two aquaporins (PIP1 and TCM), one oxidoredutase (FAD2-2), one lyase (CER3), one gene involved in DNA binding (COL2), one gene involved in stress response (F26K9_60) and one uncharacterized protein (Table 3; FC: 4.37 to 6.11). In CL153, enhanced [CO2] also led to the overexpression of the same two transcriptional activators (ERF022, ERF025), plus the lyase CER3 and the oxireductase FAD2-2, found in ICATU; nevertheless, a different lyase (ISPS) and oxireductase (BBE1) were also detected, together with the overexpression of two different aquaporins (TIP1-1, TIP-2) with very high fold changes (Table 3; FC: 7.56 to 9.89).
Elevated [CO2] led to the down-regulation of two genes involved in protein ubiquitation in (CIA2, CIP8), plus genes involved in electron transfer, in DNA binding (ARR1), one hydrolase and five uncharacterized proteins in ICATU (Table 3; FC: -5.12 to -8.09). The two proteins involved in ubiquitation were also down-regulated in CL153 by increased [CO2] together with one lyase (AceA), one gene involved in transport (DTX6) and two oxireductases (Table 3; FC: -4.69 to -5.59).
Differences in top regulated genes between the two genotypes
Under control air [CO2], top up-regulated characterized genes in CL153 in comparison to ICATU were involved in transport (ACBP4), DNA binding (ATHB-8) and oxireduction (PER12 and Os03g0405900), with very high fold change increases (Table 4; FC: 9.16 to 10.0). By contrast, at increased air [CO2], the top genes overexpressed in CL153 in relation to ICATU included three transferases (UGT74C1, UGPA, OMT2), three lyases (aceA, ISPS, AAO3) and two oxireductases (ABA2 and PER12), one gene involved in nucleotide binding (CDC48B), plus one uncharacterized protein, all with high fold change increases (Table 4; FC: 9.92 to 9.26).
Under control air [CO2], the ten top down-regulated genes found in CL153 in relation to to ICATU were involved in DNA binding (ANNAT8) including also one heat stress protein (HSFA2), in glycosidase/hydrolase, lyase and in cell wall biogenesis/degradation, all with high fold change increases (Table 4; FC: 9.32 to 9.88). By contrast, at increased air [CO2], the top down-regulated genes were involved in translation (RPL31), stress signaling (AHK3), including again one heat stress protein involved in DNA binding (HSFA2), as well as one isomerase/lyase (OSCBPW), one protease inhibitor, one Isoflavone reductase homolog plus four uncharacterized protein (Table 4; FC: -9.42 to -9.92). For the 10 top genes (up- or down-regulated), gene expression was stronger when comparing the genotypes within each [CO2], than the alteration promoted by elevated [CO2] in either of the genotypes (Table 4).
DEGs associated to physiological and biochemical responses in coffee
Regarding some important genes associated to coffee response to environmental modifications at physiological and biochemical levels, a total of 229 DEGs were found among standard GO terms: 81 with the GO term Photosynthesis, 45 with Antioxidant Activity, 42 with Chlorophyll Metabolic Process, 31 with Cellular Respiration, and 17 genes (FAD and LOX) associated with the Lipid Metabolic Process, 7 with malate dehydrogenase (MDH), 3 with pyruvate kinase (PK), and 3 with ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Table S2).
Under elevated [CO2], 52% of genes tagged with the GO term Photosynthesis were up-regulated in ICATU in contrast with only 20% found in CL153 (Fig. 5; Table S2). The 700-plants showed a larger down- than up-regulation of DEGs from the Chlorophyll Metabolic Process than 380-plants. This was particularly striking in CL153 that showed 71% of down-regulated genes, whereas ICATU showed 53%. In sharp contrast, all DEGs coding for RuBisCO were found to be up-regulated in the 700-plants of both genotypes. Antioxidant components were closely up-regulated in CL153 (58%) and ICATU (50%). In Cellular Respiration, DEGs were mostly up-regulated in both ICATU (79%) and CL153 (68%), contrasting with the down-regulation of all DEGs related with MDH and PK. Lipid Metabolic genes FAD and LOX were more up-regulated in ICATU (60%) than in CL153 (44%) despite the fact that the large majority of genes involved in Lipid Metabolism were down-regulated.

When analyzing the genotype effect (CL153 in relation to ICATU), the genes coding for the GO term Photosynthesis were mostly down- regulated in CL153, closely for control (62%) and elevated (65%) [CO2] (Fig. 5; Table S2). Likewise, the genes coding for the GO term Chlorophyll Metabolic Process were also mostly down-regulated, particularly in 700-plants (81%) than in 380-plants (69%). Notably, all DEGs coding for RuBisCO were up-regulated in CL153 in relation to ICATU irrespective of [CO2].

As regards the Antioxidant Activity genes, under control [CO2], ICATU showed a higher up-regulation than CL153 whereas under elevated [CO2], CL153 plants presented a marginally higher up-regulation than ICATU.

The DEGs involved in Cellular Respiration were mostly up-regulated in CL153 380- (92%) and 700-plants (72%) than in the ICATU, contrasting with the up-regulation of all MDH and PK related genes in ICATU under both [CO2].
Finally, ICATU presented an up-regulation of Lipid metabolic related-genes as compared to CL153 in 380-plants (100%) and 700-plants (75%).
DISCUSSION
Our study reports for the first time a distinct genome expression response between the two main coffee producing species, in response to elevated [CO2] conditions that are estimated to occur in the near future (IPCC 2013, 2014). This study, has the advantage to be integrated with the plant responses at physiological/biochemical levels (of our previous works), allowing an unusual robust understanding of this crop response under future CO2 conditions.

Differential genomic responses of ICATU and CL153 to elevated [CO2]
Very recently, transcriptomic studies started to show that plants respond to elevated [CO2], although experiments vary between plants and usually have a short duration. For instance, gene expression responses to elevated 700 [CO2] in Plantago lanceolata were small with 33 to 131 DEGs being reported after 124 days (Watson-Lazowski et al. 2016). Seedlings of wheat (Triticum aestivum cv. Norstar) grown also at elevated 700 [CO2] showed that 1.6% of all genes were differentially regulated between ambient and elevated [CO2], with the proportion of down-regulated genes being three times higher than the up-regulated genes (Kane et al. 2013).
Independently of [CO2], the two genotypes expressed a large number of genes (min: 20,731; max 21,717), many of them common. These numbers were somewhat smaller than those observed in the diploid progenitor C. eugenioides, showing a total of 31,586 sequences expressed in leaves and fruits (plus 2050 exclusively expressed in leaves and 3299 in fruits) collected in 6 to 8 year-old plants grown under field conditions (22-23ºC) (Yuyama et al. 2016). However, a similar number of expressed genes to our study was reported in leaves of nine month-old plants of C. canephora clones 109 and 120 grown under greenhouse conditions (22,764 total genes) (Guedes et al. 2018). Under full-sun field conditions with standard irrigation and fertilization, C. arabica usually expresses an average of 24,548 genes (mostly up-regulated) with 599 DEGs being expressed in leaves compared with flowers being the highest number of DEGs being expressed in perisperm (3878; Ivamoto et al. 2017). Another report showed an average of 19,584 genes being expressed in 6 month-old seedlings of C. arabica grown under greenhouse conditions with a total of 611 DEGs (mostly up-regulated) between the salt treated and control treatments (Haile and Kang 2018).
The different physiological and biochemical responses previously found between the two genotypes (Ramalho et al. 2013b) would be related to the differential role of specific genes found in each genotype (Fig. 1) denoting a different response to environmental modifications. For instance, the UDP-glycosyltransferase was over-expressed in ICATU under elevated [CO2] (Table 3), being also highly expressed genes in the leaves of C. eugenioides (Yuyama et al. 2016). This enzyme belongs to the biggest glycosyltransferase family of plants being responsible for transferring sugar moieties onto a variety of small molecules, controlling many metabolic processes including responses to biotic and abiotic stresses (Bowles et al. 2006). In Arabidopsis several UDP genes were involved in salt and oxidative stress (Ahrazem et al. 2015), and their over-expression increases plant tolerance (Tognetti et al. 2010). Other genes that were up-regulated only in ICATU by elevated [CO2] included transcriptional factors as the Zinc finger protein CONSTANT-LIKE 2 (COL2) or the stress response NST1-like protein (F26K9_60), being their expression frequently related to plant stress tolerance (Sakamoto et al. 2004; Ann et al. 2011). In accordance, their up-regulation under elevated [CO2] may contribute to a better response of ICATU to potential stress conditions while reducing the expression of genes involved in electron transfer and DNA binding. In agreement, under elevated [CO2], CL153 over-expressed a chloroplast Isoprene synthase, which has been shown to protect plants from abiotic stresses, such as high-temperature stress and exposure to ozone (Loreto et al. 2001; Sasaki et al. 2007), probably by acting as a signaling molecule (Zuo et al. 2019). The reticuline oxidase-like protein also found to be over-expressed in CL153 is an oxidoreductase involved in the formation of some secondary metabolites that may play a key role in the plant’s response to stress (Belchínavarro et al. 2013). The high tolerance of both genotypes to elevated [CO2] is probably related to the overexpression of several transferases, oxireductases and lyases in CL153 while ICATU invests in the top-regulation of genes involved in translation and stress signal.
It is also noteworthy the identification of relevant expression patterns of several ‘novel’ genes coding uncharacterized/hypothetical proteins (Tables 3 and 4). The assignment of function to those uncharacterized genes is still experimentally a substantial challenge (Ijaq et al. 2015; Naveed et al. 2018), but would be is critically important to deciphering plant responses to future environmental conditions. 
Core common responses in coffee
The analysis of the transcriptome reported here showed that a high number of DEGs were commonly expressed by ICATU and CL153 (30%) independently of [CO2] pointing to a core/common response in coffee. Both genotypes expressed a similar proportion of common GO terms corresponding to Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) whose categories were usually up-regulated in the two genotypes (Fig. 3). This similitude could be related to the fact that ICATU is closely related to C. canephora since C. arabica was originated from natural hybridization between C. canephora and C. eugenioides. Previous studies in C. arabica and its ancestors, C. canephora and C. eugenioides reported similar categories (Mondego et al. 2011; Yuyama et al. 2016) demonstrating the high similarity between these evolutionary related group of plants.

Among top 10 up-regulated genes, 5 of them were simultaneously over-expressed in both genotypes. One example were the ethylene-responsive transcription factor ERFs, usually induced by biotic and abiotic stresses including salt stress, drought, hypoxia, and temperature stress (Licausi et al. 2013, Müller and Munné-Bosch 2015). In fact, a significantly differential up-regulation of one ERF gene was identified in salt-stressed coffee seedlings of C. arabica (Haile and Kang 2018). Here, two of those genes were significantly up-regulated by elevated [CO2] (ERF022 and ER025) and could be considered as candidates for further studies of the function of ERFs in Coffea spp. adaptation to environmental modifications. The fatty acid desaturase 2 (FAD2) also found in the two genotypes is an integral membrane protein that enhances the content of dienoic fatty acids increasing the resistance toward stresses such as cold and salinity (Dar et al. 2017). This activity might also be important for coffee as FAD2 was up-regulated in both genotypes with the enhancement of [CO2]. Another example was the aldehyde decarbonylase CER3 that was also found to be up-regulated in the 700-plants of both genotypes, playing an important role in the synthesis of major wax components (Lee and Suh 2015), which serve in the adaptive protection of plants against biotic and abiotic stresses (Aharoni et al. 2004; Samuels et al. 2008).

Aquaporins, members of major intrinsic proteins (MIPs) were also found to be over-expressed by the two genotypes, with the subfamily TIP found in CL153 (TIP1-1 and TIP1-2) and PIP in ICATU (PIP1-1 and TCM). Aquaporins are related to membrane water transport, being of relevance under stress conditions that affect water uptake and transport (Biernet et al. 2018). This class of proteins control water flux in and out of veins and stomatal guard cells, and also increase membrane permeability to CO2 in mesophyll and stomatal guard cells, the latter increasing the effectiveness of RuBisCO, potentially influencing transpiration efficiency (Kaldenhoff et al. 2014). Since elevated [CO2] activated the transcriptional activity of aquaporin genes in both genotypes, and assuming the production of the corresponding proteins, some higher resistance to CO2 diffusion promoted by the marginal reduction of stomatal opening (Ramalho et al. 2013b; Ghini et al. 2015) might be expected in coffee leaves with the up-regulation of aquaporin genes. It is also worth mentioned the down-regulation of protein ubiquitination in both genotypes, which are usually involved in stress signal, launching and repairing damage components (Karve and Cheema 2011). This network of core CO2-responsive genes (frequently related to stress response in other plants) can be further explored to understand if the increase of air [CO2] might help the mitigation of other stresses in coffee crops (Martins et al. 2014, 2016; Rodrigues et al. 2016; DaMatta et al. 2019).

DEGs associated to physiological and biochemical responses in coffee
Due to its crucial importance in plant metabolism and to the acclimation response to changing environmental conditions, as well as taking advantage from the thorough physiological and biochemical analysis performed in these same plants by our team (Ramalho et al. 2013b, Martins et al. 2016; 2017; Rodrigues et al. 2016, Scotti-Campos et al. 2019), a particular attention was given to the gene set related to photosynthesis, respiratory, lipid metabolism and antioxidative pathways resulting in the identification of 229 DEGs. These were mostly up-regulated in response to elevated [CO2] in the GO terms Photosynthesis, Antioxidant Activity, Cellular Respiration, Lipid Metabolism (FAD, LOX), and, especially, RuBisCO with all genes over-expressed in both genotypes (Fig. 5, Table S2).
Plants that are exposed to elevated [CO2] often exhibit a stimulation of the net photosynthesis rate (A) (Norby et al. 2010), although photosynthetic responses may present large differences among species (Xu et al. 2015). Long-term (weeks to months) exposure to elevated [CO2] was observed to lead to photosynthetic acclimation (down-regulation) that causes a decrease in the potential photosynthetic rate (Woodward 2002), associated to a lower gene expression of most genes associated with photosynthesis in many plant species (Lin et al. 2016). However, in the case of Coffee plants, the limitation of photosynthetic downregulation was not observed, under adequate or supra-optimal temperatures (Ramalho et al. 2013b; DaMatta et al. 2016; Rodrigues et al. 2016), with these genotypes revealing a metabolic strengthening when growing for long periods under elevated [CO2] (Ramalho et al. 2013b). In accordance, under adequate temperature (25 ºC), the photosynthetic components were somewhat reinforced in the 700-plants of both genotypes leading to an increase in net photosynthesis (A), respiration in the presence of light (Rd), as well in the potential for photosynthetic capacity (Amax), thylakoid electron transport, and RuBisCO activity (Ramalho et al. 2013b). The promotion to greater photo-assimilates availability under elevated CO2 usually leads to an up-regulation of the genes associated with the respiratory pathway (Leakey et al. 2009 Fukayama et al. 2011, Markelz et al. 2014), and the presence of and respiratory glycolysis intermediates may enhance the respiration potential (Watanabe et al. 2014). Furthermore, some antioxidative enzymes Cu,Zn-superoxide dismutase and ascorbate peroxidase) and other protective molecules (heat shock protein 70, HSP70), where also reinforced (Martins et al. 2016). Changes in major chemical components induced by elevated [CO2] have also been reported in many studies, namely on the antioxidative protective mechanisms. These are often down-regulated due to a lower need for protection, related with the higher use of light energy through photochemistry, which reduces the probability of the occurrence of energy overcharge and, thus, of photoinhibition or damaging events (AbdElgawad et al. 2015).
Additionally, it is recognized that the coffee plant acclimation to environmental drifts, namely of temperature (Partelli et al. 2011, Scotti-Campos et al. 2014, 2019) and elevated [CO2] (Scotti-Campos et al. 2019), is intimately related to the ability to perform qualitative and quantitative adjustments in the lipid matrix of chloroplast membranes. These include altered fatty acids amount and unsaturation degree, as well as changes in the balance between the main lipid classes. Notably, the 700-plants of both genotypes presented a global down-regulation of genes related to lipid metabolism (Figs. 4A, B). In fact, under adequate temperature, the response to elevated [CO2] was observed to downregulate LOX genes (LOX3, LOX5A and LOX5B) without impact on FAD3 in CL153. However, LOX3 and FAD3 tended to be upregulated in ICATU, in line with the greater lipid responsiveness of this genotype than CL153. In fact, ICATU showed a substantial increase in galactolipid classes, and lower reductions in phospholipids, particularly in phosphatidylglycerol (PG) that plays important roles in the photosynthetic functioning (Scotti-Campos et al. 2019).
Nonetheless, it should be pointed that FAD2-2 (Table 3) is among the most up-regulated genes by elevated [CO2] in both genotypes. The fatty acid desaturase 2 (FAD2) found in the two genotypes is an integral membrane protein in the endoplasmic reticulum and desaturates extra chloroplast lipids (Shanklin and Cahoon 1998). The activity of FAD2 enhances the content of dienoic fatty acids increasing the resistance toward stresses such as cold and salinity (Dar et al. 2017). Furthermore, CL153 showed a higher number of up-than down-regulated genes regarding lipid metabolism, even greater than that of ICATU (Fig. 5). Therefore, altered gene expression would have supported the large enrichment in DGDG in both genotypes that likely allowed the greater photosynthetic activity in the 700-plants under 25 ºC (Ramalho et al. 2013b), since this lipid class is involved in membrane stabilization, regulation of ionic permeability and preservation of membrane protein activities (Siegenthaler and Trémolières 1998). These results also demonstrated that a global analysis of gene categories (Figs 4A, B) are insufficient when aiming at relate gene expression with physiological and biochemical responses. In fact, the search for key genes will require a more detailed view, as in the case of lipid dynamics.
However, the enhancement of [CO2] led also to a down-regulation of a large number of genes, particularly those tagged with the GO term Chlorophyll Metabolic Process (CL153), Pyruvate Kinase (PK) and Malate Dehydrogenase (MDH) with the enhancement of [CO2] in both genotypes (Fig. 5, Table S2). This clearly contrasted with the increase in MDH and PK activities, and the maintenance of chlorophyll content in the 700-plants of both genotypes (Ramalho et al. 2013b). A decline in photosynthetic expression of genes encoding chloroplast and other related photosynthetic functions has been observed in many species particularly under limiting environmental conditions or in carbon sink limited species although responses differ between species, ecotypes and even time of sampling (Long et al. 2004, Fukayama et al. 2012, Xu et al. 2015). 
Altogether, although it was observed a relevant correspondence between physiological/biochemical activity and gene expression, such relation was not always present, underlining the need of multidisciplinary studies to obtain a clearer picture of plant responses to environmental modifications. 

Adapting coffee crops for a high [CO2] world
Elevated [CO2] directly stimulates photosynthesis in coffee crops and the expression of genes linked to plant metabolism, namely those related to the photosynthetic pathway.  Although linked to warming, rising [CO2] provides a unique opportunity to increase the productivity of coffee crop but further research is needed to elucidate the mechanisms of yield response to [CO2]. Testing genotypes in different environmental conditions, such as water stress or rising temperatures will be a crucial second phase of this research, since these variables have a direct impact on photosynthesis performance.
METHODS
Plant material and experimental design
This study used 1.5 years old plants of C. canephora Pierre ex A. Froehner cv. Conilon Clone 153 (CL153) and C. arabica L. cv. Icatu Vermelho (ICATU), the latter an introgressed variety resulting from a cross between C. canephora and C. arabica cv. Bourbon Vermelho that was further crossed to C. arabica cv. Mundo Novo (Ramalho et al. 2018). Plants were grown in 12 L pots and later transferred from a greenhouse (ambient [CO2]) to walk-in growth chambers (EHHF 10000, ARALAB, Portugal). The plants were then grown for 10 months in 28 L pots under controlled environmental conditions of temperature (25/20 °C, day/night), relative humidity (70-75%), irradiance (ca. 700-800 μmol m-2 s-1), photoperiod (12 h), and two air [CO2] of either 380 μL L-1 (380-plants) or 700 μL L-1 (700-plants) (Martins et al. 2014; Rodrigues et al. 2016). The value for the higher air [CO2] treatment was chosen considering values that might be reached along the second half of the current century (IPCC, 2014). The plants were grown in an optimized substrate consisting of a mixture of soil, peat, and sand (3:1:3, v/v/v) (Ramalho et al. 2013a), and fertilized as previously described (Ramalho et al. 2013b).
Leaves from plagiotropic and orthotropic branches were collected (after ca. 2 hours of illumination) from the two top pairs of recently matured leaves in the upper (illuminated) part of each plant (9 per treatment), flash frozen in liquid nitrogen and stored at -80 ºC until analysis. Along the experiment, the plants were maintained without restrictions of water, nutrients, and root development, the latter judged by visual examination at the end of the experiment (Ramalho et al. 2013b).
Total RNA, Poly(A) RNA Isolation, and library preparation
Total RNA from two genotypes x two [CO2] x 3 replicates (each one a pool from 3 different plants) was isolated using the RNeasy Plant Mini Kit (Qiagen, Germany) according to the manufacturer’s protocol and digested with DNase I using oncolumn Qiagen DNase set to remove putative genomic DNA, as per manufacturer’s instructions. The concentration and quality of each RNA sample was determined in 1.5% agarose–TBE gel electrophoresis containing GelRed Nucleic Acid Gel Stain (Biotium, USA), by evaluating the integrity of the 28S and 18S ribosomal RNA bands and absence of smears. All RNA samples were individually analyzed for the possible presence of DNA contamination by standard PCR reactions (35 cycles) using primers designed for ubiquitin (UBQ) gene, in the absence of cDNA synthesis (Fortunato et al. 2010). Total RNA concentration and purity were further verified through BioDrop Cuvette (BioDrop, UK). Samples were further quantified in an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) at Instituto Gulbenkian de Ciências, Oeiras, Portugal (http://pages.igc.gulbenkian.pt/GEU/Services_bio.html), to verify total RNA quality. 
Processing and mapping of Illumina reads
The messenger RNA (mRNA) libraries were constructed with the Illumina “TruSeq Stranded mRNA Sample Preparation kit” (Illumina, San Diego, CA) and sequenced separately on a Hiseq 2000 (Illumina) at the MGX platform (Montpellier GenomiX, France, www.mgx.cnrs.fr/). Raw reads obtained by sequencing were quality-checked using FastQC version 0.11.8 (Andrews 2010). The reads were screened for contaminants using FastQ Screen version 0.13 (Wingett 2018) against the genome of 14 putative contaminant species and adapters for both PhiX genome and TruSeq Illumina adapters, the default pre-indexed FastQ Screen genomes. After trimming with Trimmomatic version 0.38 (Bolger et al. 2014) qualified reads were mapped to the reference genome of C. canephora downloaded from the Coffee Genome Hub (http://coffee-genome.org: 13 November 2018) (Denoed et al. 2014) using STAR version 2.6.1 (Dobin et al. 2013). HTSeq-count version 0.11.0 (Anders et al. 2015) was used to count how many reads mapped to each gene. Relevant parameters used include the default mode “union” and option “stranded=reverse”. Samtools version 1.9 (Li 2009) and gffread version 0.9.9 (Pertea 2015) were used throughout the analysis to convert files and obtain general statistics of the genome mapping. For exploratory analysis, Principal Coordinate Analysis (PCoA) was conducted to verify the relatedness of every replicate using the function prcomp in R software version 3.5.1 (R Core Team 2016). Quantification and normalization of gene expression values by Fragments Per Kilobase Of Exon Per Million Fragments Mapped (FPKM) was calculated by Cufflinks version 2.2.1 (Trapnell et al. 2010). Boxplots of log2 fold changes were developed using the PlotMA function in DESeq2.
Identification of differentially expressed genes
High-throughput RNA-sequencing combinations were performed to detect the effect of elevated air [CO2] (380 vs. 700 μL L-1) in CL153 and ICATU. We also studied how the two genotypes responded to the same conditions, that is CL153 vs. ICATU at 380 μL L-1 and 700 μL L-1. The DESeq2 version 3.8 package (Love et al. 2014) in the R software was employed to identify differentially expressed genes (DEGs). DESeq2 fits generalized linear models to each gene using shrinkage estimation for dispersions and fold changes to improve stability and interpretability of estimates (Love et al. 2014). The resulting values were adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate (FDR) (Benjamini and Hochberg 2000). Genes with a normalized non-zero log2 fold change expression and an FDR < 0.1 were defined as differentially expressed. Venn diagrams were developed to identify common and specific DEGs to the effect of [CO2] and the response of each genotype using Python’s matplotlib library (Hunter 2007). 
Functional annotation analysis
Functional annotations for the protein coding genes in the C. canephora genome were downloaded from the Coffee Genome Hub. Because a very high number of reads were mapped to the C. canephora genome it was further used as the reference genome for the analyses. BLAST2GO version 1.4.4 (Götz et al. 2008) was used for mapping and functional annotation (parameters: E-Value-Hit-Filter 1.0E−6, Annotation Cutoff 55, gene ontology [GO] Weight 5, Hsp-Hit Coverage Cutoff 20). The genes were characterized using GO terms, i.e., Molecular Function (MF), Biological Process (BP) and Cellular Component (CC) (Table S1). DEGs were mapped to Uniprot accession numbers and a local BLAST database was built using the C. canephora genome. GO mapping and GO annotation was then performed with Blast2GO command line interface using the Uniprot genes and the local database. The top 10 more affected (up- and down-regulated) genes were also searched. Genes annotated with GO terms referenced in Ramalho et al 2013b (Photosynthesis, Antioxidant Activity, Chlorophyll Metabolic Process, Cellular Respiration, Malate Dehydrogenase Activity, Pyruvate Kinase Activity, and Ribulose-1,5-bisphosphate Carboxylase/Oxygenase) were identified using the QuickGO API (Binns et al. 2009) by identifying all descendant GO terms annotated with Blast2GO. We also specifically searched for all FAD and LOX-related proteins, which were reported as most important for lipid profile dynamics, which is related to stress acclimation in coffee plants (Scotti-Campos et al. 2019). To visualize the size and the overlap of the gene sets described by a given GO term, a gene set enrichment analysis (GSEA) was performed using the Blast2GO GSEA feature. These results were then exported for visualization in Cytoscape version 3.7.1 (Shannon et al. 2003). Networks of the top-enriched GO terms (> than 250 genes were constructed with Enrichment Map (Merico et al. 2010) and clusterMaker2 (Morris et al. 2011) using MCL clustering algorithm. Clusters were then selected manually from visual inspection of the network considering semantic and functional similarities.
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Figure legends

Figure 1. Boxplot showing the gene expression level (log10 FPKM) in each sample. Left: ICATU or CL153 under elevated [CO2] (700 µL L-1) relative to control (380 µL L-1) (380 vs. 700 µL L-1). Right: Expression in CL153 relative to ICATU under 380 μL L-1 or 700 μL L-1 [CO2] (ICATU vs. CL153).

Figure 2. Venn diagrams showing the number of annotated down-regulated (A) and up-regulated (B) annotated DEGs under elevated [CO2] (700 µL L-1) relative to control (380 µL L-1) in each genotype, and the down-regulated (C) and up-regulated (D) DEGs in CL153 relative to ICATU under control or elevated [CO2].
Figure 3. Top 10 gene ontology terms in ICATU and CL153 transcriptome assembly at GO-level 2 from three major categories: Biological Process, Molecular Function, and Cellular Component. Bars indicate the number of down and up-regulated genes. A) Effect of enhanced [CO2]: expression of GO-terms of ICATU and CL153 under elevated [CO2] (700 µL L-1) relative to control (380 µL L-1). B) Effect of genotype: expression of GO-terms of CL153 relative to ICATU under 380 μL L-1 or 700 μL L-1 [CO2].
Figure 4. Functional map showing top-enriched GO terms (> than 250 genes) regarding the effect of enhanced [CO2] (700 µL L-1) relative to control (380 µL L-1), separately in (A) ICATU and (B) CL153, as well as the effect of genotype in CL153 relative to ICATU, separately for (C) 380 μL L-1 and (D) 700 μL L-1 [CO2]. Nodes represent GO terms and links between nodes represent gene overlap between GO terms, resulting in a rapid identification of the major enriched functional categories. Node size is proportional to the number of genes. Link size shows the number of genes that overlap between the two connected GO terms (Jaccard coefficient, the cut-off 0.25) and the thickness is proportional to the number of common genes. Color of the node indicates up-regulated genes (red) and down-regulated genes (blue).

Figure 5. Proportion of up-regulated (red) and down- regulated (blue) DEGs associated to physiological and biochemical responses in coffee divided by eight main GO-terms: Photosynthesis, Chlorophyll Metabolic Process, RuBisCO, Antioxidant Activity, FAD and LOX (Lipid Metabolic Process), Cellular Respiration, Malate Dehydrogenase (MDH) activity, and Pyruvate Kinase (PK) activity in ICATU (1) and CL153 (2) both under elevated [CO2] (700 µL L-1) in relation to the control (380 µL L-1); and in CL153 relative to ICATU under 380 μL CO2 L-1 (3) or 700 μL CO2 L-1 (4).
Supporting Information Figures
Figure S1. Principal component (PC) analysis of the raw reads generated by RNA-sequencing with (A) and without replicate 1C (B).
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