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CHAPTER I. INTRODUCTION

__________________________________

GENERAL INTRODUCTION

Many tropical tree crops including coffee, which is highly sensitive to biotic and abiotic stresses, are threatened by climate change. The forecasted consequences of climate changes include modifications in rainfall patterns, more frequent drought periods and elevated temperatures, as well as, for coffee crop, a shift in geographical coffee growing regions, leading to environmental, economic and social threats in the forthcoming years. Indeed, many coffee-exporting countries are also amongst the most vulnerable to climate risk. Previous studies based on climate model scenarios predict a 50 % drop in the global area suitable for coffee productionby 2050. Then, it appears important to better understand the molecular mechanisms of coffee adaptation to these stresses in order to guide the selection of resistant varieties.

Secondary metabolites and phenolic compounds in particular, are often described as involved in plant responses to environmental changes including biotic and abiotic stresses (Ramalho et al., 2000: Coffee;Boo and Jung, 1999: rice;Bouvier et al., 2005: Crocus sativus and Bixa Orellana;Campos et al., 2016: carrot;Perez-Ilzarbe et al., 1997: apple;Del, 1972: sun flowerPedrazani et al., 2003: tomato). Among the phenolic compounds, flavonoids and chlorogenic acids have been shown to intervene in stress response, more specifically in light response for flavonoids and more generally in biotic and abiotic stress for chlorogenic acids. These compounds are esters of hydroxycinnamic acids, such as 5-caffeoyl quinic acid (CQA). Largely distributed in the plant kingdom, their role in plant response adaptation/ stress response is unclearly explained. In coffee plants, chlorogenic acids may play a particular role as they greatly accumulated in young leaves (more than 14% of the dry weight mass) and may act as a constitutive cell protection against stresses. To clarify their potential role in the response to climate changes, studies can be done in field, looking to the modifications in phenolic compound contents induced by growing coffee plants in different conditions that may mimic the climate variations. Another way can be to study the variations of the phenolic metabolism under controlled conditions, which allow to modify one factor at a time, in order to specify what environmental factors subject to change with future climate is the most involved. By expanding the study of one to several genotypes, it will be possible to highlight biomarkers allowing the selection of varieties for their ability to adapt to particular environmental criteria.

Generally described as associated with chloroplasts, chlorogenic acids have also been shown as present in the nucleus. In animal cells, Lee et al. (2006) have demonstrated that CQA had an inhibitory role on a DNA methyltransferase, the Dnmt3a protein, involved in de novo DNA methylation changes that occur during the early phases of development [START_REF] Jones | The Epigenomics of Cancer[END_REF]. These errors in methylation contribute to the initiation and progression of cancer or embryonic development aberrations [START_REF] Feinberg | The history of cancer epigenetics[END_REF][START_REF] Egger | Epigenetics in human disease and prospects for epigenetic therapy[END_REF]. In plants, responses to external aggressions are generally dependent on epigenetic regulation of gene expression, one of them consisting in a modification of DNA methylation. As already proposed, accumulated CQA could be considered, by its antioxidant activity, as a constitutive cell protection against abiotic stress.

However, its presence in the nucleus evoked an upstream potential role in the stress response, by inhibiting DNA methyltransferases involved in epigenetic regulation. But no data exists on the role of these monophenols on plant DNA methyltransferases. To study the impact of their nucleus concentration on plant cell metabolism, it is necessary to facilitate their penetration and accumulation in the nucleus. Addressing phenolic compounds in animal cell nucleus is possible using vectorized nanoprobes (Nday et al 2015). Then, although the plant cell structure is more complex than that of the animal cell (existence of an external cell wall) this technique could be used to demonstrate the mode of action of CQA in coffee plant stress response.

The objective of the work proposed here is to characterize the stress responses in which phenolic compounds are involved in Coffea arabica trees. The study of the coffee response will be done in natural and in controlled conditions to specify in which specific abiotic stress response they are involved. Moreover, an innovative tool will be developed to study the mode of action of one phenolic, the 5-CQA: antioxidant activity or epigenetic regulator?

This work is divided in five parts:

The first part consists of a general introduction presenting the coffee plants, and more specifically the species Coffea arabica, its origin and its ability to adapt to climate changes. Then, the involvement of the secondary metabolism in plant adaptation will be analysed with regard to each of the different abiotic stresses that plants must encountered. A focus on the coffee secondary metabolism will be proposed, particularly on the chlorogenic acids. At last, a review on nanoparticles, a tool proposed to make entering chlorogenic acid into nucleus, is proposed.

The second part concerns results obtained studying the differential phenolic response of the cultivar C. arabica Marsellesa in field, in Mexico, when grown in shade and in full sun at two different elevations. Comparison of the response will be extended to 34 other genotypes, including Ethiopian wild accessions, American pure lines and their hybrids, grown in two other American countries, Nicaragua and Colombia. This part aims to highlight biomarkers for selection to full sun or shade adaptation.

The third part will summarize the results obtained from studies carried on in controlled conditions in order to analyze the phenolic response of the cultivar Marsellesa to changes in light intensity, nitrogen concentration and heat stress. The response of the cultivar will be compared to that of one of its hybrid and to the cultivar grafted in C. canephora.

The fourth part focused on the feasibility of nanoparticles penetration in coffee cells using calli and protoplast cultures, with the objective to propose this innovative technique for fundamental studies in metabolomics.

The fifth part will present a summary of the results obtained from the different studies, which includes the discussion and perspectives of the work. Extreme temperature, radiation, drought, salinity, heavy metals or nutrient deficiency (nitrogen, phosphorus, potassium, etc.) are the most commonly mentioned abiotic stresses for plants causing limitation for agricultural productivity worldwide [START_REF] Apel | Reactive oxygen species: metabolism, oxidative stress, and signal transduction[END_REF][START_REF] Mittler | Abiotic stress, the field environment and stress combination[END_REF]Møller et al., 2007;[START_REF] Doupis | Allometric and biochemical responses of grapevines subjected to drought and enhanced ultraviolet-B radiation[END_REF]. As for other crops, productivity and longevity of coffee trees depend on environmental conditions. Ideal conditions permit annually good harvest, without exhaustion, die back and numerous pests and diseases.

C. arabica appears to be highly susceptible to abiotic stresses generated by climate changes, which are essentially characterized by increased air [CO 2 ], supra-optimal temperature and water scarcity.Predictive models indicate that climate changes will cause 1.8-5.8°C increasing in day-night temperature by the end of twenty-first century (IPCC, 2007). These modifications will generate not only temperature rise but also introduce drought, flood and exotic pest problems (Ihsan, 2019). It is well established that C. arabica expresses full potential at mean annual temperatures ranging from 18 to 24°C [START_REF] Teketay | History, botany and ecological requirements of Coffee. Walia[END_REF]da Matta, 2004) and that the temperature factor has limited the growth and expansion of Arabica coffee in various countries. However, by the selection of adapted cultivars, the development of Arabica plantations is now allowed under average temperatures as high as 24-25ºC with satisfactory yields [START_REF] Damatta | Ecophysiological constraints on the production of shaded and unshaded coffee: a review[END_REF]. For Robusta coffee, the best growth is under warm equatorial conditions with optimum annual mean temperature ranges from 24-30ºC (Willson, 1999) and low contrast between dry and rainy seasons [START_REF] Teketay | History, botany and ecological requirements of Coffee. Walia[END_REF]. The occurrence of high temperatures leads to lack of uniformity and early maturation of the fruit, resulting in loss of quality (da Matta and Ramalho, 2006). Moreover, high air temperatures during flowering, associated with a prolonged dry season, cause abortion of flowers and thus, significant yield reduction [START_REF] Fazuoli | Aquecimento global, mudanças climáticas e a cafeicultura paulista[END_REF]Teixeira et al., 2013). Neither Arabica nor Robusta can resist frost, although Arabica is more resistant to cold.

Coffee is one of the most important crops on earth, cultivated more than 11 million hectares worldwide and more than 2.25 billion cups consumed every day. World coffee production in 2018/19 is at 168.87 million bags, Arabica contributing to 102.68 million bags and Robusta to 66.04 million bags (Figure 4). However, as most of crops, coffee is threatened by climate change that impacts agricultural productivity as it increases mean temperatures and changes precipitation regimes. Laderach et al., 2011 predicted a dramatic situation for coffee cropping in the years to come, as traditional coffee growing regions may disappear while demand for high quality and sustainable coffee culture is still increasing.

Coffee plants suffered by climate change, particularly those cultivated at full sun in America. Over the last few decades, the mean temperature in the Andean and Mesoamerican regions has increased by 1°C and the seasonal rainfall pattern has changed (Ortiz, 2012;Magrin et al., 2014). As a consequence, at the lowest elevations (<700 m asl) in Mexican and Nicaraguan plantations, reduced growth, erratic flowering, incomplete fruit maturation and fruit drop have been noticed (Villers et al., 2009;[START_REF] Baca | An integrated framework for assessing vulnerability to climate change and developing adaptation strategies for coffee growing families in Mesoamerica[END_REF]. Losses from pests and diseases have also increased (Avelino et al., 2015). Under the effect of climate changes, some first predictive models have shown 50% reducing in world coffee production area by 2050, especially in Brazil, the largest coffee producer [START_REF] Bunn | A bitter cup: climate change profile of global production of Arabica and Robusta coffee[END_REF][START_REF] Magrach | Climate and pest-driven geographic shifts in global coffee production: implications for forest cover, biodiversity and carbon storage[END_REF][START_REF] Ovalle-Rivera | Projected Shifts in Coffea Arabica Suitability among Major Global Producing Regions Due to Climate Change[END_REF]. Recently, by combining [CO 2 ] increase and supra-optimal air temperatures, Dubbersteien et al. (2018) showed a positive impact of high [CO 2 ], increasing coffee plant tolerance to high temperatures. In fact, [CO 2 ] increase can promote heat protective mechanisms through the maintenance of several protective molecules or the increase activities of antioxidant enzymes in plants treated with heat stress (Ramalho et al., 2016).Coffee producers are developing different strategies to prevent coffee trees experiencing drastic climate changes. Growing coffee plants at higher elevations is one of the solutions. However, climate change does not necessarily mean that climatic parameters are altered in a concerted manner regardless of the elevation and information on the adaptive mechanisms of C. arabica plants to different elevations and environmental conditions are needed. Another solution consists in growing coffee plants under the canopy of selected shade trees (Figure 5), in order to create a microclimate helping coffee for growth, production and improving coffee quality, by mitigating, among others, high and low temperature problems for C. arabica [START_REF] Teketay | History, botany and ecological requirements of Coffee. Walia[END_REF].

Shade and Agroforestry systems solutions

In some case, modern coffee cultivars have been selected in test-trials with high-external inputs conducted under full sunlight, wide spacing, and the performance is likely to have been improved at full sunlight (DaMatta and Rena, 2002). Therefore, under intensive crop management, coffee will often produce much higher yields without shade than under shade. With increased shading, coffee yields may decrease because of (i) lower whole-tree carbon assimilation; (ii) greater stimulus to vegetative growth than flower buds; and (iii) fewer nodes formed per branch and flower buds at existing nodes. As node number is the key component for coffee production, yields are declined with increasing shading, particularly in optimum environments for the coffee tree, even if all other growth factors are favorable [START_REF] Damatta | Ecophysiological constraints on the production of shaded and unshaded coffee: a review[END_REF]. Coffee tree associating with shelter trees show beneficial features including natural resources conservation, increased biodiversity, coffee production stability, as well as financial benefits as shade trees increasing income from fruits or timber. In addition, using shelter trees can be a sustainable and financially viable strategy for smallholders who have little access to technological improvements to mitigate the harmful consequences of changing global climate [START_REF] Lin | Agroforestry management as an adaptive strategy against potential microclimate extremes in coffee agriculture[END_REF]. Shade may also positively affect bean size and composition as well as beverage quality (less bitterness) by delaying and synchronizing berry flesh ripening (Muschler, 2001;[START_REF] Vaast | Fruit thinning and shade improve bean characteristics and beverage quality of coffee (Coffea arabica L.) under optimal conditions[END_REF]. Shading (agroforestry systems) has been recommended for marginal areas when climatic conditions may limit the successful crop exploitation. In these environments, shading level should be neither excessive for adequate coffee productivity nor too low for effective protection against harmful environmental conditions (Kanten and Vaast, 2006). Temporary shading has also been adopted, as in southern Brazil to protect young coffee plants against frosts, as well as intercropping systems with fastgrowing trees to increase ground cover, maximize the efficiency rate of nutrient and water utilization during the juvenile phase of the coffee crop. An interesting intercropping system proposed by DaMatta et al. (2007) involves C. canephora "conilon" coffee plants growing beneath the sparse shade of papayas. The benefit counterbalances management costs for coffee crop from seedlings plantation up to two years afterwards when the papaya trees are eliminated.

The protective effects of shading have been associated with the lower radiation input at coffee canopy level, which may reduce the extent of photooxidative damages, a phenomenon frequently observed in coffee grown at full exposure in marginal zones, and ultimately increases crop life expectance [START_REF] Damatta | Ecophysiological constraints on the production of shaded and unshaded coffee: a review[END_REF]. In addition, other major effects for shaded coffee physiology are associated with decreased wind speeds and temperature fluctuations (by as much as 4-5 ºC), increased air relative humidity and changes in aerodynamic roughness of the cropped area. These alterations would decrease leaf-to-air vapor pressure deficit, which in turn would allow longer stomatal opening (thus favoring CO 2 uptake), without a proportional increase in transpiration rates. Hence, water loss due to excessive crop evapotranspiration should decline, an effect enhanced by increased ground cover and a decrease in weeds abundance [START_REF] Maestri | Coffee[END_REF]. Adequate shade management may improve both the water status of the soil and the coffee plant, as found after prolonged droughts in marginal zones. In these zones, provided agroforestry system is correctly managed. Proper choices for shade tree species, such as planting density evaluation, canopy pruning frequency and tree thinning, soil type, water-used efficiency, water and thermal regimes are expected to rise, turning shade trees in agroforestry systems to be a highly recommended option. These should be translated into obvious advantages to coffee production in dry and hot environments [START_REF] Damatta | Ecophysiological constraints on the production of shaded and unshaded coffee: a review[END_REF][START_REF] Damatta | Impacts of drought and temperature stress on coffee physiology and production: a review[END_REF].

Hybridization and grafting solutions

Interspecific hybrids between C. arabica and various diploid species were produced to obtain resistant cultivars against pests and diseases, such as Coffee Berry Disease (CBD) and Coffee Leaf Rust (CLR) (Lashermes et al., 2011;Gimase et al., 2014;Gimase et al., 2015). As Robusta is less susceptible to pests than Arabica (Tshilenge et al., 2009), desirable gene transfer for disease resistance from diploid species C. canephora and C. liberica into tetraploid C. arabica cultivars without affect to coffee quality is the most desirable result for Arabica coffee breeder (Gimase et al., 2014). Those hybrids provide functions to introgress genes for resistance to coffee Coffee Leaf Rust (Hemileia vastatrix) and Coffee Berry Disease (Colletotrichum kahawae) from C. canephora into C. arabica and also to improve Robusta coffee quality. However, they are difficult to obtain because of the difference in genome ploidy between the two species. Fifteen years ago, Arabusta was created crossing Coffea arabica L. and C. canephora Pierre ex-Froehner after doubling the chromosome number of C. canephora but this new genotype did not presented the quality expected. New Arabica coffee cultivars, obtained by intraspecific hybridization, with better quality, higher yield potential and resistance to diseases have started to replace the traditional varieties on a large scale in several countries (Gichimu and Omondi, 2010). Moreover, new hybrids between selected Arabica coffee trees growing under full sun and Arabica wild accessions from Ethiopia, such as Geisha, have been created, as cv. Marsellesa, Starmaya and H3 (Figure 6). New hybrid production should be urgent as climate change and changes in cultural practices affect the wild accessions whose death is predicted by 2080 [START_REF] Davis | The impact of climate change on natural populations of Arabica coffee (Coffea arabica): Predicting future trends and identifying priorities[END_REF]2019). In our study, three groups of Arabica genotypes will be used: the wild accessions, the American pure line cultivars and the hybrids F1. Two examples of each group are described below, Geisha and Caturra for the wild accessions, T5296 and Marsellesa for American pure lines and Starmaya and H3 for hybrids F1.

Geisha was originally collected from coffee forests in Ethiopia in the 1930s. Geisha is well-known for producing floral, jasmine, and peach-like aromas and its ability to provide extremely high cup quality when plants are managed well at high altitude (World Coffee Research, 2016).

Caturra is a natural mutation from Bourbon variety discovered on a plantation in Minas Gerais State in Brazil during 1915 to 1918. Caturra plants grow smaller caused by single-gene mutation. As their sizes are small, it allows them to grow closer together and produce more fruits in small space. Nowadays Cattura becomes an economically important coffee in Central America with higher density plantation under full sun. Caturra was crossed with a coffee-leaf-rust-resistant Timor Hybrid to produce a dwarf plant with rust resistance (World Coffee Research, 2016).

T5296 is an important leaf-rust-resistant coffee. Cuscatleco and Paranaima are both pedigree selections for T5296 made by national breeding programs in El Salvador and Honduras. Many newer F1 hybrid varieties were created by crossing T5296 with Ethiopian landraces, such as, Centroamericano, Milenio, and Mundo Maya (World Coffee Research, 2016).

The cultivar Marsellesa is a cross between Timor Hybrid 832/2 and Villa Sarchi CIFC 971/10. Pedigree selection was made by ECOM-CIRAD in Nicaragua specifically for its rust resistance traits.The plants are small with high yielding at medium altitudes and produce a coffee with prominent acidity (World Coffee Research, 2016).

Starmaya is a F1 hybrid originating from a cross between cv. Marsellesa and a male-sterile Ethiopian or Sudanese landrace variety. Starmaya is the only F1 hybrid propagated by seed instead of somatic embryogenesis or manual pollination of the mother and father plants. Early 1998, coffee breeders propagated F1 hybrids via seed while one of the parent plants were sterile, as some offspring is desired to be the result of Mother to Mother crossing (resulting in offspring that look like the Mother), some Father to Father (offspring like the Father), and only some Mother to Father (offspring hybrids of the two). As one of the varieties in the field is male sterile which means it does not produce pollen, then any offspring that appear on male sterile plants must be hybrids between Mother x Father. Then the pollination comes from the pollen-producing variety (father) onto the sterile variety (mother) resulting in hybrid fruits (World Coffee Research, 2016).

H3 originated from a cross between Caturra and Ethiopian landrace from the CATIE collection (accession E531). F1 hybrid parents were chosen to be genetically distant from one another. The distance maximizes high yields and overall vigor for hybrid, such as frost tolerance, without losing cup quality or disease resistance (World Coffee Research, 2016).

Interspecific grafting of C. arabica onto C. canephora rootstock was appointed as a solution for avoiding root nematode (Villain et al., 2000;Bertrand and Etienne, 2001). Now, grafting is considered as a good tool to protect coffee carbon balance against rising vapor pressure deficit (VPD) and air temperature caused by climate changes (Novaes et al., 2011). Grafting also can improve drought tolerance [START_REF] Van Der Vossen | Next generation variety development for sustainable production of Arabica coffee (Coffea arabica L.): A review[END_REF]. However, the underlying mechanisms involved in acquiring these positive characteristics are neither described at biochemical nor at genomics level. 

Climate changes and plant secondary metabolism

Plant adaptation to environmental modifications

As plants are unable to move, they have to develop protective systems to fight against modifications occurring in the environment they have colonized. Secondary metabolites constitute one of the major protective systems, representing an adaptive tool to biotic and abiotic stresses [START_REF] Bennett | Secondary metabolites in plant defence mechanisms[END_REF]. Their accumulation is finely settled to perceive environmental cues [START_REF] Sampaio | Effect of the environment on the secondary metabolic profile of Tithonia diversifolia: A model for environmental metabolomics of plants[END_REF]. They belong to various chemical classes, such as phenolic compounds, alkaloids and terpenes. Phenolic compounds participate in plant resistance, acclimation or adaptation to environmental constraints through various mechanisms, including their strong antioxidant activity which enables them to quench reactive oxygen species (ROS) produced during several forms of stress, their capacity to absorb UV (Winkel-Shirley 2002;Tattini et al., 2004;[START_REF] Pavarini | Exogenous influences on plant secondary metabolite levels[END_REF] and their toxicity towards plant pests [START_REF] Clé | Modulation of chlorogenic acid biosynthesis in Solanum lycopersicum; consequences for phenolic accumulation and UV-tolerance[END_REF]) (Figure 7).

There are three main ROS types, sequentially produced according to the degree which oxygen is reduced. Superoxide (O 2 -) is the primary ROS which is formed when the molecular oxygen undergoes one electron reduction. In this reaction NADPH supplies the electron and NADPH oxidase acts as the reaction catalyst. Hydrogen peroxide (H 2 O 2 ) is another ROS which is formed when the molecular oxygen undergoes further reduction. The one electron reduction of superoxide first forms peroxide (O 2 2 -) which is neutralised by two protons to form hydrogen peroxide. The spontaneous dismutation unlikely occurs at physiological pH when superoxide is in anionic form (O 2 -) because there is repulsion of superoxides due to negative charge. On the other hand, when the pH is acidic, the proportion of neutral form (HO 2 ) rises, and then the spontaneous dismutation starts to largely participate in hydrogen peroxide formation [START_REF] Koji | Antioxidant capacity and damages caused by salinitystress in apical and basal regions of rice leaf[END_REF]. Hydroxyl radicals (OH -) are the third and most toxic ROS which are formed when the hydrogen peroxide undergoes further reduction. The hydroxyl ion formation occurs in the plant by mainly two ways: the Haber-Weiss reaction or the Fenton reaction. Under normal conditions, the Haber-Weiss reaction proceeds at a very slow rate and results in the low production of OH -ions by: H When antioxidant mechanisms are overwhelmed, increased cellular ROS levels leads to signal transduction events related to stress signaling and programmed cell death (Mittler et al., 2004;Van Breusegem and Dat, 2006) ROS are normally produced in plant cells during the reactions involved in the metabolic processes, such as respiration or photosynthesis, and by different enzymes, such as NADPH oxidases, cell bound peroxidases, amine oxidases or catalases. But the antioxidant machinery in the plant cells is strong enough to maintain ROS at a level which does not prove inimical to the plant. However, during almost all the abiotic stresses, such as drought, salinity stress, pollutants, herbicides, high light stress, metals, heat shock, chilling UV radiations, etc., there is an over production of the ROS. This imbalance of the poise leads to the unsafe mode making the plant vulnerable to the toxic effects of ROS [START_REF] Shen | Increased resistance to oxidative stress in transgenic plants by targeting mannitol biosynthesis to chloroplasts[END_REF].

2 O 2 + O 2 -→ OH -+OH+O 2 .
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Nowadays ROS has been identified as the control and regulation of biological processes, such as growth, cell cycle, programmed cell death, hormone signaling, biotic and abiotic stress responses, and development. A dual role for ROS in plant biology is both toxic byproducts of aerobic metabolism and key regulators of growth, development, and defense pathways [START_REF] Tateishi | Osmotolerance and growth stimulation of transgenic tobacco cells accumulating free proline by silencing proline dehydrogenase expression with double-stranded RNA interference technique[END_REF]. The intensity, duration, and localization of different ROS signals are determined by interplay between the ROS-producing and ROS-scavenging pathways of the cell. Different developmental or environmental signals feed into the ROS signaling network and perturb ROS homeostasis in a compartment-specific or even cell-specific manner. Different proteins, enzymes or receptors respond to the rise in ROS levels and modulate different developmental, metabolic, and defense pathways. These whole processes require a regulation and involve amplification and/or feedback inhibition loops. In addition to regulating the intensity and duration of the different ROS signals, the ROS-scavenging pathways are also responsible for maintaining a low steady-state baseline of ROS on which the different signals can be registered. The reactive oxygen gene network therefore modulates the steady-state level of ROS in the different cellular compartments for signaling purposes as well as for protection against oxidative damage [START_REF] Gao | Implication of reactive oxygen species and mitochondrial dysfunction in the early stages of plant programmed cell death induced by ultraviolet-C overexposure[END_REF].

Variations in temperature, light, water disposability, CO 2 and ozone concentrations, and mineral nutrition are the main sources of abiotic stress for plants. Any variation in each of these environmental conditions led to ROS production in plant cells and directs cell plants to adapt a response specific to the stress applied sometimes involving secondary metabolism.

Secondary metabolism and plant response

Plants respond to abiotic stresses generated by environmental modifications by morphological, physiological and biochemical changes. By this way, plants decrease stress exposure, limit damage or facilitate recovery of impaired systems [START_REF] Potters | Stress-induced morphogenic responses: growing out of trouble?[END_REF]. A cascade of reactionsis linked, from the perception of stress to the response of the plant. Stress factors activate cell signaling pathways and cellular responses that must help plant to adapt to new constraints. Stress sensing induces signaling cascades by activating ion channels, kinase cascades, ROS production and hormone accumulation. These signals induce specific genes expression and lead to overall defense reactions (Jaspers and Kangasjärvi, 2010).

As an example, low temperature has a negative impact on plant productivity due to the reduction of cell chemical and enzymatic reactions, diffusion rates of molecules and membrane fluidity. Among the cell structures, the chloroplast is more rapidly and deeply affected [START_REF] Kratsch | The ultrastructure of chilling stress[END_REF][START_REF] Mano | Early events in environmental stresses in plants -Induction mechanisms of oxidative stress[END_REF].

Photosynthesis is one of the most important processes, which is sensitive to thermal changes. Heat sensitive components exist in both dark and light dependent reactions. Photosystem II (PS-II) was found as a heat unstable component of the electron transport chain and critical site to damage [START_REF] Allakhverdiev | Heat stress: an overview of molecular responses in photosynthesis[END_REF]. Mild heat stress did not cause any clear change, whereas a temperature above 45°C damaged PS II. On the contrary, in photosystem I (PS-I), cyclic electron flow may be damaged even at mild heat stress thereby decreasing the rate of photosynthesis (Haque et al., 2014). Strong stress intensity and/or duration can even turns onsignaling pathways leading to apoptosis (Krishna, 2004). To support survival ability, plants provide molecular chaperones (e.g., heat-shock proteins) to prevent protein aggregation, stabilize chromatin and promote repair mechanisms (Krishna, 2004).

Dehydration stress caused by drought, salinity and temperature severity is the most prevalent abiotic stress limiting plant growth and productivity [START_REF] Vorasoot | Effect of water stress on yield and agronomiccharacters of peanut[END_REF][START_REF] Jaleel | Drought stress in plants: a review on morphological characteristics and pigments composition[END_REF][START_REF] Thakur | Cold stress effects on reproductive development in grain crops: an overview[END_REF]. Drought may induce similar cellular damage, for example, drought and/or salinization are manifested primarily as osmotic stress, resulting in the disruption of homeostasis and ion distribution in the cell [START_REF] Zhu | Cell signaling under salt, water and cold stresses[END_REF].

Plants exposure to excess light during photosynthesis may result in an energy imbalance and leads to photoinhibition. This process has been associated either with rapidly reversible downregulation of photosystem (PSII) photochemical efficiency (i.e., dynamic photoinhibition) or with the maintenance of slow reversible energy dissipating mechanisms, repair processes or with permanent damage to the photosynthetic apparatus (i.e., chronic photoinhibition; Allen and Ort, 2001). Protection against excess energy may be achieved by down-regulation of the photochemical efficiency by xanthophyll cycle or by maintenance of electron flux involving alternative pathways such as photorespiration and the Mehler-peroxidase reaction (Ort and Baker, 2002). Among low molecular weight antioxidants, the functions of carotenoids, tocopherols, ascorbic acid and glutathione in plant responses to stress have been extensively studied (Smirnoff and Wheeler, 2000;Munné-Bosch and Alegre, 2002a;Strzalka et al., 2003). Photosynthetic pigments (Figure 8) are secondary metabolites that play important roles in light harvesting, photosystem protection and other growth functions (Zhao et al., 2003;Abramavicius and Valkunas, 2016;Batjuka et al., 2016). Chlorophylls control photosynthetic potential by absorbing light energy from the sun (Kocks et al., 1995) and represent one of the most important photosynthetic pigments. The leaf chlorophyll content is an indicator for photosynthetic capacity (Cannella et al., 2016;Houborg et al., 2015), vegetation productivity (Gitelson et al., 2006) and stress in vegetation (Carter, 1994;Boegh et al., 2002;Sanglard et al., 2014). Carotenoids represent another photosynthetic pigment group and participate in harvesting light energy for photosynthesis (Holt et al., 2005). Carotenoids are also involved in plant defense mechanism against oxidative stress (Boo and Jung, 1999;Bouvier et al., 2005;Campos et al., 2016) and the dissipation of excess light energy and provide protection to reaction centers (Demmig-Adams and Adams, 1996;Santabarbara et al., 2013;Nagy et al., 2015). Chlorophyll loss related to environmental stress and the variation in total chlorophyll/carotenoids ratio is a good indicator for plant stress (Hendry and Price, 1993). As mentioned by Peterson et al., 1993, leaf chlorophyll concentration related with leaf N content as the majority of leaf N is contained in chlorophyll molecules.

Other secondary metabolites, the phenolic compounds, are key players in Arabidopsis thaliana leaf adaptation to intense light [START_REF] Hectors | Dynamic changes in plant secondary metabolites during UV acclimation in Arabidopsis thaliana[END_REF]. Caffeoylquinic acid, a chlorogenic acid described as a lignin precursor and carbon reservoir (Grace and Logan, 2000), accumulated to greater levels in response to temperature and light in Solanum tuberosum leaves and in Capsicum annuum seeds (Yao et al., 1995;[START_REF] Díaz | Changes in shikimate dehydrogenase and the end products of the shikimate pathway, chlorogenic acid and lignins, during the early development of seedlings of Capsicum annuum[END_REF].

Figure 9

The connection between primary and secondary metabolism and the possible biosynthetic routes for different phenylpropanoid classes [START_REF] Morris | Manipulating condensed tannins in forage legumes[END_REF].

Plants possess capacity to synthesize different organic molecules called secondary metabolites. These compounds are not necessary for cells to live, but play a role in cell interactions with their surroundings, ensuring the continued existence of the organism in their ecosystems. Formation of secondary metabolites is generally organ, tissue and cell specific and these are low molecular weight compounds. These compounds often differ between individuals from the same population of plants in respect of their amount and types. They protect plants against stresses, both biotic (bacteria, fungi, nematodes, insects or grazing by animals) and abiotic (higher temperature and moisture, shading, injury or presence of heavy metals). Secondary metabolites are used as special chemicals such as drugs, flavors, fragrances, insecticides, and dyes by human because of a great economic value.

In plants, secondary metabolites generally derived from primary metabolites (Figure 9). Found in all plants, the primary metabolites perform vital metabolic responsibilities, by participating in nutrition and reproduction [START_REF] Croteau | Natural Products (Secondary metabolites)[END_REF]. Secondary metabolites can be separated into three groups (terpenoids, polyketides and phenylpropanoids) based on their biosynthesis origin [START_REF] Verpoorte | Metabolic engineering of plant secondary metabolism[END_REF]. Alkaloids are additional class of secondary metabolites, which are nitrogenous organic moleculesbiosynthesized mainly from amino acids, e.g., tryptophan, tyrosine, phenylalanine, lysine and arginine using many unique enzymes [START_REF] Croteau | Natural Products (Secondary metabolites)[END_REF]. Many important therapeutic agents are alkaloids.

The sites of biosynthesis of secondary metabolites are compartmentalized at cellular or sub-cellular level. However, these compounds can be transported over long distances or accumulated from their location of synthesis. They belong to different metabolite families that can be highly inducible in stress conditions. As an example, the phenolic compounds issued from the phenylpropanoid pathway include a diverse array of metabolites such as flavonoids, tannins, hydroxycinnamate esters and the structural polymer lignin. These compounds are often induced by stress and serve specific roles in plant protection, such as pathogen defense or ultraviolet screening or as antioxidants, antiherbivory or structural components of the cell wall (Grace and Logan, 2000).

Phenolic compounds have been largely described in plant foods and can be grouped into different classes according to their basic chemical structure (such as type and number of phenol rings), and into different subclasses, according to specific substitutions in the basic structure, association with carbohydrates and polymerized forms (Manach et al., 2004). Phenylpropanoids are involved in several essential applications for plant process, including growth, fertility, pigmentation, lignification, attraction of pollinators for promoting sexual propagation, protection against UV, biotic and abiotic stresses, or allelopathic exclusion of potentially competing plants (Chapple et al., 1994;Dixon et al., 1990;[START_REF] Downey | Authentication of coffee bean variety by near-infrared reflectance spectroscopy of dried extract[END_REF]Weisshaar and Jenkins 1998;Kliebenstein, 2004). (Ramalho et al., 2014) https://lpi.oregonstate.edu/mic/dietary-factors/phytochemicals/flavonoids

The chlorogenic acids (CGA, Figure 10), nonvolatile compounds present in green coffee beans, consist in a family of esters between certain trans-cinnamic acids, such as caffeic and ferulic acids, and quinic acid (Clifford, 2000;Farrah and Donangelo, 2006). CQA is a family of esters formed between certain trans-cinnamic acids and quinic acid (1L-1 (OH), 3, 4/5tetrahydroxycyclohexane carboxylic acid) which has axial hydroxyls on carbons 1 and 3, and equatorial hydroxyls on carbons 4 and 5. CGA play an important role in the antioxidant mechanisms for plants. Moreover, they also intervene in various physiological roles such as growth regulation (Martin-Tanguy J, 1985), free radical scavenging (Chen and Ho, 1997), inhibition of lipid peroxidation (Ohinishi et al., 1994), enzymatic browning of fruits and vegetables (Walker et al., 1995), effects on disease resistance and tastiness of leaves to insects (Ikonen et al., 2002). For tobacco plants, CGA have been implicated in host-pathogen interactions by increasing resistance to Ceratocystis fimbriata at high concentration, but stimulating pathogen growth at low concentration (Echandi and Fernandez, 1962;Zuluaga et al., 1971). The inhibition of their accumulation increases disease susceptibility to Cercospora nicotianae (Maher et al., 1994). For these plants, they play a supplementary role by intervening in the leaf quality with relation to the taste of cigarettes (Sheen, 1969). Additionally, chlorogenic acids also play an important role in the formation of coffee flavor (Carelli et al., 1974;Clifford and Wight, 1976;Trugo and Macrae, 1984a, Variyar et al., 2003, Farah, 2006a).

Flavonoids (Figure 11) are the main phenolic compounds more than 10,000 structures according to Harborne and Williams, 2000) and have various biological functions (Winkel-Shirley, 2002;D'Auria and Gershenzon, 2005;Agati and Tattini, 2010), such as photoprotection, flower pigmentation associated with reproduction [START_REF] Winkel-Shirley | Flavonoid Biosynthesis. A colourful Model for Genetiecs[END_REF], pollen fertility, plant microbe interaction, UV protection (Nakatsuka et al., 2012), antioxidant functions (Agati et al., 2012), anti-fungal and anti-bacterial properties (Jay-Allemand et al., 2015). They are located in the leaf interior, both in palisade and spongy mesophyll cells depending on sunlight irradiance (Tattini et al., 2002;Schmitz-Hoerner and Weissenböck, 2003;Johnson et al., 2003), in epidermal cell walls and vacuoles, in external surface organs (such as trichomes) and primarily devoted to screen out most energetic solar wavelengths reaching the leaf. They also appear in various compartments in mesophyll cells, including the nucleus (Tattini et al., 2012;Feucht et al., 2006), the chloroplast (Tattini et al., 2007) and the vacuole (Tattini et al, 2009;[START_REF] Agati | Light-induced accumulation of ortho-dihydroxylated flavonoids as non-destructively monitored by chlorophyll fluorescence excitation techniques[END_REF]. High light intensity (Figueiredo-Gonzalez et al., 2013) and UV-B radiation (Czemmel et al., 2017) also play an important role in the regulation of the flavonoids biosynthesis. Monohydroxy flavonoids, having very similar UV-spectral features with their dihydroxy counterparts, predominate in plants growing under deep or partial shading (Tattini et al., 2002;Agati et al., 2005;Romani et al., 2000). It is conceivable that dihydroxy flavonoids in addition to effectively attenuate UV-B radiation have to play additional roles in photoprotection (Agati and Tatini, 2010;Goris et al., 2000). Light-responsive dihydroxy flavonoids have better ability than their monohydroxy counterparts to inhibit ROS generation (Debeaujon et al., 2006). Flavonoids appear throughout the whole-depth in leaves adapted to full sunlight irradiance (Tattini et al., 2002;Romani et al., 2000).

Since the preferential high light-induced biosynthesis of dihydroxy flavonoids does not occur at expense of monohydroxy flavonoids (Tattini et al., 2009;[START_REF] Agati | Light-induced accumulation of ortho-dihydroxylated flavonoids as non-destructively monitored by chlorophyll fluorescence excitation techniques[END_REF]Ruoff et al, 2008), it is speculated that the whole set of genes for the biosynthesis of dihydroxy flavonoids, such as quercetin derivatives, is up-regulated by high sunlight (Breusegem et al., 2005). But the biosynthesis of flavonoids is upregulated not only as a consequence of UV-radiation, but also in response to other abioticandbiotic stresses, ranging from nitrogen/phosphorus depletion to cold and salinity/drought stress (Tattini et al., 2004;2005;Lillo et al., 2008;Olsen et al., 2009;[START_REF] Agati | Light-induced accumulation of ortho-dihydroxylated flavonoids as non-destructively monitored by chlorophyll fluorescence excitation techniques[END_REF]. As different stresses can generate reactive oxygen species (Mittler et al., 2004;[START_REF] Mittler | Abiotic stress, the field environment and stress combination[END_REF], it can be supposed that flavonoids are synthesized to effectively respond against stress-induced oxidative damage.

Flavonoids may complete their antioxidant functions by both preventing ROS generation through their ability to chelate transition metal ions, such as Fe and Cu (Melidou et al., 2005;Hernández et al., 2009;Agati and Tattini, 2010) and scavenging ROS (Ryan et al., 2002;Babu et al., 2003;Tattini et al., 2004;Agati et al., 2007;Jaakola and Hohtola, 2010). Flavonoids are largely accumulated in both vacuoles (Agati et al., 2002;[START_REF] Farah | Coffee as a specialty and functional beverage[END_REF][START_REF] Davis | Psilanthus mannii Hook.f.,the type species of Psilanthus Hook.f., transferred to Coffea L[END_REF]Gould et al., 2002;Tattini et al., 2005;[START_REF] Mittler | Abiotic stress, the field environment and stress combination[END_REF]Kytridis and Manetas, 2006) and chloroplasts (Agati et al., 2007) of mesophyll cells.

Flavonoids encountered in plants are usually the glycosylated structures, as glycosylation both increases the solubility of carbon-based metabolites in an aqueous cellular medium and preserve the most reactive functional groups from autooxidation (Pearse et al., 2005). Quercetin 3-O-and luteolin 7-O-glycosides possessing a catechol group in the B-ring of flavonoid skeleton, but not kaempferol 3-O-or apigenin 7-O-glycosides, display an antioxidant activity, in the molar concentration-range likely encountered in plant cells (Tattini et al., 2004). Stress-responsive flavonoids show the greatest antioxidant potential and the ratio of effective antioxidant to poor antioxidant flavonoids conclusively shown to increase steeply in response to a plenty of abiotic stresses (Kolb et al., 2001;Schmitz-Hoerner and Weissenböck 2003;Tattini et al., 2004;Lillo et al., 2008;Kotilainen et al., 2008;Jaakola and Hohtola, 2010;Agati et al., 2009;[START_REF] Davis | Psilanthus mannii Hook.f.,the type species of Psilanthus Hook.f., transferred to Coffea L[END_REF]. Flavonoids with the greatest antioxidant potential show additional capacity to inhibit the polar auxin transport (Brown et al., 2001;Besseau et al., 2007;Peer and Murphy, 2007), and capable of regulating individual organ and whole plant development (Taylor and Grotewold, 2005;Lazar and Goodman, 2006;Agati and Tattini, 2010). Flavonoids also show inhibition of PIN activity and MDRPglycoproteins, regulating cellular auxin homeostasis and cell-to-cell auxin transportation (Geissler et al., 2005;Peer and Murphy, 2007;Friml and Jones, 2010). According to the case, flavonoids do not perform any reducing activity, but the chemical features conferring antioxidant potential are required to effectively interact with the auxin transport proteins (Peer and Murphy, 2006;Agati and Tattini, 2010). 

Secondary metabolism in coffee plants

In coffee plants, secondary metabolites have been well described in the economicallyvaluable beans because of their role in coffee beverage quality and human health. They include a variety of chlorogenic acids (CGA, esters of hydroxycinnamic acids -mainly 5-CQA), alkaloids such as caffeine and its derivatives (Anthony et al., 1993;Campa et al., 2008), lipids (Dussert et al., 2008;[START_REF] Bertrand | Comparison of the effectiveness of fatty acids, chlorogenic acids and elements for the chemometric discrimination of coffee (Coffea arabica L.) varieties and growing origins[END_REF] and volatile organic compounds (Bertrand et al., 2012a). Studies on secondary metabolite content in leaves are often limited to caffeine and chlorogenic acids [START_REF] Ashihara | Caffeine and related purine alkaloids: Biosynthesis, catabolism, function and genetic engineering[END_REF][START_REF] Magalhães | Leaf alkaloids, phenolics, and coffee resistance to the leaf miner Leucoptera coffeella (Lepidoptera: Lyonetiidae)[END_REF]. Recently, the presence of other phenolics, such as flavonoids (Martins et al., 2014) and the xanthone mangiferin (Campa et al., 2012;Trevisan et al., 2016) have been reported (Figure 12). Moreover, except a report on the response of C. arabica leaves to light intensity (Martins et al., 2014), data on the secondary metabolite response of C. arabica leaves to climate traits under field conditions are rare.

Major compounds of fruits and leaves

The major secondary metabolite accumulated in beans and leaves of coffee trees appeared to be the 5-CQA, according to IUPAC numbering (Clifford, 2000), one chlorogenic acid (CGA) belonging to the group of hydroxycinnamoyl quinic acid (HQA). HQA levels in green beans have been reported to vary from approximately 7.88 to 14.4% dry matter (DM) for Coffea canephora and approximately 3.4-4.8% DM for C. arabica (Noirot et al., 2006). HQA are also naturally present in green coffee beans of wild species (Clifford 1985a, b;Clifford 1989;Rakotomalala et al., 1993;Anthony et al., 1993;Campa et al., 2005). The HQA content varies with species, from 0.14% DM in C. rhamnifolia Bridson to 11.3% DM in C. canephora Pierre (Clifford et al., 1989b;Anthony et al., 1993;Rakotomalala et al., 1993;Ky et al., 2001).

Thirty different species of CGA have now been identified in green beans (Kuhnert et al., 2006). However, in leaves and in beans, major CGA are HQA and comprise three main classes, caffeoylquinic acids (CQAs), feruloylquinic acids (FQAs) and dicaffeoylquinic acids (diCQAs). Each class contains three isomers based on the position of the acylating residues on the quinate (Clifford 1985a, and b).

-Three mono-esters of caffeic acid = caffeoylquinic acids (CQA): 3-, 4-and 5-CQA; -Three mono-esters of ferulic acid = feruloylquinic acids (FQA): 3-, 4-and 5-FQA; -Three di-esters of caffeic acid = dicaffeoylquinic acids (diCQA) [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF] These compounds are very important plant metabolites as they are precursors for the synthesis of G-and S-type lignins (Werck-Reichhart et al., 2006) and are involved in cell protection against environmental insults such as oxidative stress (Martin et al., 2004).

Whatever the species, these three classes generally represent about 98% of the total HQA content (Clifford and Staniforth 1977;Morishita et al., 1989) but their relative content varies between species. For example, the proportion of CQA represents 68% of the total HQA for C. canephora (Ky et al., 2001) and 100% for C. rhamnifolia, C. farafanganensis J.F.Ler and C. perrieri Drake ex Jaarb (Anthony et al., 1993). Relative diCQA content is maximum in C. brevipes Hiern (20% of HQA), whereas the proportion of FQA reaches 13% in C. canephora (Anthony et al., 1993;Ky et al., 2001).

Caffeoyl-and feruloyl quinic acids are major hydroxycinnamoyl esters accumulated in all organs of the 4-month-old plants. Highest HQA concentration was found in young tissues (shoot tips and young stems), and in cotyledon leaves. Among these compounds, monocaffeoylquinate: 5-CQA and dicaffeoylquinate: 3,5-diCQA, areparticularly abundant. The dicaffeoylquinate is the major compound in the shoot tip and young stem, representing more than 50% of the total hydrocycinnamoyl esters present in these organs. The cotyledon mostly accumulated monocaffeoylquinate, likely chlorogenic acid (Mahesh et al., 2007).

5-CQA and DNA methyltransferase

Recently, a special role of CQA has been shown on human cells. CQA and caffeic acid inhibit DNA methyltransferase, the Dnmt3a protein, involved in de novo DNA methylation changes occurring during the early phases of development in human cancer cell lines. DNA methylation at 5' cytosine within CpG dinucleotides is related to epigenetic control of gene expression.DNA methylation is catalyzed by specific DNA methyltransferases (DNMTs), using Sadenosyl-L-methionine (SAM) as the methyl donor and is largely involved in epigenetic control of plant response to stresses. However, no data exists on the role of CQA in DNA methyltransferase inhibition of plants, but the presence of CQA into the nucleus pf coffee plants has been observed. Transferring the results obtained in humans to plants by showing that CQA may be an epigenetic regulator of plant stress response would be an interesting challenge. 

Nanoparticles and coffee protoplasts

Nanotechnology and nanoparticles (NPs) Nanotechnology was firstly presented by a Nobel laureate Richard P. Feynman through his famous lecture "There's Plenty of Room at the Bottom" (Feynman, 1960). Nanotechnology is an innovation related to several fields including science, agriculture and infection treatment delivery assays (Scott, 2007). Nanotechnology provides manipulation through nanoscale particles, nanoparticles (NPs), ranging from 1-100 nm (Khan et al., 2017). NPs have unique physicochemical properties resulting from small size, chemical composition, surface structure, stability, shape and agglomeration (Nel et al., 2006). They can be found in 0D, 1D or 2D shape (Tiwari et al., 2012). These morphology, size and chemical properties are benficial for NPs classification (Figure 13).

NPs classification

Fullerenes and carbon nanotubes (CNTs) are carbon-based NPs. Fullerenes contain globular hollow cage such as allotropic forms of carbon and are useful due to their electrical conductivity, high strength, structure, electron affinity, and versatility (Astefanei et al., 2015).

These materials are formed by pentagonal and hexagonal carbon units, while each carbon is sp2 hybridized. The well-known fullerenes are C60 and C70 with the diameter of 7.114 and 7.648 nm. CNTs are 1-2 nm diameter, elongated and tubular structure (Ibrahim, 2013) predicted as metallic or semiconducting reliant on their diameter telicity (Aqel et al., 2012). The structure was made from graphite sheet rolling upon itself with single, double or many walls and can be named as single-walled (SWNTs), double-walled (DWNTs) or multi-walled carbon nanotubes (MWNTs). These structures are synthesized by deposition of carbon precursors especially the atomic carbons, vaporized from graphite by laser or by electric arc on to metal particles. According to their unique physical, chemical and mechanical characteristics, these materials are not only used in pristine form but also in nanocomposites for many commercial applications such as fillers (Saeed and Khan, 2014;2016), efficient gas adsorbents for environmental remediation (Ngoy et al., 2014) and support medium for different inorganic and organic catalysts (Mabena et al., 2011).

Metal NPs are purely made by metals precursors. Alkali and noble metals NPs, such as Cu, Ag and Au contain a broad absorption band in the visible zone of the electromagnetic solar spectrum. These metal NPs provide applications in many research areas due to their advanced optical properties, for example, gold NPs coating is widely used to enhance the electronic stream resulted in obtaining high quality SEM images.

Ceramics NPs are inorganic nonmetallic solids synthesized by heating and successive cooling. Their structures can be amorphous, polycrystalline, dense, porous or hollow (Sigmund et al., 2006). These NPs are useful for their catalysis, photocatalysis, photodegradation of dyes and imaging applications (Thomas et al., 2015).

Polymeric NPs (PNP) are mostly nanospheres or nanocapsular shaped (Mansha et al., 2017). The structures are matrix particles with generally solid in overall mass and other molecules are adsorbed at spherical surface on their outer boundaries.

Lipid-based NPs contain lipid moieties provided many biomedical applications. Lipid NP has spherical shape with diameter ranging from 10 to 1000 nm containing a solid core made from lipid and a matrix contains soluble lipophilic molecules, while the external core is stabilized by surfactant or emulsifier (Rawat et al., 2011). Lipid nanotechnology designed and synthesized lipid NPs for various applications, such as drug carriers and delivery (Puri et al., 2009) and RNA release in cancer therapy (Gujrati et al., 2014).

NPs characterization

Different techniques such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), infrared (IR), SEM, TEM, Brunauer-Emmett-Teller (BET), and particle size analysis are used to characterize NPs properties. Among several morphological characterizations, microscopic techniques such as polarized optical microscopy (POM), SEM and TEM are mostly used.

TEM is based on electron transmission. Therefore, it can provide bulk material information from very low to higher magnification and also essential information at two or more layer materials (Khan et al, 2019).

The structural characteristics aim to understand composition and bonding nature by using XRD, energy dispersive X-ray (EDX), XPS, IR, Raman, BET, and Zeta size analyzer. XRD provides information on crystallinity and NPs phase as well as rough particle size through Debye Scherer formula (Khan et al., 2017b;2017c;Ullah et al., 2017). EDX together with field emission scanning electron miscopy (FE-SEM) or TEM provide information on elemental composition with % wt. XPS is widely used to determine exact elemental ratio and exact bonding nature on NPs elements. XPS based on basic spectroscopic principles and typical XPS spectrum composed electron numbers on Y-axis plot versus electron binding energy (eV) on X-axis. Each element has their own fingerprint binding energy value providing specific set of XPS peaks. The peaks correspond to electronic configuration, such as 1s, 2s, 2p, and 3s. Particle size and surface area characterization are used to estimate NPs size by SEM, TEM, XRD, AFM, and dynamic light scattering (DLS) (Khan et al, 2019).

Optical characterizations give information on NPs absorption, reflectance, luminescence and phosphorescence properties. Ultraviolet-visible (UV-Vis), photoluminescence (PL) and the null ellipsometer are the well-known optical instruments used to study NPs optical properties. Photoluminescence (PL) offers information on material absorption or emission capacity and their effect on excitation time. PL spectrum can be recorded as emission or absorbance depending on our materials. PL technique is successfully used to determine NPs on their layer thickness (Lin et al., 2015), doping quantity (Gupta et al., 2013;Pal et al., 2012) and defects/oxygen vacancies determination (Torchynska et al., 2016).

NPs application for human and animal cells

NPs play an important role in improvement of cells and tissues imaging using fluorescence microscopy as well as magnetic resonance imaging (MRI) on several parts on human and animal bodies (Murphy, 2007). Nanomedicine and nanopharmacology develop NPs and become successful delivers (Murthy, 2007) through their ability to load with drugs or other active substances for target-specific delivery within a living organism including for targeted drug delivery, cancer therapy and treatment for genetic diseases (Gu et al., 2011). Therapy against tumors in mice also benefits NPs delivery as multilayered particles ranged from 80-120 nm together with PEG conjugation, can enter into 400-600 nm pores of tumor vessels and release drug (Harris and Chess, 2003). An example for drug delivery was shown by NPs loaded with ampicillin and treated on mice infected by Salmonella typhimurium. Mice treated by nanoparticles loaded with ampicillin shower higher survival ratio (Fattal et al., 1989). Neurodegenerative diseases can be healed by using PBCA nanoparticles loaded with thioflavins and target fibrillar amyloid β in a murine model of Alzheimer's disease (Siegemund et al., 2006). Nano vaccines are also successful for veterinary medicine, for example, a penicillin polyacrylate nanoparticle was reported as an effective treatment for MRSA through protection against bacterial β-lactamases action (Turos et al., 2007) as well as ceftiofur-loaded PHBV Poly (3hydroxybutyrate-co-3-hydroxyvalerate) was reported as an improvement for infectious diseases treatment in livestocks (Vilos et al., 2012). For human cells, NPs shows a great impact in protection and releasing of steroid hormones or gonadotropic in reproductive system (Joanitt and Silva, 2014) as well as NPs-encapsulated insulin are used to improve insulin oral bioavailability (Damgé et al., 2007). NPs can be also loaded with antigens and targeted to lymph nodes leading to vaccine performance improvement (Moyer et al., 2010).

NPs application for plant cells

Mesoporous silica NPs (MSNs) were used to deliver DNA and its activator into isolated tobacco cells. A honeycomb-like MSN with 3-nm pores was loaded with a gene and its chemical inducer, with MSNs ends capped with gold (Au) NPs. An uncapping trigger was used to cleave the bonds attaching the Au-NPs to the MSN, resulting in biomolecules releasing and gene expression triggering (Torney et al., 2007). MSNs are also useful for biochemical analysis and genome modifications by delivering proteins or enzymes into plants (Martin-Ortigosa et al., 2014). These methods avoid DNA (transgene) integration into the genome and the transfer of the modified traits to next generations (Hussain et al., 2013). NP-mediated genome editing was used to deliver plasmid containing a GFP gene (Torney et al., 2007) and the functional recombinase (Martin-Ortigosa et al., 2014) into plant tissues, leading to successful genome editing. Comparing with conventional delivery methodologies, NP-mediated approach provides several benefits. First, it is easily operated and highly efficient. For example, the minimum amount of DNA required for expression detection was 1000 times lower than required for conventional methods (Torney et al., 2007). Second, it enables the transient DNA-free genome editing of plants in a controlled fashion (including gene silencing) and the generation of precisely modified 'nontransgenic' plants, which differs from conventional genetic engineering methods. Third, it is able to co-deliver more than one biomolecule to the target, such as DNA and its activator (Torney et al., 2007), DNA and proteins (Martin-Ortigosa et al., 2012). Fourth, these NPs can be easily tailored through surface functionalization with biological recognition molecules for specific, targeted delivery. Finally, NPs enable local translocation to individual cells, organs, or tissues. NPs also offer a new approach for intracellular labeling and imaging, both in vitro and in vivo. NP-carried imaging agents (Liu et al., 2009;Serag et al., 2011;Serag et al., 2011) and Green fluorescence protein (GFP) (Martin-Ortigosa et al., 2012) are capable to avoid biological barriers (e.g., cell walls and plasma membranes), resulting in efficient localization of these agents at target sites. Exterior genes movement along transferred genes expression can also be observed using NP-carried imaging agents by integrating these exterior genes on contrast or fluorescent NPs.

Quantum dots (QDs) can be excited by a single light source, providing distinct advantages over current fluorescent markers (e.g., organic dyes and fluorescent proteins), the latter having broad absorption and emission profiles, and low photobleaching thresholds (Medintz et al., 2005). Different coating properties were used for QDs to enable In vitro imaging of solute uptake through fluid phase endocytosis by sycamore-cultured cells (Etxeberria et al., 2006). For In vivo imaging, the coating was used to trace the uptake and translocation of NPs by intact Arabidopsis (Hischemoller et al., 2009;Koo et al., 2015), and the subsequent transfer in the food chain (Koo et al., 2015). Magnetic Fe 3 O 4 -NPs are directly taken up and translocated in pumpkin (Cucurbita maxima) with no toxic effects (Zhu et al., 2008). Applying a magnetic field gradient, magnetic NPs (<50 nm) could be delivered within the desired plant tissues [START_REF] González-Melendi | Nanoparticles as smart treatment-delivery systems in plants: assessment of different techniques of microscopy for their visualization in plant tissues[END_REF], thereby magnetic NPs could be used as a capping agent (e.g., gatekeeper) for porous NPs (e.g., MSNs) with uncapping by an external magnetic field at the target. Fullerene C70 was translocated both upwards and downwards through rice vascular system (Oryza sativa) and can be transferred to the next generation through seeds (Lin et al., 2009). NPs can enter plant tissues through either the root tissues or above ground organs and tissues (e.g., cuticles, trichomes, stomata, stigma, and hydathodes), and also through wounds and root junctions. For uptake and translocation, NPs must traverse chemical and physiological barriers, which control the size exclusion limits (SELs). For apoplastic transport pathway, movement is restricted by the SEL of cell walls (5-20 nm) [START_REF] Eichert | Size exclusion limits and lateral heterogeneity of the stomatal foliar uptake pathway for aqueous solutes and water suspended nanoparticles[END_REF]Ma et al., 2010;[START_REF] Dietz | Plant nanotoxicity[END_REF]. The Casparian strip, with <1 nm SEL (Aubert et al., 2012), provides a barrier for movement into the vascular system. From cell walls, NPs can be internalized into the cells through endocytosis (Etxeberria et al., 2006;Šamaj et al., 2004). Subsequent symplastic transport depends on plasmodesmata, typically 3-50 nm diameter (Ma et al., 2010, Lucas and[START_REF] Lucas | Plasmodesmata as a supracellular control network in plants[END_REF], with particles up to this size able to enter [START_REF] Dietz | Plant nanotoxicity[END_REF]Zhai et al., 2014). The interactions between plants and NPs depends on NPs properties, including their size, chemical composition, shape and curving angle, crystal structure, surface roughness, and hydrophobicity or hydrophilicity (Nel et al., 2006;Nel et al, 2009;Sharifi et al., 2012). The transmission electron microscopy (TEM) coupled with electron transparent windows enables imaging a single particle in living cells in liquid with high lateral resolution (e.g., 4 nm). It could be used to trace individual NPs dynamics in a living cell or plant tissues (de Jonge et al., 2009). The surface of NPs can be functionalized with a tag (Serag et al., 2011), magnetic field [START_REF] González-Melendi | Nanoparticles as smart treatment-delivery systems in plants: assessment of different techniques of microscopy for their visualization in plant tissues[END_REF], or biological recognition molecules (Tasciotti et al., 2008) to allow for specific targeted delivery. It could provide new ways to manipulate gene expression, either transiently or permanently at a single cell or tissue level. Moreover, NPs could be engineered for nanopores opening or closing to be controlled for releasing cargo in response to external conditions changes. It could be achieved through using pH-sensitive nanovalves [START_REF] Zhong | Identification of anti-inflammatory constituents from Kalimeris indica with UHPLC-ESI-Q-TOF-MS/MS and GC-M[END_REF] or ultrasound-responsive gatekeepers for the pores (Paris et al., 2015). It could make NPs for cargo-controlled release upon reaching certain targets where required conditions are applied (e.g., neutral pH environment of cytosol and nucleus or acidic pH of vacuole).

It is possible to design NPs to carry nucleotides or activators that can trigger plant defenses in response to biotic or abiotic stress. These phytonanotechnologies will generate new opportunities in plant sciences and plant production systems (Wang et al., 2016).

Prussian-blue nanoparticles

Prussian-blue (PB) was accidentally prepared in the early 18 th century by the colormaker Heinrich Diesbach from Berlin and named after its geopolitical origin (Ware, 2008). PB is a coordination polymer containing Fe 3+ cations and hexacyanoferrate complex, [Fe(CN) 6 ] 2+ . In PB, the Fe 2+ cations are coordinated by the carbon atom of cyanide (CN -) ligand, that acts as a bridge with Fe 3+ cations, which are octahedrally coordinated by 6 nitrogen atoms (Figure 14). The formula may range from Fe III 4 (Catala and Mallah, 2017). All these formula corresponds to the same product, as it has been made clear by crystal and molecular structure determination by x-ray diffraction. PB has a cubic lattice with a face centered cubic unit cell alternating Fe 2+ and Fe 3+ cations bridged by cyanide. The soluble formulation PB is obtained whenever half of the centers of the cubic cells areoccupied by K + , i.e., KFe III [Fe II (CN) 6 ], with a further low number of water molecules in the lattice.

On contrary, as the formulation of 'insoluble' PB is Fe III 4 [Fe II (CN) 6 ] 3 , a quarter of the Fe(CN) 6 ] 4- complexes must be absent and some N-sites around Fe 3+ are occupied by water molecules (Ware, 2008;Catala and Mallah, 2017). 'Soluble' and 'insoluble' PB owe their name to former tendency to give lower dimensioned crystals reaching the typical mesophase size, i.e., existing as nanoparticles, forming clear deep-blue colored colloidal solutions. 'Insoluble PB' instead forms larger crystals with easily aggregation and precipitation. PB can be prepared both by mixing Fe 3+ with [Fe II (CN) 6 ] 4-(ferrocyanide anion) and by mixing Fe 2+ with [Fe III (CN) 6 ] 3-(ferricyanide anion). The porous and special properties of PB make them suitable for several biological, medicinal and other applications including photonics, magneto-optical devices, catalysis, energy storage, staining agent for histology study, chelating agent for the removal of heavy metals and radioactive elements (Roy et al., 2011;Hu et al., 2012;Mukherjee et al., 2015). Prussian blue (iron hexacyanoferrate) is a non-toxic blue pigment and a functional material for sensors and electrochromics (Chiu et al., 2015;Hong and Chen, 2012). PB-NPs are iron-based nanoparticles and mass production capable with low-temperature facile methods (Miao and Liu, 2009). PB-NPs are controllable structures, for examples, hollow or mesoporous PB-NPs can be synthesized based on their coordination framework structures to enhance a specific surface area for drug loading (Ming et al., 2012). PB-NPs can successfully deliver small-molecule medicines, like cisplatin to In vitro cancer cells (Lian et al., 2012). PB-NPs grafted with luminophores, such as 2aminoanthracene or rhodamine B providing different emission color-green for AA and red for RhB, are useful for image detection [START_REF] Mamontova | Fashioning Prussian Blue Nanoparticles by Adsorption of Luminophores: Synthesis, Properties, and in Vitro Imaging[END_REF].

PB-NPs were demonstrated as a potent magnetic resonance imaging contrast agent along with its drug delivery system application, and their chemical stability, cytotoxicity and cellular penetrating ability have been proved (Shokouhimehr et al., 2010). Cytotoxicity was tested human breast adenocarcinoma cells with different PB-NPs concentrations [START_REF] Imran | A natural miracle bioactive compound against lifestyle related disorders[END_REF]100,150 and 200 μg•mL -1 ) for 3 days without showing any toxicity [START_REF] Mamontova | Fashioning Prussian Blue Nanoparticles by Adsorption of Luminophores: Synthesis, Properties, and in Vitro Imaging[END_REF].

Plant cells and protoplasts

Plant cells, unlike animal cells, are surrounded by rigid cell walls conferring a definitive shape to the cell and limiting material transportation between the inside and the outside of the cells and protecting cell contents (Maleki et al, 2020;Kumar et al., 2020). A size exclusion limit (SEL) around 5-20 nm controls the cell wall transit for apoplastic transportation pathway (transportation through cells) [START_REF] Eichert | Size exclusion limits and lateral heterogeneity of the stomatal foliar uptake pathway for aqueous solutes and water suspended nanoparticles[END_REF]Ma et al., 2010;[START_REF] Dietz | Plant nanotoxicity[END_REF], while SEL around 3-50 nm limits symplastic transportation through cytoplasm via plasmodesmata (Ma et al., 2010;[START_REF] Lucas | Plasmodesmata as a supracellular control network in plants[END_REF]. The plant cell wall thus constitutes a barrier for the passive transport of large molecules and various techniques have been developed to allow the entry into plants of big size material. Agronomic application using nanotechnology allows delivering phytochemicals into plant cells through designing and using nanoparticles. Nanoparticles can be loaded with agrochemicals or bioactive molecules and deliver to target-specific sites within a living organism (Wang et al., 2016). A porous hollow silica nanoparticles (PHSN), with a shell thickness nearly 15 nm and a pore diameter of 4-5 nm, was used to protect pesticides from degradation by UV light (Li et al, 2006).

To improve the passive transport into plant cells, plant protoplast-a plant cell plasmolysed and isolated by removing cell wall using mechanical or enzymatic procedure, has been obtained (Vasil and Vasil, 1980). Plant protoplasts can be regenerated to whole plants by growing plant cell group, developing a callus and regenerating shoots from the callus using plant tissue culture methods (Thorpe, 2007), such as in tobacco (Takebe et al., 1971) and lily (Raemakers et al. 2005). Protoplasts are widely used for DNA transformation to make genetically modified organisms, since cell wall would not block DNA passage into the cell (Davey et al., 2005) as mentioned in transgenic rice and citrus produced from protoplasts by polyethylene glycol-mediated transformation (Lin et al., 1995;Fleming et al., 2000). Protoplasts may be obtained from fresh disinfected plant tissue or from plant tissue cultures, another solution designed for growth and multiplication of cells and tissue by using nutrient solution in aseptic and controlled conditions (Bhatia and Dahiya, 2015). Specific culture media allowed obtaining proliferation of somatic embryos inside the cultured calli. Somatic embryogenesis (SE) system bases on cellular totipotency-the ability to divide a single cell and produce a completely functional plant (Vogel, 2005). However, SE was observed directly from Coffea canephora leaf (Hatanaka et al., 1991). SE constitutes a powerful biotechnological process to obtain mass propagation for cultivars and also to study morphology, biochemistry, genetic and molecular mechanisms of embryo development (Loyola-Vargas et al., 2008;Awada et al., 2019). Plant tissue cultures are also largely used as targets for particle bombardment, another technique facilitating cell penetration and genetic transformation (Parray et al., 2019). Particle bombardment is a technique actually used to accelerate DNA coated particles into cells passing cell wall and cell membrane. The particle can carry DNA on its surface and enter plant target without causing too much damage (Finer et al., 1999). Electroporation is also another process to transfect cells with DNA using an electric pulse. Applying an electric field to cells is to create temporary pores on cell membranes allowing cells to take up DNA sequences (Carter and Shieh, 2015), to increase drug transportation or to deliver macromolecules (Hu et al., 2010). Electric field is also well-known to use for protoplast fusion, such as in Citrus protoplast (Grosser et al., 2010).

RESEARCH METHODOLOGY

As some Solanaceae (tobacco, tomato…), Coffea arabica is a Rubiaceae that accumulates high concentration of chlorogenic acids in young fruits and leaves. These compounds, such as other phenolics, demonstrate highly antioxidant properties used by plants to fight against oxidative stresses generated by environmental modifications. Unlike flavonoids, chlorogenic acids are not directly involved in light protection and their high concentration in young leaves is not really understood. Largely accumulated in the parenchyma of leaf cells, chlorogenic acids are generally located in the vicinity of chloroplasts and some observations showed the presence of these compounds in the nucleus.

In the first part of the thesis, we will use 35 different genotypes of C. arabica to study the modifications of the phenolic compound contents in leaves of plants submitted to changing environmental conditions in field. Then, we will notice the phenolic response to different abiotic stresses in the fully controlled conditions of culture chambers. Phytotrons, in which stresses are easily piloted (for their beginning and duration/intensity), will be also used in order to apply stress independently of one other, contrary to what happens in nature where stress combinations exist permanently. This part will take advantage of trials made more than 3 years ago in Mexico, Nicaragua and Colombia by the Cirad researchers from the CoffeeAdapt team. Assays in greenhouses and phytotrons will be performed in Montpellier, at IRD and Cirad. All the analyses will be done in IRD at Montpellier.

In the second part of the thesis, coffee leaves, calli and protoplasts will be used to study the feasibility of nanoparticle entering in coffee plants. This part necessitates the synthesis of nanoparticles. This work will be done at ICGM, in the Ingénierie Moléculaire et Nano Objets Laboratory (UMR 5253, CNRS). Calli obtained from CoffeeAdapt team were used to prepare protoplasts in Cirad (UMR AGAP) and samples were fixed for observation by confocal (platform PHIV, Cirad) and electron microscopy (UM, UMR 5253). 1).

In the two experimental plots in Mexico, a single American pure line of C. arabica was studied: cv. Marsellesa, belonging to the Sarchimor group (a cross between the Timor Hybrid CIFC 832/2, a natural interspecific hybrid of C. arabica and C. canephora, and the Costa Rican compact line Villa Sarchi). The Marsellesa® cultivar (https://www.upov.int/pluto/en/) has been selected (F8) with complete resistance to leaf rust disease (coffee leaf rust caused by Hemileia vastatrix) and to coffee berry disease (caused by Colletotrichum kahawae), as described in the World Coffee Research variety catalog (https://varieties.worldcoffeeresearch.org/varieties).

In Nicaragua and Colombia, genotypes were C. arabica American pure lines, Ethiopian wild accessions and cloned F1 hybrids. These hybrids were propagated by somatic embryogenesis, and are issued from crosses between American pure lines as mothers and Ethiopian wild accessions as fathers, except for two F1 hybrid clones in the Nicaraguan trial that were crosses between two American pure lines. In total, 23 genotypes were studied in Nicaragua, and 11 in Colombia.Table 1 lists the details of all the plant material studied in the three countries.

In controlled conditions

Most of these studies focused on Coffea arabica cv. Marsellesa. The effect of grafting was studied on this cultivar grafted on C. canephora (T3751, Congolese SG2 group weak tolerance to water stress). The effect of hybridization was studied on Starmaya, a hybrid between cv. Marsellesa as mother and a sterile male as father. Starmaya behavior was compared to other hybrids and their parents, American pure lines as mothers (Caturra and T5296) and Ethiopian wild accessions as fathers (E531, Rume Sudan and Male Sterile):

H3 obtained by crossing Caturra as mother and E531 as father H1 obtained by crossing T5296 as mother and Rume Sudan as father.

In the experiment studying the effect of a combination of stresses (light intensity and nitrogen concentration), the behavior of Marsellesa was compared to Geisha especial, an Ethiopian cultivar.

For the experiment comparing growth and secondary metabolism during leaf aging in natural conditions (full sun in Mexico at Xalapa, 1050 m asl) and in controlled conditions (greenhouse with LED as light source), only cv. Marsellesa was studied. 

Experimental conditions for plantlets and trees 2.1 In field conditions

In Mexico, the studies were carried out on 3 year-old Coffea arabica cv. Marsellesa for the study of the effect of shade on phenolic metabolism. Plants were grown in two similar fields, located at two contrasted elevations (650 m vs 1250 m asl) to generate a proxy of temperatures in order to mimic global warming associated with climate change: (1) Colegio de Posgraduados campus, Cordoba municipality (Colpos) at an altitude of 650 m asl (at 18°51 '22''N 96° 51'38''W), [START_REF] Fernie | FAO Coffee Mission to Ethiopia[END_REF] an experimental station of the Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias, Teocelo municipality (INIFAP) at an altitude of 1250 m asl 23'42''N 97° 00'03''W). For the study comparing leaf growth in field and in controlled conditions (see 2.2.3.), plants were grown in a private farm "Finca Roma", Emiliano Zapata municipality (Roma) and at an altitude of 1050 m asl (at 19° 27'54''N 96° 52'49''W). When trees were 5 year-old, about twenty twigs from trees grown in full sun have been tagged and leaves from the bud until the fifth internode from the bud were measured (length and medium width) before the harvest and weighted. In Colombia, the 3 year-old genotypes were grown at 1380 m asl. In Nicaragua, the different genotypes were grown at 1200 m they were also 3 year-old after the coppicing of the original 24-year-old trees. Principal conditions are given in table 2. The coffee trees were considered to be adults with full fruit production at all the elevations of the four experimental field trials represented in figure 15.

In each country and at each elevation, each field trial consists in two adjacent twin plots, each including all the genotypes studied, one in full sunshine and the other one under a black polyethylene shading net that excluded 50% of the light.

In controlled conditions

For the controlled conditions trials, C. arabica cv. Marsellesa plants (Marsellesa is a homozygous line; https://varieties.worldcoffeeresearch.org/info/catalog) were obtained from seed germination in soil. For grafted plants, cv. Marsellesa scions from seedlings were grafted onto rootstock of germinated seeds of Robusta cv. T 3751. Then, grafted and non-grafted plantlets were transferred with GoM2 Jiffy substrates (Jiffy, Norway). Plants are watered 2-3 times a week and fertilized with LD Twin Plus 19-5-8+2+17 (N-P 2 O 5 -K 2 O+MgO+SO 3 , Compo Expert, France).

Studying the interaction between light intensity and nitrogen deprivation

Eight plants of 12 month-old Coffea arabica cv. Marsellesa and the wild Ethiopian cultivar named Geisha especial were placed during 4 months in two separated phytotrons, one with a low light intensity (PAR 300 µmol/m 2 /s), and the other with a higher light intensity (PAR 1000 µmol/m 2 /s), both set up at 27°C day/22°C night, 12h/12h, 65%/75% humidity. Four of them received the classical nutritive medium (12 mg/pot/week) and the other 4 receiving a diluted (3 mg/pot/week) in nitrogen (Figure 16). Plants from the threegenotypes were placed in two phytotrons (Microclima-series labs high specs plant growth chamber, Snijders, The Netherlands) in which two different thermal regimes were fixed during 4 months: 28ºC day/ 23ºC night (future climate) and 23ºC day/ 18ºC night (actual climate). For each genotype, 8 plants were used (4 in each phytotron). Mature leaves were collected after 4 months of cultivation for biochemical evaluation and transcriptomic analyses. The other growth conditions were: CO 2 (400ppm), 12h/12h day/night, PAR 900, 65/75% H (Figures 1718).

2.2.2b) Mimicking a heat wave stress

Eighteen month-old C. arabica cv. Marsellesa were used in this experiment. Control plants (non-grafted, NG) and grafted plants (G, Marsellesa scion on C. canephora rootstock) were grown in the greenhouse and placed in two phytotrons under two distinct temperature regimes. After 10 days acclimation in both phytotrons (Microclima-series labs high specs plant growth chamber, Snijders, The Netherlands) at 25°C day/ 19°C night, the two phytotrons were set up with the following parameters: 36°C day/ 22°C night in phytotron 1 and 42°C day/ 28°C night in phytotron 2 (Figure 19). Nine plants of each motif, G and NG, were submitted to the two thermal regimes during 13 days. Mature leaves were collected at day 0 (control 'non-stressed') and after 1, 3, 6 and 9 days of thermal stress for biochemical analysis and at D-1 (one day before switching in phytotrons), H0, H3, H6, D1, D2, D3, D6 and D9 for further transcriptomic analysis. The other growth conditions were: CO 2 (400 ppm), 12h/12h day/night, 65/75% H.

Comparing leaf growth and leaf secondary metabolism in field versus greenhouse controlled conditions

In Montpellier, 12 plants cv. Marsellesa, 3 year-old, were maintained in the CIRAD greenhouse equipped with high performance LED light (Alpheus, Montgeron, France; https://www.alpheus-led.com/). A light intensity equivalent to PAR 1000 was given to the plants (Figure 20). A brown woolen ring was placed below the bud on the stem of branches showing newly developed buds. Then, 44 branches were tagged to measure the growth of the leaves (right and left) from the bud, until the bud leaves become leaves from the 5th node of the branch. At this time, all the leaves from each branch were harvested to be evaluated for metabolite content (Figure 21). The culture conditions in the greenhouse were the following: photoperiod 12/12, temperature 23°C day/ 19°C night, HR 70%). 

Evaluation of leaf size and phenotypic observations

For each experiment in controlled conditions, plant height, internodes, number of branches, stem diameter, leaf and root biomass were taken. For the heat wave stress experiment, the total number of leaves and the number of leaves showing burn symptoms were counted at day 13 for each non-grafted and grafted C. arabica cv. Marsellesa plants exposed to 42˚C.

For the comparison of the leaf growth between field and controlled conditions, the size was measured for the leaves forming the bud (B), the developing leaves from the bud (N0), the leaves on the branch forming the first node (N1), the second node (N2), the third node (N3) and the fourth node (N4) in field conditions, measures were done on 10 branches from 5 trees. In controlled conditions, the growth of the leaves was followed every 7 days from their birth in the bud (when the bud leaves measured more than 0.5 mm in length) to the stage after the mature one, when they formed the 5 th node.

For each leaf, the length (L) and the largest width (l, taken at the middle of the leaf length) were measured before the harvest. The surface was calculated as mentioned by Taugourdeau et al (2014) as: S = L x l x 0.74. They were noticed B, N0, N1, N2, N3 and N4 according to their position on the nodes and length, width and surface are calculated as previously described.

Chlorophyll a Fluorescence Parameters

Chlorophyll a fluorescence transient was measured at 10 am with a Pocket PEA chlorophyll fluorometer (Hansatech Instruments, King's Lynn, Norfolk, United Kingdom) on fully developed mature leaves from five different plants. Leaves were dark-adapted for 20 min with a lightweight plastic leaf clip prior to measuring. The transients were induced by 1 s illumination with a LED array of six light-emitting diodes providing a fully saturating light intensity of 3500 μmol m -2 s -1 and homogeneous irradiation. The fluorescence intensity at 50 μs was considered as F0 (Strasser and Strasser, 1995). The fast fluorescence kinetics (from F0 to Fm, where F0 and Fm were, respectively, the minimum and maximum measured chlorophyll fluorescence of PSII in the dark-adapted state) were recorded from 10 μs to 1 s.

The maximum quantum yield of photosystem II (PSII), the ratio of variable fluorescence (Fv) to maximum fluorescence (Fm), (Fv/Fm), the performance index (PI), a plant vitality indicator (Strasser et al., 2000;Strauss et al., 2006) and their components (Fv/F0, RC/ABS which represents the ratio of reaction centers to the absorbance, (1-VJ)/VJ) where Vj is the relative variable fluorescence at time J = 2 ms) were calculated automatically. We also calculated the dissipated energy flux per PSII reaction center (DI0/RC), an indicator of the importance of processes other than trapping.

Two parameters were considered in this work: the photosynthetic capacity (Fv/Fm, indicator of photodamage) and the performance index (Pi, indicator of sample vitality).

Leaf harvest

For secondary metabolism analyses, collected leaves were grouped according to their stage of growth, led in absorbent paper, covered with an aluminum foil, freeze dried into liquid nitrogen, and kept at -80°C before lyophilization (72 hours, Freeze-dryer Alpha 1-4 LDplus, Martin Christ gefriertrocknungsanlagen gmbh, Germany). Then dried leaves were grounded (IKA A10 grinder, IKA®-Werke GmbH & Co. KG, Germany).

For transcriptomic analyses (RNA extraction), mature leaves (entire or half leaf) were harvested into 1.5 ml Eppendorf tubes containing metal beads for future ball milling and freeze dried into liquid nitrogen.

All the leaves were stored at -80˚C until extraction. 

Alkaloids and phenolic compounds

Extraction of alkaloids and phenolic compounds

In a 25 ml conical tube, 25 mg of leaf powder was weighted in which 6 ml MeOH 80% (MeOH:H2O=80: 20) were added before maintaining 3 hours under constant stirring in the dark at 4°C (250 rpm, Rotamax 120, Heidolph Instuments, Germany). The solution was centrifuged at 4°C /3500 rpm for 6 minutes (Centrifuge 5810 R, Eppendorf, Germany). The supernatant was filtered (0.2 µm pore size filter) into a brown HPLC tube to store at -20°C. For each sample, the extraction was done in triplicate.

Evaluation of alkaloid and phenolic compound contents

The leaf metabolic content was evaluated after separation of the compounds by high performance liquid chromatography (HPLC). Each compound could be identified and quantitatively evaluated using reference compounds previously injected under the same analysis conditions. For these standard compounds, a dilution range, from a stock solution of 1mg / ml, was carried out (10, 25, 50 and 75 µg / ml).The injection of each of the dilutions makes it possible to obtain a standard curve constructed by correlating the concentrations of the solutions and the area of the peaks obtained by chromatography. This curve will make it possible to evaluate the concentrations of compounds from the obtained areas. The reference compounds for standard curves of trigonelline, caffeine, mangiferin and 5-CQA were purchased from Sigma-Aldrich Chimie (St Quentin Fallavier, France), glucosylated kaempferol and quercetin, rutin, (+)-catechin, (-)epicatechin and epigallocatechin from Extrasynthese (Lyon, France) and 3,5-diCQA from Biopurify Phytochemicals (Chengdu, China).

The chromatographic apparatus used is a Shimadzu model LC20 equipped with a double pump, an automatic injector and a diode array detector. The analysis is carried out in reverse phase (retention of the compounds as an inverse function of their polarity) using an Eclipse XDB C18 column (Agilent, US), with a porosity of 3.5 µm and a dimension of 100 x4.6 mm and composed of octadecylsilane chemically grafted to porous silica microparticles 1.5 to 10 µm in diameter. It is placed in an oven thermostatically controlled at 27 ° C during the analysis. The eluent is injected into the system at a rate of 0.6 ml / min and analyzes are performed on 10 µl of leaf extract.

The eluent consists of a mixture of two solvents (A and B), the mixture proportion of which varies over time (Table 3). Solvent A consists of water and acetic acid (98: 2, v / v) and solvent B of water, methanol and acetic acid (5: 90: 5, v / v / v).

The absorption spectra are recorded at four different wavelengths (260, 280, 320 and 360 nm) in order to identify and quantify the different groups of compounds more easily. This is because trigonelline has a maximum absorption spectrum at 260 nm, flavanols at 280 nm, hydroxycinnamic acid esters have two peaks at 280 and 320 nm, and glycosylated flavanols and xanthones have absorption maximums near 360 nm (Figure 22).

From the chromatograms obtained, for each peak, the area is recorded at the wavelength corresponding to the compound and its concentration is calculated using its standard curve and expressed as a percentage of dry weight (% DW).

Statistical analyses

All statistical analyses were performed in Statistica® 7.1. Biochemical data were checked for homogeneity of variance using Levene's test. A factorial analysis of variance (ANOVA) with a Newman-Keuls test (p < 0.05) for comparing averages was performed on the 16 quantified phenolic contents for samples from Mexico (elevation × growing light condition). A Pearson's correlation matrix was also performed for leaf contents of these same 16 phenolic compounds by pooling sun and shade data. A heatmap was constructed with R software using the gplots package with default parameters for symmetrical dendrogram computation (linkage clustering using the Euclidian distance measures) and reordering using row (equal to column) means and a linear set of 50 shades of color (no color break) as correlation coefficient bins. A linear regression analysis was performed on six phenolic leaf contents (5-CQA, catechin, mangiferin, K-hex-dhex, F-dihex and rutin), pooling all studied genotype samples from Colombia and Nicaragua. A Newman-Keuls test (p < 0.05) was performed for 5-CQA, mangiferin, F-dihex and rutin leaf contents on averages of combinations of genetic groups (Ethiopian wild accessions vs. American pure lines vs. F1 hybrid clones) × country (Colombia vs. Nicaragua).

Transcriptomic analyses 5.1 RNA extraction

RNA extractions were done according to the protocol described in [START_REF] Bertrand | Healthy tropical plants to mitigate the impact of climate change-As exemplified in coffee[END_REF]. Briefly, leaf samples collected in 2mL Eppendorf tubes were grounded with 2 beads, with Tissuelyser II (Qiagen, Germany) set at 30 movements/ second. 100 mg leaf powder was added with 1 ml RNAzol®RT and mixed by vortex for 10 seconds. 0.4 ml pure water was added into mixture, mixed briefly by vortex and agitated for 15 minutes. The mixture was centrifuged at 12,500 x g for 15 minutes. The supernatant was added with 5 µl of 4-bromoanisole (Sigma-B56501-50G), mixed by vortex and waited for 3 minutes. The mixture was centrifuged at 12,500 g for 10 minutes. The supernatant was added with 1 ml isopropanol; tubes were inverted 5 times and stored for 15 minutes at -20°C. The mixture was centrifuged at 12,500 g for 15 minutes and washed twice with 1 ml EtOH 75%. The mixture was centrifuged at 6,000 g for 3 minutes. The pellet was dried for 10 minutes under fume hood, 60 µl TE buffer was incubated at 65°C for 2 minutes and added to the pellet. RNA samples were stored at -20°C. 2 µl from each RNA sample were used for quantification and purification by Nanoquant Infinite 200. For RNA quantification using agarose gel electrophoresis, 5 µl diluted samples (1 µg/ µl) was added with 1 µl loading dye and determined with 1.5% agarose gel electrophoresis at 100V for 30 minutes. The gel was stained with ethidium bromide for 20 minutes, destained briefly in water and exposed under UV light.

RNA-seq libraries

High throughput RNA sequencing (RNAseq) is considered as a standard method for quantifying expression level on the basis of the frequency of messenger RNAs (mRNAs). To obtain the libraries, RNA samples with high concentration (≥200 ng/ µl) and good quality (A260/ A280 ~2.0) were sent to MGX platform (Montpellier). To obtain the mRNAs, the total RNAs underwent a first ribodepletion step to remove almost all ribosomal RNA (rRNA) and left only mRNA. To facilitate the analysis, mRNA templates were cut into small fragments (50 nucleotides) and single-end sequenced (single-strand sequencing) by Illumina technology. The MGX platform performed quality control, alignment of reads on the reference genomes (both C. canephora and C. arabica genomes) and counting of reads of each gene. Embryogenic calli cultures (Figure 23) were given by CoffeeAdapt team. They were obtained from C. arabica cv. Caturra leaves isolated in 2019 (February, 21th) and grown in the dark at 27˚C and 60% humidity firstly on T1 solid medium during one month and then transferred on T2 medium during almost 25 days (see Annex 1). Embryogenic calli will develop after 8 to 10 months. They will be isolated and multiplied on T2 medium. The first embryogenic callus used in this study was obtained in November 2019 and, until June 2020; seven successive cultures were used for the experiments.

B. Coffee protoplast preparation 1. Cell wall disruption

Enzymatic mixture was prepared with 12.8 g mannitol, 2.5 ml CaCl 2 .2H 2 O (14.7 g/100 ml), NaH 2 PO 4 .2H 2 O (0.49g/100 ml), 2.5 ml 2-(N-Morpholino) ethanesulfonic acid, Sigma M3671 (MES) (4.8 g/ 100 ml), 2 g Cellulase RS and 2 g Macerase R10 (Onozuka, Yakult, Japan). Water was added up to 100 ml and the pH adjusted to 5.6. An aliquot (200 mg) of 3-week-old embryogenic coffee calli was transferred into a 60x15 mm Petri dish containing 1.5 ml enzymatic mixture solution and 2.5 ml bH3 medium (Annex 1). The dish of enzymatic treatment (Figure 24) was stirred at 40 rpm for 15.5 hours in a dark culture room (27˚C, 60 % humidity).

Obtaining protoplast suspensions

After 15.5 hours incubation, the enzymatic treatment was stopped by sifting the suspension on a 40 µm Cell Strainer (Falcon®). The flow-through was then transferred into a 18 ml conic tube and centrifuged at 880 rpm for 5 minutes (Eppendorf Centrifuge 5807, Germany). The pellet (containing protoplasts) was resuspended in 5 ml of CPW25 solution containing 0.6 M sucrose (see Annex 2). Then 2 ml of CPW13 (see Annex 3) solution (containing 0.6 M mannitol) were added very slowly just above the surface of the suspension of the protoplasts. The tube was centrifuged at 880 rpm for 5 minutes and the ring formed at the interface of CPW13 and CPW25 solutions and containing the protoplasts was removed, transferred and suspended gently in conical tubes (Falcon®) containing 50 ml washing solution (0.6 M mannitol and 0.5 mM CaCl 2 in ddH 2 O). The protoplast solution was centrifuged at 850 rpm for 5 minutes, the supernatant was discarded and protoplast pellet was resuspended in the washing solution. The washing step was repeated 3 times. The number of protoplasts was estimated using a Malassez counting cell. The protoplast suspension was diluted in the washing solution to obtain 400,000 protoplasts/ml and ready for treatments.

Protoplast viability test

An aliquot of the protoplast suspension (100 µl) was placed in 1.5 ml Eppendorf tube and 0.5 µl of a fluorescent diacetate (FDA) solution (0.2% FDA in acetone) were added. After mixing gently by pipetting, 10 µl of the mixture was dropped onto a glass chamber slide and observed under light microscope with B2A filter (Nikon Eclipse Ni-E, Japan). Green and blackprotoplasts were counted, those showing a green color being alive. Protoplasts without FDA were used as a control to check the protoplast autofluorescence under the microscope.

C. Prussian-blue nanoparticles (PB-NPs) preparation

All chemical reagents were purchased and used without further purification: Iron (III) chloride hexahydrate (Sigma Aldrich, 97%), Sodium hexacyanoferrate (II) decahydrate (Alfa Aesar, 99%), 2-aminoanthracene (Alfa Aesar, 94%), ultra-pure water, ethanol 96% vol (TechniSolv), SnakeSkin Dialysis Tubing [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF]5000 MWCO,[START_REF] Gamboa-Becerra | Metabolomic Markers for the Early Selection of Coffea Canephora Plants with Desirable Cup Quality Traits[END_REF] 4) were added simultaneously into 100 ml ultrapure H 2 O at 2 mL.h -1 rate using syringe pumps (Figure 25). After 5-hours synthesis, the mixture was stirred one more hour. The NPs were isolated by centrifugation at 20,000 rpm for 15 minutes, washed with ultrapure H 2 O (2x) and EtOH. The NPs pellet was collected and dried under vacuum.

Post-synthetic functionalization of PB-NPs nanoparticles with 2aminoanthracene (PB-NPs-AA)

Na + /Fe 3+ /[Fe II (CN) 6 ] 4-NPs post-synthetic functionalization with 2-aminoanthracene was performed by mixing pristine Na + /Fe 3+ /[Fe II (CN) 6 ] 4-NPs (60 mg, 0.28 mmol) with the 2aminoanthracene (270 mg, 1.40 mmol) in ethanol for 24 hours under stirring. Then the solution was centrifuged at 37,500 × g (20,000 rpm) for 15 minutes. The supernatant was discarded and the NPs were washed with ethanol several times. The NPs were dispersed into minimum ethanol to perform 2-days dialysis using SnakeSkin Dialysis Tubing (3,5000 MWCO, 22 mm × 35 feet dry diameter, 34 mm dry flat width, ThermoScientific). Finally, the PB-NPs pellet was isolated by centrifugation at 37,500 × g (20,000 rpm) for 15 minutes. The NPs pellet was dried under vacuum. (same methods as published by [START_REF] Mamontova | Fashioning Prussian Blue Nanoparticles by Adsorption of Luminophores: Synthesis, Properties, and in Vitro Imaging[END_REF].

Luminophore release

To estimate release kinetics and to qualify if AA is well-grafted to PB-NPs, 20 mg PB-NPs-AA were dispersed in 4 mL ultrapure water to perform long-term dialysis using SnakeSkin Dialysis tubing (3,5000 MWCO, 22 mm x 35 feet dry diameter, 34 mm dry flat width, ThermoScientific) in 50 mL water. The receiving medium was analyzed by UV-Vis spectroscopy. UV-Vis spectra were collected on a JASCO V-650 spectrometer in different medium (ethanol, 0.6M mannitol solution with 0.5 mM CaCl 2 , C = 100 µg.mL -1 ). 

NPs characterization 2.1. Transmission Electron Microscope (TEM) observation

TEM grid was prepared by rinsing the collecting tube with ultrapure water and sonicated. The solution was dropped on TEM grid to deposit and dried overnight on copper grids (size, details). TEM observation was carried out at 100 kV (LaB6 JEOL 1400 Plus -120kV, Massachusetts, The US) (Figure 26). NPs' size distribution histograms were determined using enlarged TEM micrographs taken at magnification of 100 K on a statistical sample of ca (same methods as published by [START_REF] Mamontova | Fashioning Prussian Blue Nanoparticles by Adsorption of Luminophores: Synthesis, Properties, and in Vitro Imaging[END_REF].

Infrared (IR) spectroscopy

Infrared (IR) spectroscopy is a technique to identify a molecule fingerprint by its spectrum. IR is a vibrational spectroscopic technique based on IR absorption caused by transition between stretching vibrations (symmetrical and anti-symmetrical types) and bending vibrations in a molecule. As soon as an applied IR energy is equal to an energy difference between vibrational states, IR absorption occurs and a peak is observed. If an absorbed energy is plotted as a function of wavenumber, an IR spectrum is observed (Mollaoglu et al., 2018). To characterize the triple bond between C and N (CΞN), KBr disk was prepared by mixing 2 mg of NPs with 100 mg KBr powder. Infrared spectra were recorded as KBr disk on a PerkinElmer Spectrum 2 spectrophotometer (PerkinElmer, Inc., The US).

Scanning Electronic Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS)

Energy-dispersive X-ray spectroscopy (EDS) is a technique used for chemical characterization. EDS bases on an interaction between X-ray excitation source and a sample. Its ability to characterize due to the fact that each element has a unique atomic structure allowing a unique set of peaks on its electromagnetic emission spectrum. An atom within the sample contains ground state electrons in their own electron shells surround to the nucleus. The incident beam will excite an electron in an inner shell, ejecting from its shell while creating an electron hole where the electron was. An electron from an outer, higher-energy shell will fill to that hole. Then energy difference between the higher-energy shell and the lower energy shell will be released in the X-ray form. The X-rays emitted energy will be measured by an energy-dispersive spectrometer. As the X-ray energy are characteristic of different energy between two shells and the atomic structure of the emitting element, EDS provides measuring in the elemental composition of the specimen (Goldstein et al., 2003).

SEM-EDS analyses were performed on a FEI Quanta FEG 200 instrument (ThermoFisher Scientific, The US). The powders were deposited on an adhesive carbon film (manufacture, country) and analyzed under vacuum. The quantification of the heavy elements (Na and Fe) was carriedoutwith the INCA software, with a dwell time of 3 µs. (same methods as published by Long et al., 2020).

Elemental analysis (EA)

Elemental analysis (EA) is an analysis to determine mass fractions of carbon, hydrogen, nitrogen and heteroatoms (halogens, sulfur). The most common form of EA is accomplished by combustion analysis. Modern elemental analyzers are able to determine sulfur along with CHN in the same measurement run. The analysis is performed by determining the ratio of elements within the sample and providing a chemical formula that fits to the ratio (Sahu et al., 2011;Käldström et al., 2012).

To characterize C, H and N, elemental analysis was performed by using an analyzer Elementar Vario MICRO Cube (precise). Powders are pyrolyzed at 1150°C and then reduced at 850°C over hot Copper. Gases are separated by gas chromatography (Elementar column).

Photoluminescence measurements

Photoluminescence (PL) spectroscopy is a light emission spectroscopy coming from photoexcitation. As the light is directed onto a sample, electrons within the element will move to excited states. As soon as the electrons come back from excited states to their ground states, the energywill be released in the form of light. A fixed wavelength will excite electrons and different wavelengths of light will be emitted. The intensity of light will be plotted against the wavelength on the spectrum (Raja et al., 2019).

The emission and excitation spectra were recorded at 295 K using an Edinburgh FLS-920 spectrofluorometer in suspension in different medium (ethanol, 0.6M mannitol solution with 0.5mM of CaCl 2 , C = 500 µg.mL -1 ). The excitation source was a 450 W Xe arc lamp. The emission spectra were corrected for detection and optical spectral response of the spectrofluorometer.

NPs uptake by in vitro tissue culture

All the experiments were done in sterile conditions under a laminar flow. For each uptake assay, the dried powders of PB-NPs or PB-NPs-AA were diluted before using. Classically, 1 mg of PB-NPs stock solution was added to 10 ml of a solution and sonicated (Bandelin electronic, Germany).

3.1 Uptake of PB-NPs by embryogenic calli 3.1.1 Using passive transport Two solutions were assayed for NPs dispersion: T2 MS liquid media (solution A) (see Annex 1) or BSA (100 mg) in 10 ml Phosphate buffer (solution B).

NPs (1 mg of stock solution) were added to 10 ml of solution A or B and sonicated to be well dispersed. The total volume of the solution A or B enriched with NPs was deposited on the surface of the agar medium of a Petri dish containing the 3-week-old embryogenic calli. After 18 hours with or without stirring (Lab-Shaker, Adolf Kühner AG, Adolf Kühner AG, Switzerland), the calli treatments were observed with light microscope (Nikon, DS-Ri2 Japan) under 63X oil immersion lens.

3.1.2 Using particle bombardment with NPs Biolistic bombardment was realized with a particle delivery system from Biorad (Model PSD-1000 He Biolistic® Particle Delivery System, Biorad, US) (Figure 28). A co-shooting of NPs with Gold particles (1+1.6 µm Microcarrier, Biorad, US) was performed using NPs in EtOH obtained by dispersing 400 µl of NPs stock solution in 400 µl EtOH. After vortexing, the NPs solution was centrifuged at 10,000 rpm for 5 minutes (Eppendorf Centrifuge 5804, Germany) and 30 µl EtOH was added to the NPs pellet.

Shooting was done twice on 3-weeks-old coffee calli disposed into a Petri dish on the target plate of the apparatus. First shooting was realized using 900 psi filter (Biolistic Rupture disks, Biorad, US) (Figure 27-A) on which 5 µl of gold particle solution (1+1.6 µm Microcarrier, Biorad, US) was spread. Then, bombardment was done 3 times using 900 psi filter (Biolistic Rupture disks, Biorad, US) (Figure 27-B) on which 10 µl of the EtOH-NPs solution was spread. Calli treated with co-shooting were then prepared to be observed by TEM.

Uptake of PB-NPs-AA by coffee protoplasts 3.2.1 Using passive transport of PB-NPs-AA

Four concentrations of PB-NPs-AA in 0.6M mannitol solution were prepared (0.1 mg/ml, 0.15 mg/ml, 0.2 mg/ml and 0.3 mg/ml) (Figure 29) to bring together nanoparticles and protoplasts.

Using disruption of protoplast membrane for PB-NPs entrance

Sonication, stirring, vacuum and electricity were applied to protoplasts in order to disrupt the membrane. For this experiment, an aqueous 0.6M mannitol solution (pH 7.0) of unfunctionalized nanoparticles (PB-NPs) was prepared at 0.1 mg/ml. An aliquot of 500 µl was mixed with 250 µl of the protoplast suspension (around 100,000 protoplasts). Nine different assays were done by applying three durations for sonication (15, 30 seconds and 2 minutes, Advantage-Lab AL 04-04, Germany,), 10 minutes of vacuum apparatus (Polycarbornate vacuum desiccator, PC-250K, Sanplatech Corp., Japan), four different electric tensions during 30 seconds (20V, 25V, 30 V and 35V) with a (Generateur de fusion GFC 300B, CIRAD, France) and 24 hours of stirring (40 rpm) on a Heidolph unimax 2010 shaker (Heidolph Instruments, Germany). 

Using electroporation

Electroporation was done by applying different electricity pulse durations and voltages on mixes of a protoplast suspension (250 µl) with functionalized nanoparticles (PB-NPs-AA) prepared as mentioned above. The different electric treatments are described in Table 5 and Figure 30. A control consisting of 250 µl of a protoplast suspension was prepared in order to test protoplast viability.

3.2.4 Control of protoplast aminoanthracene import 4.8 µg.mL -1 aminoanthracene was dissolved with 200 µl DMSO and completed with 1.8 ml aqueous 0.6 M mannitol solution (pH 7.0). 300 µl of protoplast suspension was added with 300 µl aminoanthracene solution for 24 hours. Observation was done under confocal microscope.

Protoplast viability test

0.5 µl fluorescent diacetate (0.2% FDA in acetone) was added into 100 µl protoplasts and mixed gently by pipetting. 10 µl mixture was dropped onto a glass chamber slide and observed under light microscope with B2A filter. Protoplasts showing green color (alive) and total protoplasts (green and black) were counted.

Methods for observation 4.1 Confocal observation

Rigid substance (PB-NPs and PB-NPs-AA) prepared on copper grids F200 (Pelanne Instruments, France) were observed under TEM at 100 kV (LaB6 JEOL 1400 Plus -120kV, Massachusetts, The US) while soft substance (calli cells and protoplasts) were observed under TEM at 80 kV.

Protoplast fixation and resin embedding for TEM observation

To prepare 20 ml 6% glutaraldehyde solution in 0.1M TP Cacodylate pH 7.2 (fixer), 1.7122 g Sodium cacodylate was added into 40 ml mannitol solution (0.6 M mannitol, 0.5 mM CaCl2). 35.2 ml Sodium cacodylate buffer in mannitol solution was added with 4.8 ml of 50% glutaraldehyde.

Fixation was done on 500 µl protoplast suspension treated or not with NPs. After centrifugation at 850 rpm for 4 minutes (Eppendorf Minispin Plus, Germany), the fixative (0.5 ml) was added to the pellet and incubated at 4°C for 2 hours. Then the sample was rinsed with 1 ml 0.1 M TP Caco (3x) and the supernatant was discarded. Ten ml of osmium tetroxide (1%) was prepared by diluting 5 ml 2% osmium tetroxide (stored at 4°C) into 5 ml milliQ H 2 O. TP Caco was taken out from the sample and 1 ml osmium tetroxide (1%) was added. After 1h at 4°C, the sample was rinsed with TP Caco 0.1M (3x) and stored at 4°C for the night.

Ten ml of 8% low melting point agarose (LM-3 low melting point, Euromedex, France) were prepared and 10 µl were dropped onto a slide and incubated at 40°C on a hot plate. For dehydration, 30 µl sample was mixed with agarose drop and stored at 4°C for 20 minutes. Then, the drops were transferred from slides to these successive solutions: 50% acetone during 10 min. at 4°C (2x), 70% acetone during 10 minutes at 4°C (2x), and 90% acetone during 10 minutes at 4°C (2x) before 100% acetone 10 minutes.

The drops were transferred from acetone solution to these solutions: 25% TAAB: 1.25 ml TAAB + 3.75 ml acetone 2h30, 50% TAAB: 2.5 ml TAAB + 2.5 ml acetone 3h, 75% TAAB: 3.75 ml TAAB + 1.25 ml acetone 1 night and 100% TAAB 4h30 at 4°C and polymerization at 56°C 1 night. After cutting TAAB resin cubes with ultramicrotome (Leica EM UC7, Leica, Germany), samples were prepared on copper grids F200 (Pelanne Instruments, France) and observed under TEM at 80 kV (LaB6 JEOL 1400 Plus -120kV, Massachusetts, The US).

Table 6 Results of the LC-MS analyses done by Ialy Vestalys (cut the word table 1 and rewrite the text) Figure 31 Superimposed chromatograms at 320 nm (solid line) and 280 nm (doted line) of mature leavesof Coffea arabica grown in field. Separation was carried out on a Agilent Eclipse XDB C18 column with methanol and 2% acetic acid in water as eluents. the numbering of the peaks corresponds to that of the compounds in Table 2.

1, theobromine; 3, 3-CQA; 4, (+)-catechin; 5, 5-CQA; 5, 4-CQA; 7, caffeine; 8, (-)-epicatechin; 9, 5coumaroylquinic acid; 10, mangiferin; 11, FQA; 12, flavone-di-C-hexose; 13, quercetin-dihexose-deoxyhexose; 14, quercetin-diglucoside; 15, kaempferol-dihexose-deoxyhexose; 16, quercetin-rutinoside (rutin); [START_REF] Díaz | Changes in shikimate dehydrogenase and the end products of the shikimate pathway, chlorogenic acid and lignins, during the early development of seedlings of Capsicum annuum[END_REF][START_REF] Ranheim | Coffee consumption and human health-beneficial or detrimental? Mechanisms for effects of coffee consumption on different risk factors for cardiovascular disease and type 2 diabetes mellitus[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Tajik | The potential effects of chlorogenic acid, the main phenolic components in coffee, on health: A comprehensive review of the literature[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Gamboa-Becerra | Metabolomic Markers for the Early Selection of Coffea Canephora Plants with Desirable Cup Quality Traits[END_REF][START_REF] Anthony | The origin of cultivated Coffea arabica L. varieties revealed by AFLP and SSR markers[END_REF][START_REF] Anthony | Biochemical diversity in the genus Coffea L.: Chlorogenic acids, caffeine and mozambioside contents[END_REF], mangiferin parahydroxybenzoate.

PART 1

Phenolic compounds in leaves of C. arabica

In order to determine if the phenolic compounds are involved in the response of coffee leaves to environmental constraints, it is necessaryto characterize the phenolic fingerprint of a coffee leaf grown in natural conditions. To obtain a valuable image of this phenolic content, it is better to make the study on mature leaves that have stopped growing and in which the metabolism is generally well established. Then, in this work, comparisons of the phenolic contents of leaves of coffee trees maintained under different environmental constraints will be done in mature leaves harvested onone genotype grownin field. In a second step, as phenolic content could be differently expressed according to the genetic diversity, we will compare the phenolic changes obtained in different genotypessubmitted to the same constraints. Likewise, the impact of shade will be studied in 35 genotypes grown in four different geographic trials. To easily attribute the phenolic response to one or another environmental constraint (N depletion, light intensity, temperature…), we will realize experiments in controlled conditions, by growing plants in greenhouse or phytotron in which only one (or more) parameter can be modified at the same time. But a first study is necessary to verify if controlled conditions will not induce alterations in leaf growth and metabolism. So, we propose to make a comparison between leaves from the same genotype grown in field and in controlled conditions looking to the evolution of their size, photosynthetic abilityand phenolic metabolism. The effect of grafting or hybridizationon the phenolic response, different solutions used in field to obtain better productivity or resistance to environmental constraints, will be studied in controlled conditions. Characterization of the phenolic compounds present in coffee leaves has been facilitated by the previous work done by Ialy Vestalys (PhD in the lab; until 2018) at Lyon, in Laurent Legendre's team. Using liquid chromatography coupled with mass spectrometry (LC-DAD-MS 2 ), 23 metabolites were detected in methanol extract of mature leaves of Marsellesa cultivated in Mexico. Among them, two belonged to the purine alkaloids, theobromine (1) and caffeine [START_REF] Setotaw | Breeding potential and genetic diversity of "Hibrido do Timor" coffee evaluated by molecular markers[END_REF], eight were chlorogenic acid derivatives (N°2, [START_REF] Silva | Coffee resistance to the main diseases: Leaf rust and coffee berry disease[END_REF][START_REF] Van Der Vossen | Next generation variety development for sustainable production of Arabica coffee (Coffea arabica L.): A review[END_REF][START_REF] Bertrand | Healthy tropical plants to mitigate the impact of climate change-As exemplified in coffee[END_REF][START_REF] Sampaio | Effect of the environment on the secondary metabolic profile of Tithonia diversifolia: A model for environmental metabolomics of plants[END_REF][START_REF] Ranheim | Coffee consumption and human health-beneficial or detrimental? Mechanisms for effects of coffee consumption on different risk factors for cardiovascular disease and type 2 diabetes mellitus[END_REF][START_REF] Tajik | The potential effects of chlorogenic acid, the main phenolic components in coffee, on health: A comprehensive review of the literature[END_REF][START_REF] Gamboa-Becerra | Metabolomic Markers for the Early Selection of Coffea Canephora Plants with Desirable Cup Quality Traits[END_REF], three belonged to benzophenones and related xanthones (N°3,10,23), and ten were flavonoids (N°4,8,12-19). A total of 21 phenolic compounds were then identified. The identity of 10 compounds was suggested by the parallel analysis of pure standards, while basic structural information was suggested for the others on the basis of their high resolution mass, fragmentation pattern and UV spectra.

Phenolic compounds in

Table 6 gives the chemical formula of each of the phenolic and alkaloid compounds present in the leaves. However, some of them poorly accumulated in the leaves and are not detectable by the classical liquid chromatography technique (HPLC) used in the laboratory. That is why, amongthese 23 compounds including alkaloids, only 19 were present in sufficient concentration to be quantified by HPLC (Figure 31): both alkaloids (theobromine and caffeine) and 17 phenolic compounds, excluding one chlorogenic acid (the coumaroylquinic acid), one flavanol (a procyanidin) and one xanthone (the iriflophenone glycoside).

The table 7 indicated the distribution of the 17 compounds in the four major classes of phenolic compounds: chlorogenic acids, flavonoids divided into flavanols and glycosylated flavonoids and xanthones. The figure 31 presents a HPLC chromatogram showing the distribution of the different compounds after separation (given by the retention time).

The mean of their content in mature leaves is given in table 8, for a population of 10 trees grown at 1050m elevation in Mexico during the year 2016. The most accumulated phenolic compound appeared to be the chlorogenic acid 5-CQA (3.47 mg/100 mg dry weight of leaves). Catechin/ epicatechin and mangiferin are also largely accumulated, their content being higher than 1 mg/100 mg DW. Among the glycosylated flavonoids, rutin was the major compound (0.82 mg/100 mg DW) and kaempferol derivatives were poorly represented.

1.1.1b) Mature leaves ofdifferent C. arabica genotypes grown in field

The content of mature leaves was evaluated in 34 other genotypes of C. arabica belonging to Ethiopian wild accessions [START_REF] Jha | A review of ecosystem services, farmer livelihoods, and value chains in shade coffee agroecosystems[END_REF], American pure lines [START_REF] Jha | A review of ecosystem services, farmer livelihoods, and value chains in shade coffee agroecosystems[END_REF] and some of their hybrids [START_REF] Díaz | Changes in shikimate dehydrogenase and the end products of the shikimate pathway, chlorogenic acid and lignins, during the early development of seedlings of Capsicum annuum[END_REF]. HPLC analyses indicated that the mature leaves of all the genotypes contained the same 17 phenolic compounds but their content varied with the genotype.Only to show the great diversity observed in the species, the means of the major compounds in the four sub-families of phenolics are presented in Annex 4 without the standard deviation, for wild accessions, selected genotypes and their hybrids grown in Nicaragua or Colombia. It allows showing that 5-CQA content varied from 0.46 to 3.82 mg/100mg DW, and that catechin, rutin and mangiferin varied from 0.47 to 2.04, from 0.31 to 1.96 and from 0.17 to 2.77 mg/100 mg DW, respectively. Even though American pure lines in each country seemed to contain less 5-CQA and mangiferin, it was not so clear for the other compounds.

Mature leaves of C. arabica cv. Marsellesa grown in controlled conditions

To realize this study, C. arabica cv. Marsellesa were grown in different phytotrons or growth chambers in which standard conditions of growth have been fixed for the light (PAR between 300 to 1000W. m 2 s -1 ), humidity (65-75%) and temperatures (comprised between 21°Cnight and 28°C day). To grow plantlets in growth chambers, low light regimes, similar to those encountered under shade (Araujo et al., 2008) are commonly used for this understoryspecies (Thioune et al., 2017).

The evaluation of phenolic content was done on mature leaves of 6month-old C. arabica cv. Marsellesa grown and maintained during two months in phytotron for acclimation beforeharvest. The culture conditions were phytotron, 25°C and 65% humidity day/21°C and 75 % humidity night, PAR 300 during 12h. In these conditions, the phenolic content was evaluated in 10 mature leaves harvested on 10 branches from four plants. It appeared that some phenolic compounds already quantified in plants grown under natural conditions are weakly accumulated and are not easily quantifiable by HPLC. Then, among the 17 phenolics analysed in field, 7 cannot be evaluated: all of the glycosylated flavonoids and the precursor of the mangiferin, the p-OH Mang (Table 9). Except the 4,5-diCQA, all the chlorogenic acids are more accumulated but the 5-CQA is, also in this condition, the major one. It can be noticed that the 3,5-diCQA is particularly accumulated, with a content 4,7 fold higher in controlled conditions than in field.

A comparison has been done with another C. arabica variety, Naryelis (Table 10). For this variety, plants were grown in growth chambers at CIRAD (65-75% humidity, 27°C day/22°C night, 12h photoperiod) and watered every day. Light was provided by Gavita HortiStar 600 SE EU (Holland) lamps, which were arranged to provide a photosynthetically active radiation (PAR) of 300 µmol photons m -2 s -1 to the top of the plantlets. Measurements were done on 10 leaves from five 6month-old plantlets (around 35 cm tall). The same phenolics were observed as in cv. Marsellesa in phytotron and one glycosylated flavonoid, the rutin, accumulated in a sufficient concentration to be quantified. Epicatechin, another flavonoid, was particularly accumulated and appeared to be the major phenolic compound in these leaves. However, as for C. arabica cv. Marsellesa, it was impossible to quantify the five glycosylated flavonoids noticed in leaves of trees grown in field: the flavone-C-diglycoside (F-diGlu), two quercetin derivatives differing from rutin (Q-dihex dhex and Q-diGlu) and the two kaempferol derivatives (K-dihex-dhex and K-hex-dhex).

In summary, the comparison of the phenolic content in mature leaves grown in field (different countries i.e. different elevation, light, temperature, humidity and different genotypes) to those grown in controlled conditions (two genotypes, phytotron or greenhouse) highlighted two distinct fingerprints obtained by HPLC studies: 17 phenolics among which flavonoids are the most numerous (6 glycosylated flavonoids and 2 flavanols) under natural growth conditions and 11 phenolics among which chlorogenic acids are the most numerous (7 compounds) under controlled conditions. It is interesting to notice that, under natural or controlled conditions, the same compounds are detected. However, the very low (or no) content for some of them avoids their evaluation. Two compounds appeared mostly accumulated in all the conditions tested: 5-CQA and catechin.

To understand the differences observed in phenolic compound content in mature leaves between natural and controlled conditions, we decided to follow their accumulation in the leaf during growth, from its birth to the mature stage, in relation with the content in photosynthetic pigments. Leaf growth was compared on C. arabica cv. Marsellesa trees grown in field and grown in greenhouse. The comparison was done on leaves harvested in February 2019 on 7-year-old trees grown in full sun in Mexico, at Roma farm (1050 m.) and in January 2020 on 3-year-old trees grown in greenhouse at CIRAD Montpellier (65-75% humidity, 27°C day/22°C night, 12h/12h, PAR 1000).
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Leaves of C. arabica cv. Marsellesa grown in field

Buds and leaves were harvested on the plagiotropic branches exposed to full sun and grouped in five lots, according to their stage growth, taking into account their position on the stem: bud (when leaves are not visible and under 0.4 mm), juvenile leaves at two stages: 1/before the 2 bud leaves begin to separate (B) and 2/ before leaves become leaves from the first node after the bud (N0), leaves of the first node after the bud (N1), leaves from the second node (N2) and leaves from the third node (N3), considered as mature leaves.

At the juvenile stage (bud, N0), the leaves have a tender greenish color and are very thin. At the stage N1, they have an intense green color and are shiny. From the stage N2, the shiny appearance fades and the leaf becomes thicker and leatherier. The same observations were done when plants were grown in controlled conditions (Figure 32).

For each stage, the length and the width were measured and the surface was calculated for 20 leaves. Each lot was weighted before and after drying (lyophylisation) and the weight of each leaf was then evaluated.

Evolution of leaf size

Mean values of length, width, surface and fresh and dry weights by leafare given in Annex 5 and the changes in the leaf size are presented in figure 33.Leaf growth begun to slow down when leaves are positioned on the node 2 and seemed to stop when the leaves are positioned on the node 3, stage that at which we called the leaf mature leaf. At this stage, the leaf length reached 13.13 cm in length and 6.24 cm in width.

Evolution of weight

Fresh and dry weights really increased at N1 stage, when the leaves took an intense green color (Figure 34). Interestingly, the ratiodry weight/fresh weight stayed quasi constant during growth until mature stage, around 35.5%. This may indicate that leaves maintained constant the percentage of water, representing 64.5% of a leaf weight.

Evolution of content in photosynthetic pigments Chlorophyll a, chlorophyll b and total carotenoids were evaluated at five stages of growth, from the bud stage until the mature leaf stage (N3). The concentration in all of these pigments increased in the leaf during growth, particularly after N1 stage (Figure 35A). For chlorophylls, which contents wereunder0.5 µmol.g -1 DW in juvenile leaves, contents reached 2.8 and 1.1 µmol.g -1 DW in mature leaves forChl a and Chl b, respectively. Total carotenoid contentalso increased and slightly exceeded 1 µmol.g -1 DW in mature leaves. Comparing the concentrationsof Chl a to Chl b indicated a low increase in Chl a compared to Chl b during leaf growth, especially at N1 stage (Figure 35B).The same was noticed forcarotenoid content compared to total chls content between the N0 and the N1 stage, the rates going from 1.8 to 2.4 and from 2.5 to 3.4 for Chl a/Chl b and Chls/Ca, respectively.
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Figure 36 Leaf content in major (A) and minor (B) chlorogenic acids (expressed in mg. 100 mg -1 dry weight leaf):monocaffeoylquinic acids (5-, 3-and 4-CQA), dicaffeoylquinic acids [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF] and feruloylquinic acid (FQA). N=20 leaves. 

Evolution of phenolic compound and alkaloid contents

The HPLC evaluation indicated that, except for the two kaempferol derivatives in juvenile leaves (bud and N0 stages), all of the 17 phenolic compounds were detected and quantified.

Among the 7 chlorogenic acids quantified, 5-CQA and 3,5-diCQA appeared at each stage as the major chlorogenic acids accumulated in the leaves (Figure 36). Their concentration was the highest in the juvenile leaves, particularly at the stage N0, for which the content was 3 and 5 fold higher than in mature leaves for 5-CQA and 3,5-diCQA, respectively (10.5 and 3.7 mg.100 mg -1 dry weight at N0, compared to 3.3 and 0.7 mg.100 mg -1 dry weight at N3). The same observation was done for the other chlorogenic acids, except for 4-CQA whose content was quasi the same from stage N0 to N3. As for both major chlorogenic acids, FQA content is particularly high at stage N0 and decreased regularly till stage N3, becoming 4.8 fold less concentrated in mature leaves than in juvenile one.

A very different pattern of accumulation was noticed for the glycosylated flavonoids (Figure 37). The most accumulated, rutin, greatly accumulated from bud stage to N1 stage, from 0.2 to 1.5 mg. 100 mg -1 DW. Then its concentration decreased to reach the value of 0.8 mg. 100 mg -1 DW. For the five other glycosylated compounds, the accumulation greatly increased only at the stage N0 and slowed down at the stage N2.

Then, CGAs seemed to be particularly accumulated in the juvenile leaves, which have a tender greenish color, when glycosylated flavonoids were particularly present at the stage N1, when the leaves have an intense green color and N2, when the shiny appearance fades and the leaf becomes thicker and leatherier.

As CGAs or rutin, the flavanols (catechnin and epicatechin), the other sub-family of flavonoids present in coffee leaves, presented the highest concentrations at the stages N0 and N1 and then showed a quasi-constant content at around 1.8 mg.100 mg -1 DW (Figure 38A).

Mangiferin, the only quantified xanthone derivative, was particularly accumulated at the stage N0 (4.62 mg. 100 mg -1 DW) and its content decreased during growth to reach a value of 0.96 mg. 100 mg -1 DW when leaves were mature (N3) (Figure 38B).

In the same way, the alkaloids trigonelline and caffeine presented the highest contents at the stage N0 (1.54 and 1.99 mg. 100 mg -1 DW, respectively) and then their contents decreased to reach a value of 0.63 and 1.25 mg. 100 mg -1 DW, respectively, in mature leaves (Figure 39). In summary, in field conditions, leaf growth seemed to be achieved when the leaf is positioned at the node three of the branch. Photosynthetic pigments continued to accumulate until this stage and phenolic compounds, except glycosylated flavonoids differing from rutin, greatly accumulate until the stage N0 or N1, when the tender greenish color of the leaves becomes an intense green color. For five glycosylated flavonoid differented from rutin, the leaf accumulation began at the stage N0, before the rutin decreases. 

Leaves of C. arabica cv. Marsellesa grown in controlled conditions

The same study was realized harvesting3 year-old C. arabica cv. Marsellesa grown in a greenhouse in Cirad Montpellier. Light was given by LEDs specifically chosen to give a spectra favorable to photosynthesis (Figure 40). During 3 months, 29 branches on 12 trees were observed, looking to the size of the leaves from the bud until the third node. After 3 months, the leaves were collected, weighted, lyophilized, weighted again and extracted for pigments, alkaloids and phenolic compound analyses.
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Evolution of leaf size

Mean values of length, width, surface and fresh and dry weights by leaf were compared to those obtained in field. At each growth stage, the size of the leaf appeared similar, as shown by the comparison of the leaf area in figure 41.

Evolution of weight

Fresh and dry weights increased in the same way in greenhouse and in field condition until N1 stage. After the leaf reached the position on the first node of the branch, the fresh weight increased more slowly in controlled conditions than in field, reaching a mean value of 1.5 g instead of 1.8 g in field (Figure 42A). Interestingly, opposite to that observed in field, the ratio dry weight/fresh weight varied during growth, slightly decreasing until N1 stage and increasing after to reach a value of33%, slightly inferior to that observed in field (Figure 42B).

Evolution of the content in photosynthetic pigments

An increase in chlorophyll a (Chl a), chlorophyll b (Chl b)and total carotenoids (Car) contents was observed in the leaves from the stage N1, with a very great increase between the stage N0 (greenish color) and N1 (intense green). Between these two stages, the contents were multiplied by 4.4, 2.6 and 3.2 for Chl a, Chl b and Car, respectively. (Figure 43A) In mature leaves, contents reached of 4.0, 1.7 and 2.1 µmol.g -1 DW for Chla, band Car, respectively. These values appeared higher than that obtained in field. In these controlled conditions, the ratio Chla/Chl b and Chls/Car increased at the stage N1. At the opposite to that what observed in field, the Chl a/Chl bratio was higher than the Chls/Car ratio in mature leaves grown in controlled conditions (Figure 43B). 

Evolution of phenolic compound and alkaloid contents

Following the content in the phenolic compounds during the growth of the leaves, the first result obtained was to notice that only 12 of the 19 phenolic compounds were present in sufficient concentration to be evaluated. All the missing phenolic compounds were from the sub-family of glycosylated flavonoids.

The study of the chlorogenic acid content showed that 5-CQA and 3,5-DiCQA were, as when trees were grown in field, the major chlorogenic acids during all the leaf growth. The highest contents were observed in bud and N0 stage, around 10 and 7 mg. 100 mg -1 DW for 5-CQA and 3,5-diCQA, respectively (Figure 44A). In mature leaves, 5-CQA content was 2 fold lower than in juvenile leaves and 3,5-diCQA content drastically decreased, being 24 fold lower than in juvenile leaves. For 5-CQA, the concentration and its evolution during growth were similar to that observed for trees grown in field. For the 3, 5-diCQA, if the evolution was equivalent, the highest content appeared 2 fold higher than for trees grown in field. Very low differences were observed during growth in the leaf content of the minor chlorogenic acids, except for 4,5-diCQA, whose content decreased after the stage N0. 3-CQA and 4-CQA were the only one chlorogenic acids showing a content increase when leaf grows (Figure 44B). In fact, 3-CQA was only detectable in leaves at the stage N2 and N3.

Among the flavonoids, the major compounds were the catechins. Their concentration in leaves increased all along the growth, reaching a maximum at the stage N2 for catechin and N1 for epicatechin. This last compound was particularly accumulated in intense green leaves, from the stage N1 to N3 (Figure 45A). At the stage N1, its content reached the value of 4.57 mg. 100 mg -1 DW and represented 1.5 fold the content observed in leaves of trees grown in field. Looking for the glycosylated flavonoids, only rutin was present in quantifiable concentrations from the stage bud to the stage N1 (Figure 45B). The highest content was measured in the bud (0.045 mg. 100 mg -1 DW), a value 45 folds lower than that observed in buds of plants grown in field.

As observed in trees grown in field, the highest content in mangiferin was evaluated in leaves at the stage N0 (Figure 46A). The content was equivalent to that obtained in field: 4.64 mg. 100 mg -1 DW.

Concerning the alkaloids, trigonelline presented the same pattern of concentration in leaves from trees in field and in greenhouse. However, its content was 1.5 fold higher in controlled conditions, the highest value being noticed at the stage N0: 2.63 mg. 100 mg -1 DW (Figure 46B). The same evolution was noticed for caffeine, the highest content being observed at the stage N0 (3.54 mg. 100 mg -1 DW). However, even though the concentrations appeared 2fold higher than in leaves from trees in field when leaves were juvenile (from bud to N1 stage), an equivalent content was noticed when leaves aged (at node N2 and N3).

In summary, in the controlled conditions imposed in the Cirad greenhouse (specific LEDs), C. arabica cv. Marsellesa leaf growth seemed to be achieved when the leaf is positioned on the node 3 as observed in field. However, the fresh weight and the ratio dry weight/ fresh weight were lower, after the stage N1, than those estimated in leaves from field, indicating a great difference in the dry weight of mature leaves.

In controlled conditions, photosynthetic pigments seriously accumulated from the stage N1 and their content in mature leaves appeared 1.5 to 2-fold higher than in field.However, the ratio Chl a/Chl b and Chl/Car were comprised between 2.5 and 3 in each condition.

Among the 17 phenolics usually encountered in coffee leaves, only 12 were quantifiable, all the glycosylated flavonoids except the rutin being present at very low concentration all along the leaf growth. Catechins, major CQAs, mangiferin and caffeine contents decreased after the stage N0 and gained values closed to that observed in field. Rutin was not quantifiable at the older stages, N2 and N3.

The presence /absence of compounds is summarized in the table below.

The controlled conditions proposed by the greenhouse in Cirad allowed to obtain a leaf growth identical to that observed in field. However, the secondary metabolism (phenolics and alkaloids) suffered of these conditions, particularly the metabolism of the glycosylated flavonoids and trigonelline. The absence of UV-light in the quality of light delivered by the specific LEDs may explain the poor content in flavonoids. For the higher content in trigonelline, a nitrogenous compound, it may be explained by the nitrogen composition of the substrate given to the trees in controlled conditions, certainly different from the soil composition in the fields at Roma (Mexico).

Phenolic compounds Field

Greenhouse Chlorogenic acids As it has been shown that phenolic and alkaloid metabolism may be affected by the culture conditions (under "natural" culture conditions in field or under "artificial" culture conditions, in a greenhouse equipped with specific LEDs), the effect of the environmental conditions has been studied in field conditions and in control conditions. For the first one, the metabolic content has been compared between treesgrown under environments differing by one condition, such as elevation or light intensity obtained by shading. This modifications, even though unique, induce other environmental modifications, such as temperature, light quality or humidity. It is then difficult to decipher (know) which parameter was the most active in the modification of the secondary metabolism. Producing cultures under controlled conditions allows one parameter to be varied, and only one at a time, which leads to real knowledge of its impact on metabolism. These cultures will therefore be of great help to better understand the role of each of the environmental parameters in the expression of biosynthetic pathways and the accumulations of the secondary metabolites.However, the results obtained under controlled conditions will have to be qualified, knowing that the metabolism of the phenolic compounds is strongly altered, at least as regards the glycosylated flavonoids, by the culture under controlled conditions when they do not completely restore the natural conditions of culture (full spectrum of light, soil composition, etc.).

3CQA « « 5CQA « « 4CQA « « 3,4DiCQA « « 3,5DiCQA « « 4,5diCQA « « FQA « « 5-O-coumQ « « Flavonoids Catechin « « Epicatechin « « Rutin « « Flavone-C-diGlu « Q-dihex-dhex « Q-diGlu « K-dihex-dhex « K-hex-dhex « Xanthones Mangiferine « «
Nevertheless, the variability in the response of secondary metabolism to environmental changes is not only ligated to the nature or intensity of the constraint imposed to the plant, but also to the genetic diversity of the plant species. Then, the studies in field and in controlled conditions will be carried out on the cultivar Marsellesa but also extended to other cultivars, to wild accessions, to hybrids and grafted plants.

Leaf phenolic response to environmental conditionsof C. arabica grown in field

The results of the study concerning the impact of environmental conditions on leaf phenolic fingerprint have been presented at the international congresson Agroforestry in 2019(oral presentation)and published in Metabolites (2020).

Effect of light intensity on C. arabica cv. Marsellesa

The study was done in Mexico and carried out in two similar field trials located at two contrasting elevations (650 m vs. 1250 m asl) to generate a proxy of temperatures in order to mimic global warming associated with climate change (Figure 47).Each field trial was made up of two adjacent twin plots, one in full sunshine and the other one under a black polyethylene shading net that excluded 50% of the light. When the leaf samples were collected (on ten trees in each plot), the coffee trees were three years old and considered to be adults (with full fruit production). For each growth condition (full sun or shade), at between 5 and 6 h after sunrise, ten mature leaves were collected from the same tree at the third node (from the branch apex) of the 6th to 8th pairs of plagiotropic branches (counting from the orthotropic apex). For samples of plants growing in fullsun, care was takento ensure that the leaves collected were fully exposed to the sun (by avoiding shaded leaves) and faced eastward. Analysis of the mature leaf content in the four conditions indicated that four compounds were particularly present, whatever the condition: 5-CQA, catechin, epicatechin and Mangiferin (Table 11). Under full sun, two other compounds were also present at high concentration: rutin and F-dihex. However, for a same compound, it was difficult to notice an identical effect of light intensity on its concentration at each elevation, except for the catechin and all the glycosylated flavonoids. For these compounds, an increase of their concentration was noticed under full sun, at 650 and 1250 m.

To better analyze the results, a factorialvariance analysis (ANOVA) of the phenolic content according to elevation and light conditions was done (Table 12). In the sub-group of chlorogenic acids, 5-CQA, 3,5-diCQA and 4,5-diCQA presented significant differences in leaf content (p < 0.05) depending on light intensity but also, like all other chlorogenic acids except FQA, depending on the elevation, and significant interactions were observed between two factors, light and elevation. 5-CQA had the most discriminating leaf contents not only for light conditions but also for elevation, suggesting that other abiotic factors linked to elevation also significantly influence 5-CQA leaf content. Indeed, a significant difference in 5-CQA content depending on light was observed at low elevation, as concentrations in full sun were 40% higher than those in the shade (Figure 48).

In the sub-group of flavonoids, except catechin, the content of each compound varied significantly depending on the light conditions and all of the eight compounds presented contents that differed significantly depending on elevation, with no significant interaction between light and elevation, with the exception of the three glycosylated quercetins (Table 12). Interestingly, there were always significant differences in leaf catechin content between plants grown in the sun and in the shade at both elevations, but inversed: full-sun leaf catechin content was highest at low elevation and lowest at high elevation (Table 12; Figure 48).

Of the two glycosylated kaempferols quantified, K-hex-dhex presented the most variable leaf contents depending on light (Table 12). The leaf contents were significantly higher in full sun than in the shade at both elevations: 10-fold higher at low elevation and 3-fold higher at high elevation.Like K-hex-dhex, rutin leaf contents were largely and significantly higher in full sun than in the shade at both elevations: 4-fold higher at the low elevation and 2.3-fold higher at the high elevation. It should be noted that there were major significant effects of light and elevation on the rutin content in leaves, but without any significant interaction between the two abiotic factors. F-dihex appeared less discriminating of light conditions than K-hex-dhex and rutin, with a leaf content at low elevation being 1.81-fold higher in full sun than in the shade, while no significant difference was observed at high elevation. However, the concentrations of all three glycosylated quercetins were highly variable for light conditions, rutin content being the most variable.

Concentrations of Mangiferin differed significantly in leaves depending on both light conditions and elevation, but no significant interaction was found between the two (Table 12). Significant differences were observed at both elevations with higher concentrations in the sun than in the shade: 1.45-fold higher in full sun than in the shade at the low elevation, and 1.30fold higher at the high elevation (Figure 48; Table 12). 

Nicaragua Colombia

A Pearson's correlation matrix among the contents of the 16 phenolic compounds was done (Annex 6). Using the correlation coefficients, a symmetrical heatmap was drawn and a dendrogram computed by linkage clustering using the Euclidian distance measures and reordering using row (equal to column) means (Figure 49). A strong correlation was noticed between the three flavonoids belonging to glycosylated quercetins: Q-dihex-dhex, Q-diGlu and rutin. These clustered away from all other phenolic compounds, including 5-CQA and the three other glycosylated flavonols. The other large cluster was subdivided into substances whose contents negatively correlated with those of the quercetin analog/rutin cluster and the substances whose contents displayed no correlation with this cluster. Within this large cluster, it can be noticed that the contents of the flavanols, epicatechin and catechin are highly correlated (R = 0.80; p ≤ 0.05) as well as those of 5-CQA and 4,5-diCQA (R = 0.87) and the two glycosylated kaempferols (R = 0.85) that sub-clustered with mangiferin.

Together, based on ANOVA and correlation analysis of the leaf phenolic contents of the Marsellesa cultivar, we retained six major compounds with significant differences according to light conditions at one or both elevations: 5-CQA, catechin, K-hex-dhex, rutin, F-dihex and mangiferin.

Effect of light intensity on different genotypes

In the two experimental plots in Mexico, a single American pure line of C. arabica was studied: cv. Marsellesa, belonging to the Sarchimor group (a cross between the Timor hybrid CIFC 832/2, a natural interspecific hybrid of C. arabica and C. canephora, and the Costa Rican compact line Villa Sarchi). To enlarge the analysis, other C. arabica genotypes and geographical locations, 23 genotypes grown in Nicaragua and 11 in Colombia were added, each field trial consisting, as in Mexico, of two adjacent twin plots, one in full sun and the other under a black polyethylene shading net that excluded 50% of the light (Figure 50). The new genotypes were C. arabica American pure lines, Ethiopian wild accessions of C. arabica and cloned F1 hybrids propagated by somatic embryogenesis and obtained from crosses between American pure lines as mothers and Ethiopian wild accessions as fathers, except for two F1 hybrid clones in the Nicaraguan trial that were crosses between two American pure lines. Table 1 lists the details of all the plant material studied in the three countries.For each growth condition, three to five trees were harvested in April 2019 in Nicaragua, and two to six trees (two American pure lines, three Ethiopian wild accessions and six F1 hybrid clones) in June 2014 in Colombia.

The first interesting result was to notice that, whatever the genotype and geographical location, the same 16 phenolic compounds analyzed in the mature leaves of cv. Marsellesa in the Mexican field trials were present and quantifiable. Their contents were evaluated in the 34 new genotypes grown at full sun or under shade. Correlation and linear regression analyses were conducted, only for the concentrations (Annex 7) of the six previously selected phenolic compounds discriminating fullsun and 50% shade conditions in Mexico: 5-CQA, catechin, Khex-dhex, rutin, F-dihex and mangiferin.

Except for catechin and K-hex-dhex (Figure 51), leaf phenolic contents in the sun and in the shade were significantly correlated (R 2 > 0.5; p ≤ 0.05). The R 2 of mangiferin was particularly high (R 2 = 0.812), as well as that of F-dihex (R 2 = 0.747) and 5-CQA (R 2 = 0.738) to a lesser extent that of rutin (R 2 = 0.634). The high correlations observed for these four compounds indicated that, whatever the environmental conditions linked to the geographical location of the trial, there was a strong and stable relation between the leaf contents evaluated in full sun and in the shade (50% light exclusion in all the trials). However, marked variability in leaf content was observed among the genotypes. In the shade, 5-CQA and mangiferin leaf contents varied from 0.41 to 2.86 mg.100 mg -1 DW and 0.17 to 1.62 mg.100 mg -1 DW, respectively (Annex 7) inpure lines and F1 hybrid clones in Colombia and Nicaragua field trials. Different letters indicate significant differences at p ≤ 0.05 (Newman-Keuls test) among means.

For 5-CQA, mangiferin and F-dihex, the slope of the regression line was similar: 0.64, 0.62 and 0.62, respectively. For rutin, the ratio of leaf content in the sun to that in the shade was much higher and the slope of the regression line was much lower: 0.36 (Figure 51).

For the four compounds showing a significant correlation in the sun and in the shade (5-CQA, mangiferin, F-dihex and rutin), the mean content was calculated for each C. arabica genetic group (Ethiopian wild accessions, American pure lines and F1 hybrid clones), in Nicaragua and Colombia, in full sun and in the shade. The comparison of these means allowed showing that whatever the compound and location, the highest contents were observed in full sun, especially for rutin (Figure 52). For 5-CQA, the content was the highest in the leaves of the Ethiopian wild accessions under full sun regardless of the location of the trial, indicating that genotype dependence prevailed over location dependence. In the shade, 5-CQA contents in the leaves of the Ethiopian wild accessions in Nicaragua were lower than those of all genetic groups in Colombia. Leaf contents in the shade were thus distributed according to the location and the relationship between genetic groups (Ethiopian wild accessions > F1 hybrid clones > American pure lines) was conserved.

The dependence on location of mangiferin and rutin contents in the leaves was clear, the samples from Colombia being separated from those from Nicaragua. The relationship between the concentration of mangiferin and the genetic group was conserved at the two locations regardless of the light condition (Ethiopian wild accessions > F1 hybrid clones > American pure lines) and the highest values were observed in Colombia. The same distribution was observed for rutin content, except for the shade in Nicaragua, where the relationship between genetic groups was inversed, and the American pure lines had the highest rutin content (American pure lines > F1 hybrid clones > Ethiopian wild accessions).

Under each light condition, slight differences were observed between the concentration of F-dihex in all genetic groups in Nicaragua and the Ethiopian wild accession group in Colombia (Figure 52). It was thus impossible to identify a clear relationship between the F-dihex content and genetic group or location.

In summary, by the analysis of the leaf response of cv. Marsellesa to light intensity at two different elevations in Mexico, it was possible to identify six phenolic compounds that could be involved in light adaptation: 5-CQA, catechin, K-hex-dhex, rutin, F-dihex and mangiferin. By comparing the leaf content of 35 genotypes of C. arabica grown in full sun or under shade, it was possible to show that the content of four of them, 5-CQA, rutin, F-dihex and mangiferin, dependedon light intensity.

The concentrations of these compoundsin leaves of the 34 other genotypes were always higher in the sun than in the shade. The strong linear correlation between the concentrations of these four phenolics in the leaves suggests that C. arabica germplasm could be phenotyped in only one of the light conditions (full sun or 50% shade) but could still predict the degree of adaptation to full sunlight or shade, mimicking agroforestry systems. Interestingly, for three of them, 5-CQA, F-dihex and mangiferin, the ratio of their concentration in leaves at shade and at full sun were much closed, equal to 0.64 for 5-CQA and 0.62 for F-dihex and mangiferin, indicating a strong relation between the quantity of light and leaf concentration in this three compounds. By ranging the 35 genotypes according to their group of origin (American pure lines, Ethiopian wild accessions and F1 hybrids) and their geographical location of growth, the content of two of them, 5-CQA and mangiferin, made itpossible to differentiate Ethiopian wild accessions from American pure lines at the same location, indicating that both compounds globally reflected the genetic structure at the twolocations.Moreover, in the case of 5-CQA, the influence of genotype even prevailed over the influence of location. All Ethiopian wild accessions consistently presented higher concentrations of 5-CQA in their leaves in the sun regardless of the location and of mangiferin at a same location compared to the American pure lines. Then, among the phenolic compounds that may intervene in the acclimation of C. arabica to full sunlight or shade, 5-CQA and mangiferin appeared as genetic biomarkers, able to differentiate Ethiopian wild accessions from American pure lines.

Leaf phenolic responseto environmental conditionsof C. arabica cv. Marsellesa grown in controlled conditions

Working in controlled conditions gives the possibility to modify a single environmental parameter at a time and thus to better understand the impact of this parameter on the functioning of the plant. Moreover, the level of stress can be chosen, by acting on its intensity or its duration. In this part of the work, three different experiments were carried out in phytotron in order to identify the phenolic compounds involved in the leaf response of coffee plants to different modifications of environmental constraints, such as light intensity, nitrogen deprivation or temperature elevation. In each case, the response of cv. Marsellesa will be compared to that of another variety or to grafted or hybridized cv. Marsellesa.

Response to the interaction between light intensity and nitrogen deprivation

Eight plants of 12 months-old Coffea arabica cv. Marsellesa and the wild Ethiopian named Geisha especial were placed during four months in two separated phytotrons, one with a low light intensity (PAR 300 W/m 2 /s), and the other with a higher light intensity (PAR 1000 W/m 2 /s), both set up at 27°C day/22°C night, 12h/12h, 65%/75% humidity (Figure 16). Four of them received the classical nutritive medium and the other four a medium deprived in nitrogen.

Plant growth, evolution of the photosynthetic pigment content and concentrations in alkaloid and phenolic contents were compared between the four conditionsafter four months of growth. Growth was evaluated calculating the growth rate of the stems during the four months (length of the stem after 4 months/ length at day 0). For cv. Marsellesa and Geisha especial, the growth rate was the highest when plants received the classical nutritive medium. Light intensity seemed to have a slight effect only on Geisha especial, whose stems were higher in PAR 1000 condition compared to PAR 300 for classical culture condition (Figure 53).

The evaluation of the performance index (PI) showed that (Figure 54), whatever the culture condition, cv. Marsellesa presented the highest values compared to Geisha especial, especially under weak light intensity (PAR 300). The best difference was observed under low light intensity and N deprivation (PAR 300 + N). In this situation, cv. Marsellesa PI was 8 fold higher than that of Geisha especial. PI values of cv. Marsellesa were the lowest under high light intensity (25% and 53% less in presence of not of N source, respectively),indicating a lower vitality of cv. Marsellesa under high light. For Geisha especial, as for Marsellesa, PI values were the lowest for both light intensities in case of N deprivation.

For this variety, a lower content in photosynthetic pigments was also noticed (Figure 54), except when plants were grown under low light in presence of N (PAR 300 + N+). In this growth condition, Geisha especial and Marsellesa seemed to have quasi-identical pigment content in their mature leaves. N deprivation was accompanied by a 2 fold decrease in chlorophyll a content in leaves of Geisha, but N concentration or light intensity had no real effect on the photosynthetic pigment content of Marsellesa leaves.

The same observations can be done concerning the alkaloid content (Figure 55A,B). When lower concentrations in trigonelline and caffeine were noticed in leaves deprived in nitrogen source, whatever the light intensity, slight variations were noticed in Marsellesa leaves. However, it can be seen higher trigonelline values in low light intensity and classical N source and lower caffeine concentration under low light intensity and N deprivation are seen. Great differences were only noticed in Geisha especial leaves, with a trigonelline content 1.5 and 1.2 fold lower in N deprivation under high and low light intensity, respectively, and a caffeine content 3 and 2.5 fold lower under N deprivation and high or low light intensity, respectively.

As for photosynthetic pigment and alkaloid contents, the concentrations in phenolic compounds were more largely dependent on growth conditions in Geisha especial than in Marsellesa (Figure 55 C,D,E,F). Even though 5-CQA content in Marsellesa leaves appeared lower to the three other one (less than 4 mg. 100 mg -1 DW) under low light intensity and classical N source, and 3,5-diCQA and mangiferin were less accumulated under N deprivation, the highest variations were noticed in Geisha especial leaves, except for 5-CQA. As for the other secondary metabolites analysed, 3,5-diCQA and epicatechin showed higher contents in N deprived leaves. Surprisingly, mangiferin content was higher in N deprived leaves of Geisha especial, contents being 1.5 fold higher in N deprived conditions, whatever the light intensity. However, the mangiferin content was always lower than in Marsellesa leaves, except under high light intensity and N deprived condition. In summary, this experiment allowed studying the effect of light intensity and nitrogen deprivation alone and the effect of the combination of both. It was possible to show that, concerning growth, cv. Marsellesa and Geisha especial are more sensitive to N deprivation than light intensity. Between the two genotypes, Geisha especial showed more sensitivity to both stresses, even if as said previously, N deprivation had a greater impact on the growth, the photosynthesis and the phenolic and alkaloid contents. On the contrary, cv. Marsellesa showed a great stability and homeostasis whether the stress or combination of stresses especially for the phenolic and alkaloid contents.

Response to thermal changes

2.2.2a) Effect of a long term moderate elevation of the thermal regime

Nineteen months-old C. arabica cv. Marsellesa were placed in two phytotrons (8 plants of each genotype in each phytotron). Starmaya, a hybrid obtained by crossing Male Sterile with Marsellesa and Male Sterile were the other genotypes.

Different thermal regimes were applied to the phytotron: one representing the current climate (18°C night/23°C day) and the other representing the expected climate of 2050 (23°C night/28°C day). Plants were maintained in these conditions during four months and the impact of moderate elevation of thermal regime was studied comparing growth rate of the plants and leaf photosynthetic capacity (Pi), pigment contents and secondary metabolite accumulation (phenolic compounds, alkaloids) between thermal conditions and between genotypes. The other common growth conditions were: CO 2 (400ppm), 12h/12h day/night, PAR 900, 65/75% H.

Theeffect of this thermal elevation was studied on cv. Marsellesa and compared with that obtained with its hybrid Starmaya and the other parent of the hybrid, Male Sterile.

Effect on plant height

After 4 months of culture, cv. Marsellesa grown under a moderate elevation of the thermal regime showed a slight higher height than control plants (figure 56A). The same was observed for the hybrid and the Male Sterile that has served as mother for the hybrid creation.

Effect on photosynthesis in mature leaves

The Fv/Fm values showed that the treatment at 23°C day (control) caused a weak photoinhibition in mature leaves of cv. Marsellesa (value under 0.75). The same effect was observed for both thermal regime in leaves of Male sterile, the other parent of the hybrid. However, with a Fv/Fm value of 0.76 for both treatments, the photosynthesis in the mature leaves of their hybrid Starmaya appeared to be unaltered by the thermal regimes (Figure 57A). The PI value, indicator of the plant vitality, and the content in photosynthetic pigments were evaluated in the three genotypes at both culture conditions. For both parents (Figure 57B), the PI value was very low in current thermal regime (1.14 and 1.29 mg C.m -3 h -1 for Marsellesa and Male Sterile, respectively). Marsellesa demonstrated the highest differences in PI between the two thermal conditions, PI raising the value of 4.19 mg C.m -3 h -1 after 4 months of moderate elevation of thermal regime. On the contrary, PI values of the hybrid Starmaya were relatively high and very close for the two thermal regimes, values being 3.11 and 3.36 mg C.m -3 h -1 for current and slightly elevated thermal regime, respectively.

Evaluation of the photosynthetic pigments indicated that the pool of chlorophyll a and b and carotenoids was increased in cv. Marsellesa leaves when submitted to the moderate elevation of temperature (28°C). More specifically, chlorophyll contents were 2 fold higher in this condition compared to standard one, reaching around 5 µmol. mg -1 g DW (Figure 56B). The converse was observed for the other parent Male Sterile, whose Chlor a and b content decreased in leaves maintained under moderate elevation of temperature. Interestingly, for the hybrid Starmaya, the contents in Chlorophyll a and b were quasi identical under both conditions and around 4 and 3 µmol. mg -1 g DW, respectively. For total carotenoids, the contents were around 1 µmol. mg -1 g DW, whatever the conditions and the genotypes.

Effect on phenolic compound and alkaloid contents in mature leaves

For every phenolic compound and alkaloid quantified, concentrations were higher in cv. Marsellesa mature leaves maintained under moderate elevation of temperature than in classical culture conditions (Figure 59). The highest increases were observed for 3,5-diCQA (3 fold increase), catechin and epicatechin (2.4 and 2.5 fold, respectively) and caffeine (1.5 fold).

The same but amplified response was observed in mature leaves of Male sterile (Figure 59), the other parent of Starmaya, especially for 5-CQA and 3,5-diCQA (1.5 and 7 fold higher, respectively). For the hybrid, the content in each of the 11 compounds was always higher than for parents at the classical culture condition. In moderate elevation of the thermal regime, these contents were the lowest (epicatechin and caffeine, figure 59 D,E) or intermediated between the contents of the parents (5-CQA. 3,5-diCQA and mangiferin, figure 59A,B,C).

In summary, the growth of parents and hybrid seemed to be favored by growing plants under a long moderate increase in thermal regime (28°C during the day). In fact, photosynthesis was slightly inhibited in cv. Marsellesa leaves grown in control conditions (18°C night) and in Male Sterile, at both thermal regimes (low Fv/Fm and low PI). On the contrary, photosynthesis was not altered in hybrid leaves, Fv/Fm, PI and photosynthetic pigment contents presenting the same values at both regimes. For cv. Marsellesa, the highest contents in all of the secondary metabolites evaluated were observed when the thermal regime was moderately increased. The same result was obtained for the other parent, Male Sterile. Interestingly, except for the epicatechin, all these metabolites presented a lower content in this condition for the hybrid Starmaya. 
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2.2.2a) Mimicking a heat wave stress

With climate change, coffee trees will be more often exposed to heat waves to which C. arabica are less adapted than C. canephora. Grafting of C. arabica onto C. canephora haspreviously been proposed to improve C. arabica resistance, in particular against nematodes. Can grafting be proposed to promote the adaptation of C. arabica to abiotic stresses, and more particularly to temperature increases? What will be its impact on the phenolic response? To answer to this question, eighteen months-old C. arabica cv. Marsellesa, control plants (nongrafted, NG) and grafted plants (G, Marsellesa scion on C. canephora rootstock) were placed in two phytotrons and, after 10 days acclimation (25°C day/ 19°C night), were submitted during 13 days to two distinct temperature regimes: 36°C day/ 22°C night in phytotron 1 and 42°C day/ 28°C night in phytotron 2 (Figure 19). Mature leaves were collected on four of the nine plants of each motif at day 0 (control 'unstressed') and after 1, 3, 6 and 9 days of thermal stress for biochemical analysis. The effect of this thermal change was studied on cv. Marsellesa and compared with that obtained with cv Marsellesagrafted on C. canephora.

Grafted and non-grafted plants were measured and weighted after 18 months of growing in greenhouse and before exposing them to heat waves. Stem and root height of grafted plants as well as leaf, stem and root fresh weights (Figure 60A,B) were lower than that of ungrafted plants. Leaf and root weights were particularly altered by grafting, being 54.27% and 35.96% lowerthan in non-grafted. The weak root growth may have caused slower leaf growth and could be due to a poor developmentof C. canephora roots compared to C. arabica or to limited exchanges between stem and root at the level of the grafting (incomplete junction between vessels: observed by X-ray analyses, not shown here).

Behavior of plants was followed until the end of experiment. Between day 3 and day 6, burning symptoms were noticed only on leaves of plants exposed to 42°C. Leaves showing symptoms were counted (Figure 61) and grafted plants seemed more affected that the other one. Moreover, symptoms seemed to be the highest at day 6, as a slight increase in burned leaves was noticed after day 6 (only 12 and 31 % increase between day 6 and day 10 for ungrafted and grafted plants, respectively). 

Effect on photosynthesis

Evolution of photosynthesis parameters

Photosynthesis parameters were evaluated using a PocketPEA and the values of Fv/Fm, used as an indicator of photodamage and PI, or performance index indicating the sample vitality were taken from day 0 to day 13. As shown in figure 62, Fv/Fm was not altered in plants grown at 36°C day, and stayed at a value around 0.75, as at day 0, during all the experiment. For grafted plants maintained at 42°C day, a decrease of the ratio was noticed since day 1 and was maximum at day 6. At this stage, the ratio was near 0.3 and indicated a serious photodamage for the leaves. After day 6, a slight recover was observed was these leaves. For ungrafted plants, a decrease in Fv/Fm was observed only at day 9 and this ratio reached the value of 0.55 that was maintained at day 13. Under a great heat wave, cv. Marsellesa leaves were affected by the temperature, particularly when Marsellesa was grafted on C. canephora. PI, the other evaluated photosynthesis parameter, gave the same information: leaves of plants under the temperature of 36°C in the day were not affected by the heat, as the PI values stayed identical or higher than at day 0, when temperature was not fixed (figure 62). On the other hand, at 42°C day, PI of both types of plants decreased, greatly since day 1 for grafted plants. For these plants, the lowest PI were observed at day 2 and 6, reaching the values of 1 and 0.3 mg.C.m -3 .h -1 , respectively. PI value of day 0 was then recovered at day 10. Here also, the PI values indicated a high sensitivity of the cv. Marsellesa to the thermal regime of 42°C day/28°Cnight, particularly when they were grafted on C. canephora.

Evolution of photosynthetic pigment contents

The chlorophyll and carotenoids contents were followed from day 0 until day 9 of the experiment.

It was difficult to demonstrate differences in the evolution of pigment contents according to the plant motif and according to the temperatures (Figure 63). In fact, contents in chlorophyll a, b and carotenoids followed the same pattern and seemed to have each the same concentration in leaves. Especially, we could notice that, whatever plant and temperature, Chl a and Car contents were the lowest at day 6. However, a small difference could be noticed for Chl a whose content slightly increased in ungrafted plants and decreased in grafted one during growth. A A
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Evolution of alkaloid and phenolic compound contents

Trigonelline and caffeine contents were evaluated at day 0 (control) and 1, 3, 6 and 9 days after heat waves applying. A peak of accumulation of trigonelline was observed at day 1 in grafted and ungrafted plants submitted at a weak heat wave (36°C day). The concentrations were around 2 fold higher at day 1, decreased at day 3 to increase in grafted plants or decrease in ungrafted one (figure 64). After 9 days, trigonelline contents were higher than at day 0 in leaves of plants grown at 36°C (grafted or ungrafted, 0.92 and 0.82 mg. 100 mg -1 DW, respectively) and lower in those of plants grown at 42°C. Caffeine contents (Figure 64B), even though increased at day 1 and 3 in leaves from grafted plants grown at 30°C day, seemed to be relatively stable, whatever the plants and the treatment.

Concerning the major chlorogenic acids accumulated in mature leaves, 5CQA and 3,5-diCQA, the highest modifications were observed in ungrafted plants at 36 and at 42°C. At 36°C, a 2-fold increase in 5CQA was observed between day 3 and day 6 and a 2.5-fold increase in 3, 5-diCQA between day 1 and 3 that persisted until day 6 (figure 65 A,B). An increase in content of both compounds was also observed at 42°C but it was lower and observable only at day 6. When grafted, cv. Marsellesa gave a more progressive and weaker response in the chlorogenic acid content, identical at 36 and at 42°C. From day 1 to day 6, 5CQA increased from 1.7 to 3.0 mg. 100 mg -1 DW and 3,5-diCQA from 0.12 to 0.23 mg. 100 mg -1 DW.

The same difference in the response of grafted and ungrafted plants to heat waves was obtained for the other two major phenolic compounds, epicatechin and mangiferin: a high increase between day 3 and 6 (about 3 fold) for ungrafted plants and a weaker (2 folds) and progressive increase until day 6 for grafted plants (Figure 65 C,D). Only mangiferin content in grafted plants at 36°C and epicatechin content in grafted pants at 42°C increased after day 9.

In summary, cv. Marsellesa submitted to two heat waves answered after 6 days of treatment. For a soft heat wave stress, the plants answered by a decrease in Chl a and Car content at day 6 anda great increase in phenolic compound contents between day 3 and day 6 for 5 of the six major compounds, and since day 3 for 3,5-diCQA. For a more drastic heat wave, photosynthesis was also altered, as shown by the Fv/Fm decrease at day 9 and PI decrease at day 6. A phenolic content increase was noticed at day 6, especially for 3,5-diCQA and epicatechin. Grafting cv. Marsellesa on C. canephora limited plant growth and modified the response to heat wave, especially at 42°C: enhanced sensitivity of leaves to heat (burned leaves), and altered photosynthesis shown by a lowcontent in Chl a and Car at day 6, a drastic decrease in Fv/Fm at day 6 but no alteration of PI. For both heat waves, grafting provoked a slow and lower answer of the phenolic compound content. 

PB-NPs characterization

3.1.1a) PB-NPs size and shape observation using TEM

Prussian-blue nanoparticles (PB-NPs, Figure 66) and Prussian-blue nanoparticles grafted with aminoanthracene (PB-NPs-AA, Figure 67) were observed by electron microscopy (TEM). They were approximately 70 nanometers size and cubic shape, in presence or not of grafted 2aminoanthracene (AA, Figure 68). According to this result, AA post-synthetic functionalization onto PB-NPs does not modify their shape and size distribution.

3.1.1b) Structure characterization using Infrared (IR) spectroscopy

The main peaks obtained from IR (KBr) for PB-NPs contain n(O-H) = 3630 cm -1 (value corresponding to coordinated water), n(O-H) = 3405 cm -1 (crystallized water), n(C≡N) = 2082 cm -1 (Fe III -C≡N-Fe II ), d (O-H) = 1607 cm -1 (crystallized water), n(Fe II -CN) = 604 cm -1 , d(Fe II -CN) = 501 cm -1 for PB-NPs.

PB-NPs-AA provides IR (KBr) containing n(O-H) = 3630 cm -1 (coordinated water), n(O-H) = 3385 cm -1 (crystallized water/primary alcohol groups), n(C≡N) = 2079cm -1 (Fe III -C≡N-Fe II ), n(N-H) = 1639 cm -1 (N-H amine), 1639cm -1 (crystallized water), n(C-C) = 1485-1410 cm -1 (aromatic), n(C-H) = 1346-600 cm -1 (aromatic), n(Fe II -CN) = 602 cm -1 and n(Fe II -CN) = 500 cm -1 . PB-NPs showed stretching cyanide n(C≡N) band located at 2082 cm -1 on IR spectra, while PB-NPs-AA had stretching cyanide n(C≡N) band at 2079 cm -1 . The postsynthetic functionalization of PB-NPs giving PB-NPs-AA showed typical vibration bands of AA in the 600-1700 cm -1 region (Figure 69).

3.1.1c) Structure characterization using Energy Dispersive X-ray Spectroscopy (EDS)

Heavy element characterizations were obtained from EDS and gave two different ratio Na/Fe for grafted and ungrafted nanoparticles. Na/Fe = 12.19/87.81 = 0.138 for PB-NPs and Na/Fe = 10.68/89.32 = 0.119 for PB-NPs-AA. Na/Fe ratio corresponds to the proportion of the linkers that are functionalized by Fe(III) complexes. Ratio higher than 0.1 indicates that the synthesis system favors the incorporation of the Fe(III)-functionalized linker. The results showed that this is the case for both nanoparticles. 

3.1.1d) Structure characterization using Elemental analysis (EA)

Light element characterizations were obtained from elemental analysis (EA).

Mass fractions of carbon, hydrogen and nitrogen were: For PB-NP by calculation (in %): C, 19.45; H, 2.47; N, 22.70 and by evaluation (in %): C, 19.22; H, 3.36; N, 22.15. For PB-NPs-AA by calculation (in %): C, 22.60; H, 2.69; N, 21.74 and by evaluation (in %): C, 22.93; H, 3.15; N, 21.38. According to these results, PB-NPs provides Na 0.25 Fe III [Fe II (CN) 6 ] 0.81 •3.7H 2 O formula while PB-NPs-AA provides Na 0.22 Fe III [Fe II (CN) 6 ] 0.80 @(AA) 0.08 •3.8H 2 O formula.

3.1.1e) Photoluminescence measurements

PB-NPs functionalized with 2-aminoanthracene (PB-NPs-AA) is useful for tracking the nanoparticles by the green emission color of 2-aminoanthracene. Whereas PB-NPs is optically inactive, PB-NPs-AA display green emission under excitation by a UV-lamp. The broad asymmetric emission bands centered at 500 nm are ascribed to AA and PB-NPs-AA fluorescences, being excited from the UV to the blue spectral regions (290-435 nm) for ethanol (as control) and aqueous mannitol solution (Figure 70). PB-NPs and PB-NPs-AA have been redispersed in several solvents, such as ethanol and mannitol, and their absorption and emission properties have been evaluated, in comparison with AA (Figures 71 and72, AA: aminoanthracene, 1: PB-NPs and 1@AA: PB-NPs-AA).

According to these results, PB-NPs-AA seemed preserved in mannitol solution, in the same manner as in ethanol solution. These nanoparticles can be used to make experiments with protoplasts that are obtained in mannitol solutions.

3.1.1f) Luminophore release

A preparation of functionalized nanoparticles was submitted to dialysis during 8 days in order to verify their stability. No luminophore release was detected from PB-NPs-AA when the electronic spectra from dialysis medium were measured after 8 days of the experiment (Figure 73). This result confirms the protection of AA within the porosity of cyano-bridged framework. Thus, the luminescence properties of functionalized PB-NPs are able to be used for following their coffee protoplast internalization and it can be confirmed that there will be no AA releasing out of the PB-NPs during 24 hours of protoplast treatment. Figure 76 Spectral analysis ofcoffee protoplasts treated with free aminoanthracene. Spectral images were obtained under a multiphoton microscope (excitation: 740 nm, emission: 420-690 nm) and processed with a linear unmixing algorythm)
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PB-NPs uptake by coffee calli

Using passive transport

Embryogenic calli were grown on T2 MS solid medium. To facilitate the contact between nanoparticles and calli, PB-NPs were diluted in T2 MS liquid medium. The classical solution for their dilution, BSA in phosphate buffer, was used as control. BSA in phosphate buffer appeared as a better solvent for PB-NPs than T2 MS media, as PB-NPs were well dispersed. Observation under optical microscope showed that, whatever the dilution medium, the PB-NPs have not been uptake by coffee calli, the characteristic blue color of the PB-NBs being only observed around the cells (Figure 74). The uptake by cells using passive transport seemed to be impossible as the size distribution of PB-NPs is comprised between 40 and 90 nm and mostly at 70 nm.

Using particle bombardment

To facilitate the entrance of the nanoparticles, pores were created in the cell wall by bombardment with gold nanoparticles. A co-shooting was realized with 2 sizes of gold particles (1+1.6 µm). By observation under light microscope, blue color and dark blue clusters were seen on the callus surface after 3 times of shooting with PB-NPs (Figure 75 A). Dark particles were found inside cell vacuoles, but it seemed these particles are compounds produced by coffee cells themselves and accumulated inside the vacuoles (Figure 75 B). Thus, TEM observations were done and do not allow confirming PB-NPs penetration into calli cells using particle bombardment.

PB-NPs-AA uptake by coffee protoplast

The uptake of the vectorized nanoparticles by the protoplast will be evaluated using multiphoton microscopy by the appearance of a green color inside the protoplasts. But this color can also be due to the entrance of free AA into the cells. Then a first step was to verify if free AA is able to be uptaken by the proptoplasts.

Aminoanthracene (AA) uptake testing by coffee protoplasts

After 24 hours of contact between protoplasts and the solution containing AA, the preparation was observed under multiphoton microscopy. AA, detected by maximum absorption at 504 nm, was only surrounding protoplast membranes and had not enter into protoplasts (Figure 76). It means that free AA (without grafted to PB-NPs) is unable to be uptaken by coffee protoplasts.

PB-NPs-AA uptake by coffee protoplasts

It is the first successful C. arabica protoplast preparation from calli cultured on solid media with total density 400,000-500,000 protoplasts / ml in total 2 ml. This protoplst suspension was submitted or not to different electric field treatments. The first observations were done by light microscopy, and no difference was observed between coffee protoplasts treated with PB-NPs-AA with and without electric field treatment. Secondary observation was done by multiphoton microscopy combined with spectral imaging and advanced linear unmixing [START_REF] Talamond | Secondary metabolite localization by autofluorescence in living plant cells[END_REF] to do a first rapid screen in which experimental conditions provided better PB-NPs-AA uptake by coffee protoplasts on the basis of the presence or not of AA fluorescence inside the treated protoplasts.

First reference spectral signatures were acquired corresponding to on the microscope using pure AA powder or AA solution, then native protoplast autofluorescences were analysed and the spectra corresponding to the chlorophyll and to endogenous autofluorescent metabolites were recorded in a spectra library. After acquisition of spectral images of treated protoplast by multiphoton microscopy me process the image with a linear unmixing algorithm to generate an image corresponding the AA spectrum, to the Chlorophyll spectrum and the autofluorescence spectrum and a residual image corresponding to none of the previous spectra (residual chanel).

In control protoplasts we verify that no fluorescence corresponding to the AA spectrum found. Inside the control (no treatment) only signal corresponding to the Chlorophyll (675 nm) spectra and autofluorescent spectrum could be detected. The autofluorescent from some compounds produced and accumulated inside protoplasts. On the contrary, no signal could be detected in the AA channel (Figure 77, no AA). Residual channel shows other absorption out of AA, Chlorophyll and the autofluorescence spectrum selected. And merge channel shows every absorbance together. The treatment of PB-NPs-AA in contact with coffee protoplasts for 24 hours shows absorbance in every channel according to the ability of PB-NPs-AA tracking at the wavelength of 504 nm separately from Chlorophyll and autofluorescent. Thus, with the detection of the AA inside the protoplasts multiphoton observation could be a primary confirmation of PB-NPs uptake by coffee protoplasts and it also allows observing the position inside protoplasts where PB-NPs are located (Figure 78). Among different treatments, electric field treatments provide the clearest uptake of PB-NPs-AA inside coffee protoplasts when observed under multiphoton microscopy combined with spectral analysis and linear unmixing.

Final observation was done by TEM, coffee protoplasts treated with PB-NPs-AA for 24 hours in contact, show the uptake inside protoplast membrane (Figure 79 C,D) as well as for 40 rpm / 24h stirring (Figure 79 E,F). The treatment with 10 minutes of vacuum seems to modify the surface of protoplast membrane, but the uptake is also observed inside the membrane (Figure 79 G,H). The treatment with 30 seconds of sonication is not a good condition for coffee protoplast as some materials which may be obtained from broken protoplasts were observed under TEM (Figure 79 I,J). As different concentrations of PB-NPs-AA in mannitol solution wereapplied to coffee protoplasts, 0.1 mg/ml PB-NPs (same protocol as Mamontovaet al., 2020) is a selected concentration as it shows well dispersion and no aggregation during the treatment observed by multiphoton microscopy. Other higher concentrations (0.15 and 0.2 mg/ml) provided aggregation after 24 hours treatment and caused unclear background when observed under multiphoton microscopy.

Observation by TEM shows clearly invagination on membrane surface of coffee protoplasts with some PB-NPs-AA crossing protoplast membrane and some are still outside (Figure 80 A,B). Moreover, invagination with PB-NPs-AA inside is observed on membrane surface (Figure 80 C,D) and also many PB-NPs inside and outside protoplasts were found.

Different electric currencies provided different amount of PB-NPs-AA uptake by coffee protoplasts. Treatment with 35V electric field treatment for 2 minutes (alignment only) showed lower uptake observed under multiphoton microscopy (Figure 81). On the contrary, treatment with 35V alignment for 2 minutes and fusion with 220V for 35 µs (1 pulse) shows higher uptake observed under multiphoton microscopy (Figure 82). Images are detected in chlorophyll and autofluorescent channels as shown in control, except for AA channels where AA is detected inside the protoplasts. Thus, PB-NPs-AA are clearly uptaken by coffee protoplasts. Moreover, AA, chlorophyll and autofluorescent are accumulated in different part of protoplasts as seen on the merge channel image. However, treatment 35V alignment for 2 minutes and 300V for 70 µs fusion (1 pulse) shows almost the same result as 220V for 35 µs, except that it seems to be too strong for coffee protoplasts some broken protoplasts were found (Figure 83).

Fewer PB-NPs-AA are observed inside and only at the periphery of the protoplast near to the membrane of protoplast treated with 35V electic field treatment and a protoplast alignment time of 2 minutes (Figure 84), while the treatment with 35V alignment for 2 minutes and 220V fusion for 35 µs (1 pulse) clearly shows several vesicles with PB-NPs-AA inside (Figure 85). The highest uptake was observed for treatment with 35V alignment for 2 minutes and 300V fusion for 70 µs (1 pulse) showing many PB-NPs-AA inside protoplasts, but it seems to be too strong as it modifies shape of the protoplast. (Figure 86). 

Protoplast viability test

Percentage of living coffee protoplasts was calculated by (living protoplast / total protoplasts) x 100 showing 73-96% living protoplasts after 3 hours treatment. The result suggested that PB-NPs-AA seems to be non-toxic for coffee protoplasts. In summary, Prussian-blue nanoparticles (PB-NPs) and their post-synthetic functionalization with 2-aminoanthracene (AA) provide the complex PB-NPs-AA and allows to be tracked by luminophore. PB-NPs-AA were used for drug delivery to cancer cells. Crossing animal cell membranes seems to be easier than plant cells as there are no barrier-cell walls. PB-NPs uptake by coffee cells is not obtained by passive transport caused by size exclusion limit (SEL) on cell walls, while the uptake by using particle bombardment seems to be unclear. Protoplast preparation was applied to remove cell walls and ~200 mg coffee calli can be converted to 400,000-500,000 protoplasts/ ml (total 2 ml). PB-NPs-AA can be uptaken by coffee protoplasts through passive transport. No difference was observed for 24 hours treatment with and without stirring, while the treatment with vacuum seems to modify the surface area of protoplast membrane and the sonication leads to protoplast explosion. Electroporation is a successful treatment to create temporary pores on protoplasts membrane and to increase PB-NPs-AA uptake. Observation can be done by multiphoton microscopy through the ability of aminoanthracene grafted on PB-NPs providing maximum absorption at 504 nm and showing highly uptake for coffee protoplasts treated with PB-NPs-AA and high electric currency. These protoplasts with PB-NPs-AA inside can be observed under multiphoton microscopy and TEM.

GENERAL CONCLUSION AND DISCUSSION

Two major objectives were targeted in this work:

1/ Clarifying in which abiotic stress responses the phenolic compounds, and more particularly, the chlorogenic acid 5-CQA, are involved in C. arabica coffee leaves.

2/ Developing an innovative tool to study the cellular mechanisms by which 5-CQA is involved during stress response.

1/ To achieve the first goal, coffee plants have been grown in field but also in controlled conditions, in order to modify one environmental condition at a time. We have chosen to take mature leaves for the analyses, as at this stage of growth, we suppose that the general metabolism of the leaf is already fixed. Before applying abiotic stresses to the plants, it was necessary to obtain an image of the phenolic compounds accumulated in the mature leaf of C. arabica grown in unstressed conditions. One C. arabica cultivar, cv. Marsellesa, was used to phenotype C. arabica leaves in field and in greenhouse.

Arabica phenolic phenotyping

The comparison by HPLC of the phenolic content in mature leaves grown in field to those grown in controlled conditions shows two distinct fingerprints:

-17 phenolics among which flavonoids are the most numerous (6 glycosylated flavonoids and 2 flavanols) under natural growth conditions. Chlorogenic acids, flavonoids and xanthones were accumulated. This phenolic profile corresponds to that already published in 2014 by Martins et al working with another cultivar: Catuai. Moreover, the phenolic profile of 34 other genotypes indicated that the same compounds were present in all of them: C. arabica possesses a specific fingerprint of phenolic compounds, content in each compound varying according to genotype.

-12 phenolics among which chlorogenic acids are the most numerous (7 compounds) under controlled conditions.In this case, glycosylated flavonoids are present in very low concentration and were not able to be quantified.

In field or in controlled conditions, 5-CQA is the compound the most accumulated in mature leaves.

To understand the differences observed, the leaf development was compared in field and in controlled conditions. Looking to the size of the leaves when growing from the bud to the third position on the stem, it was shown that an identical growth was obtained in field and in controlled conditions under the proposed conditions in greenhouse. In field and in controlled conditions, leaf growth seemed to be achieved when the leaf is positioned at the node three of the branch. Looking to the photosynthesis, it was noticed that chlorophyll content and carotenoids were higher in controlled conditions. However, for both conditions, photosynthetic pigments continued to accumulate until this stage. In field, phenolic compounds, except glycosylated flavonoids differing from rutin, greatly accumulate until the stage N0 or N1, when the tender greenish color of the leaves becomes an intense green color.

For five glycosylated flavonoids which are different from rutin, the leaf accumulation begun at the stage N0, before rutin decreases. The absence of these compounds was noticed in controlled conditions and could be attributed to the quality of the light. The light was given by high performance LED, and specific wavelengths have been chosen in order to favor photosynthesis. As observed looking to the light spectrum recorded at the top of the Marsellesa plants, maximal wavelengths are around 450, 550 and 650 nm (blue, green and red light), but no emission is recorded under 400 nm, in the UV zone. Flavonoid synthesis beingunder control of UV light, it is perhaps one reason why flavonoid content is so weak under greenhouse. This effect of greenhouse on flavonoid content has been mentioned in white asparagus [START_REF] Eichholz | UV-B-mediated flavonoid synthesis in white asparagus (Asparagus officinalis L.)[END_REF], Ginko biloba [START_REF] Sun | Change of secondary metabolites in leaves of Ginkgo biloba L. in response to UV-B induction[END_REF] and Kalanchoe pinnata [START_REF] Nascimento | Ultraviolet-B radiation effects on phenolic profile and flavonoid content of Kalanchoe pinnata[END_REF]. As also reported by [START_REF] Kreft | Rutin in buckwheat herbs grown at different UV-B radiation levels: comparison of two UV spectrophotometric and an HPLC method[END_REF] in buckweat, plants cultivated under high UVB intensity provide higher rutin content than under lower UVB. [START_REF] Suzuki | Effects of UV-B radiation, cold and desiccation stress on rutin concentration and rutin glucosidase activity in tartary buckwheat (Fagopyrum tataricum) leaves[END_REF] mentioned that rutin concentration is increased 122% by UVB radiation and most of the rutin is distributed in leaf epidermis. Obviously, as UVB is presented in a lower quantity in our greenhouse, rutin is accumulated in low content in leaves from the buds.

Then, even though the development of the leaf seems identical in field and in greenhouse, it is noticed that the metabolism of phenolic compounds is incomplete under the controlled conditions fixed in Cirad greenhouse. To obtain a good image of the "natural" phenolic metabolism, controlled conditions have to furnish to the plants a complete light spectrum, including the UV zone. Then, can the results obtained under controlled conditions be transferred to full-grown plants? If the synthesis of glycosylated flavonoids is not possible, will we not have a redirection of the phenolic metabolism towards other ways, such as those of lignin via chlorogenic acids or that of catechins? Part of this answer could be given by comparing the effect of light intensity on Marsellesa in field at low and high elevation in Mexico and under controlled conditions. As day/night temperatures are more similar at low elevation than at high, compared to controlled conditions, the comparison is done preferentially with the results at low elevation. As obtained comparing the figure below and the table at the end of the discussion, it could be seen that the response of 5-CQA and mangiferin is the same (lower content at low light intensity) when that of catechin is opposite (more catechin at low light intensity in controlled conditions and lower content under shade in field at low elevation). However, the responses are going in the same direction if the comparison is done between high elevation and controlled conditions. Differences observed in Mexico according to elevation suggest that other environmental parameters than temperature, such as pluviometry, light quality or soil nutrients are involved in the phenolic regulation.

In fact, for secondary metabolism studies, it seems really difficult to take directly the results obtained in greenhouse in Montpellier and transfer them to plants grown in field under tropical and subtropical climate: the environmental conditions are not comparable and, as secondary metabolism is really sensitive to external conditions, it seems unrealistic to obtain in controlled conditions identical responses to that in field. However, studies in phytotrons, in which more parameters than in greenhouse can be modified, could serve as indicators of plant response.

Stress applying to C. arabica

1.2.1

In field conditions, stresses were applied by growing plants from the same cultivar, cv. Marsellesa, at two contrasted elevations (650 and 1250m), in order to submit the plants to different climates (especially temperatures). At each elevation, plants were grown at full sun or under a net excluding 50% of the light. The same experiment (full sun and 50% shade) was done in two other trials on 34 other Arabica genotypes, including Ethiopian wild accessions, American pure lines and their hybrids, in four different locations in America. It was possible to show that 5-CQA, F-dihex, mangiferin and rutin are four phenolics that could still predict the degree of adaptation to full sunlight or shade. Rutin leaf contents were considerably higher in plants grown in full sun than in plants grown under shade in all the genotypes studied and at all four study locations. This is in agreement with the results of previous studies showing that quercetin derivatives (Vidovic et al., 2017) and, more globally, flavonols (Ryan et al., 2001) are involved in plant response to light, particularly to UV-B radiation. This could explain why concentrations of rutin in the leaves of C. arabica cv. Marsellesa in Mexico in both the sun and shade were much higher at the high elevation (1250 m asl) than at the low elevation (650 m asl), as global horizontal irradiance was very similar at the two trial sites but UV-B radiation increases with elevation.

The marked variations in rutin contents for the same variety grown at two contrasting elevation points, another time, the high dependence of the compound biosynthesis depends on environmental conditions. Two other quercetin derivatives, Q-dihex-dhex and Q-diGlu showed the same increased with full sun and elevation. This is in accordance with the stimulation of quercetin derivative biosynthesis by light intensity observed in coffee leaves under natural (Martins et al., 2014) or controlled conditions (Campa et al., 2017) and in line with the reaction of numerous plants to UV-B irradiance (Vidovic et al., 2017). Recent studies indicated that quercetin derivatives, and more specifically ortho-dihydroxylated B-ring flavonoids, play an important role in photoprotection as ROS-detoxifying agents and, to a lesser extent, as UV screens. F-dihex, a flavone dihexose, is a flavonoid derivative for which the molecular structure of the flavonoid and sugar moieties have not been well described by LC-MS. Its content and that of K-hex-dhex and Kdihex-dhex increased with light intensity but not with elevation. This suggests that the flavonoid moiety of F-dihex is not a quercetin and confirms the specific role of the quercetin as UV protectants.

The four markers are from the 3 families of phenolic compounds: chlorogenic acid (5-CQA), flavonoids (F-dihex and rutin) and xanthone (mangiferin). They are markers of light adaptation and could participate to Arabica response to light stress, as their concentration increase in presence of full sun. The study have been done using American pure lines, generally selected for their ability to product high level of fruits under full sun, and Ethiopian wild accessions, wild unselected genotypes issued from the African forest, by growing them in full sun or under shade in different locations. By this way, the analysis of the phenolic content variations takes into account the two factors of diversity: the genetic and the environment and indicated that mangiferin and particularly 5-CQA content are dependent on the genetic group of C. arabica. They appeared as good genetic biomarkers, able to differentiate Ethiopian wild accessions from American pure lines. On the contrary, the variability of the flavonoid content seems to be largely dependent on light intensity. For rutin, the relationship between concentrations in leaves grown in the sun and in the shade did not reflect the genetic structure of the genotypes studied, Ethiopian wild accessions vs. American pure lines. Thus, rutin appears to be of no interest as a selection biomarker for adaptation to growth in full sun, but could be useful to assess light stress, particularly UV stress, in a given coffee genotype at a given time and in different environmental conditions.

All Ethiopian wild accessions consistently presented higher concentrations of 5-CQA in their leaves in the sun regardless of the location and of mangiferin at a same location compared to the American pure lines. This may be linked to the origin of the Ethiopian wild accessions, i.e., understory bushes in mesophilous forests [START_REF] Sylvain | Some observations on Coffea arabica L. in Ethiopia[END_REF] and that of American pure lines derived from the C. arabica "Yemen-Harare" group domesticated for cultivation in full sunlight [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Anthony | The origin of cultivated Coffea arabica L. varieties revealed by AFLP and SSR markers[END_REF][START_REF] Silva | Coffee resistance to the main diseases: Leaf rust and coffee berry disease[END_REF][START_REF] Van Der Vossen | Next generation variety development for sustainable production of Arabica coffee (Coffea arabica L.): A review[END_REF][START_REF] Setotaw | Breeding potential and genetic diversity of "Hibrido do Timor" coffee evaluated by molecular markers[END_REF][START_REF] Jha | A review of ecosystem services, farmer livelihoods, and value chains in shade coffee agroecosystems[END_REF][START_REF] Bertrand | Healthy tropical plants to mitigate the impact of climate change-As exemplified in coffee[END_REF]. In controlled conditions, none of the glycosylated flavonoids were in sufficient concentration to be quantified in mature leaves. The study was done with cv. Marsellesa in comparison with other genotypes or hybridized or with grafted cv. Marsellesa. It appeared that all the major phenolic compounds, including 5-CQA and 3,5-diCQA, are involved in the response to variation in light intensity, N deprivation, moderate elevation of the thermal regime mimicking climate changes or heat wave stress.

An experiment studying the effect of light intensity and nitrogen deprivation alone and the effect of the combination of both was done comparing cv. Marsellesa and Geisha especial, an ancestral cultivar obtained by selection in Ethiopia. It was possible to show that, concerning growth, cv. Marsellesa and Geisha especial are more sensitive to N deprivation than light intensity. Between the two genotypes, Geisha showed more sensitivity to both stresses, even if N deprivation had a greater impact on growth, photosynthesis and phenolic and alkaloid contents than light. Concerning cv. Marsellesa, it was difficult to highlight differences for the major phenolic compounds and caffeine, whatever the stress. 5-CQA, catechin (epicatechin) and mangiferin contents slightly decrease under nitrogen deprivation and low light intensity but slightly increase under higher light intensity. Everything happens as if the selection in America had favored the appearance of cultivars more suited to nitrogen content and light intensity variations. However, as reported by Nune et al (1993), the effect of light intensity on C. arabica is less noticed when plants were grown under high nitrogensource.

Two experiments have been done in order to modify the external temperature: 1/cv. Marsellesa have been submitted to a long moderate increase in thermal regime (28°C during the day), in the presence of Male Sterile, an Ethiopian wild accession, and their hybrid Starmaya and 2/ two different heat waves stresses (36 °C or 42° C during the day), in presence of grafted cv. Marsellesa on C. canephora.

Growth of cv. Marsellesa, Male Sterile and their hybrid seems to be stimulated by a low moderate increase in thermal regime, highlighted by an increase in photosynthesis for both parents (higher FV/FM and PI). For the hybrid, changing thermal regime has no effect on FV/FM, PI and photosynthetic pigment contents. Concerning the secondary metabolites, here also hybrids present a different response compared to parents. When cv. Marsellesa and Male Sterile present the highest contents in all of the secondary metabolites under the increased thermal regime, a lower content was observed in this condition, except for epicatechin, in mature leaves of the hybrid Starmaya.

When soft (36°C) and hard (42°C) heat waves are submitted to cv. Marsellesa, leaves seem to suffer. Concerning the photosynthesis, the plants answered to a soft heat wave stress, by a decrease in chlorphyll a and total carotenoid contents at day 6. For a more drastic heat wave, photosynthesis was more altered, as shown by the FV/FM decrease at day 9 and PI decrease at day 6. Generally, a great and temporary increase in phenolic contents was noticed between day 3 and day 6 of treatment, whatever the level of stress. Caffeine and mangiferin contents increased immediately, at day 1.Grafting cv. Marsellesa on C. canephora limited plant growth and modified the response to heat wave, especially at 42°C: enhanced sensitivity of leaves to heat (burned leaves), and altered photosynthesis shown by a low content in Chl a and Car at day 6, a drastic decrease in FV/FM at day 6 but no alteration of PI. For both heat waves, grafting provoked a slow and lower answer of the phenolic compounds content.

Interestingly, the presence of a lower content of phenolic compounds in the leaves of C. arabica when grafted is associated with a biggest sensitivity of leaves to heat. That was seen by the photodamage of the leaves at 42°C accompanied by burning symptoms. At 36°C, these symptoms are not visible and leaves are rich in phenolic compounds after 3 or 6 days of treatment. This suggests that chlorogenic acids, Flavanols and mangiferin (but also alkaloids) may be involved in the protection of the leaves from heat wave. A moderate heat wave is susceptible to induce their synthesis, when a high one cannot.

All the results obtained in controlled conditions have been gathered in the table below. For each experiment, the content in each secondary metabolite has been compared to a control consisting in day 0 for the heat wave stress, in growth at 23/28°c for moderate temperature stress and in PAR 1000 with nitrogen source for N depletion and light intensity stresses.

In each stress condition, it appears that secondary metabolism (alkaloids and phenolic compounds) is stimulated. Generally, the response to stress is accompanied by an increase in the metabolite content (red boxes), except concerning the major phenolics when leaves receive a lower light intensity (experiment N depletion & light intensity, condition PAR 300 N+). Another characteristic is that the response is not immediate: a delay of 3 to 6 days is observed applying heat wave stresses at the plants. This result indicates that the accumulation of these secondary metabolites in the leaves may constitute a late protection against stress and that these compounds have not a direct role in the regulation of the response to stress.

As shown by [START_REF] Ramalho | Can Elevated Air [CO2] Conditions Mitigate the Predicted Warming Impact on the Quality of Coffee Bean[END_REF], fruits harvested from plants grown at 25°C, 30-35 or 36-40°Cpresented differences incontent in CQAs, caffeine,trigonelline as well as other compounds, such as lipids and minerals. 3-and 4-CQA increasedwhenever temperature increased and their content was higher at low CO 2 concentration than at high concentration. Moreover, bean mass and yield increased with CO 2 concentration. On the other hand, under cold conditions characterized by low positive temperature (chilling), total CQA (with 5-CQA representing 85%) also increased in Icatu and Catuaí (Fortunato et al., 2010).In both situations, at low or high temperatures, CQAs were considered as part of the antioxidative system developed by coffee plants to answer to stress conditions and ROS generation.

In addition, caffeine and trigonelline are major nitrogenous secondary metabolites, whose contents related to the quality of coffee beverage [START_REF] Farah | Coffee as a specialty and functional beverage[END_REF][START_REF] Santos | Perspectives on the potential impacts of climate changes on coffee plant and bean quality[END_REF]. As already observed for caffeine content [START_REF] Vinecky | Controlled irrigation and nitrogen, phosphorous and potassium fertilization affect the biochemical composition and quality of Arabica coffee beans[END_REF], ourresults show that nitrogen deprivation limited the accumulation of caffeine but also trigonelline.

According to the results obtained from heat and light stresses in phytotrons, 3,5-diCQA appeared to be involved in the response to the light and the temperature,while 5-CQAand epicatechinresponded to temperature. In coffee leaves, it has already been mentioned that secondary metabolites, especially phenolic compounds, including caffeic, chlorogenic and ferulic acid as well as quercetin, rutin, catechin, epicatechin and mangiferin, participated to the antioxidant activity [START_REF] Patay | Papp Histological and phytochemical studies of Coffea benghalensis Roxb. Ex. Schult. compared with Coffea arabica[END_REF][START_REF] Talamond | Campa First report on mangiferin (C-glucosyl-xanthone) isolated from leaves of a wild coffee plant, Coffea pseudozanguebariae (Rubiaceae)[END_REF]. Under controlled conditions that limited the flavonoid biosynthesis, high CGA and epicatechin concentrationscan be considered as the major contributors to antioxidant activity in coffee leaves.

It has been largely shown that CGA scavenge free radicals and regulate the expression of antioxidant enzymes [START_REF] Liang | Kitts Interactions between major chlorogenic acid isomers and chemical changes in coffee brew that affect antioxidant activities[END_REF][START_REF] Rodrigues | Bragagnolo Influence of coffee genotype on bioactive compounds and the in vitro capacity to scavenge reactive oxygen and nitrogen species[END_REF][START_REF] Upadhyay | An outlook on chlorogenic acids-Occurrence, chemistry, technology, and biological activities Critical Reviews in[END_REF], but other phenolic compounds including mangiferin, rutin, quercetin and kaempferol derivatives also contribute to the antioxidant activity of coffee leaf [START_REF] Dar | Moin Analgesic and antioxidant activity of mangiferin and its derivatives: The structure activity relationship[END_REF][START_REF] Higdon | Tea catechins and polyphenols: Health effects, metabolism, and antioxidant functions Critical Reviews in[END_REF][START_REF] Satué-Gracia | Frankel Anthocyanins as antioxidants on human low-density lipoprotein and lecithin-liposome systems[END_REF][START_REF] Wojdyło | Czemerys Antioxidant activity and phenolic compounds in 32 selected herbs[END_REF][START_REF] Yang | Yuan In vitro antioxidant properties of rutin[END_REF].

Innovative tool: nanoparticles

The second goal proposes to use nanoparticles to make entering 5-CQA into the nucleus of coffee cells. The first step was to obtain nanoparticles. Prussian blue nanoparticles with a cube shape of 70 nm on each side were synthetized (PB-NPs). Together with their post-synthetic functionalization with 2-aminoanthracene (AA), providing the complex PB-NPs-AA allow to be tracked by luminophore. PB-NPs-AA were used for drug delivery to cancer cells. Crossing animal cell membranes seems to be easier than plant cells as there are no barrier-cell walls. As commonly assumed size exclusion limit (SEL) of cell walls that controls the apoplastic transport (transportation through cells) is ∼5-20 [START_REF] Eichert | Size exclusion limits and lateral heterogeneity of the stomatal foliar uptake pathway for aqueous solutes and water suspended nanoparticles[END_REF]Ma et al., 2010;[START_REF] Dietz | Plant nanotoxicity[END_REF], while a SEL around 3-50 nm limits the symplastic transport through cytoplasm via plasmodesmata (Ma et al., 2010;[START_REF] Lucas | Plasmodesmata as a supracellular control network in plants[END_REF], PB-NPs uptake by coffee cells is not obtained by passive transport caused by SEL on cell walls. Only few successful uptakes were reported on plant cells, for example, Arabidopsis in which small gold nanoparticles (5 nm) have been uptaken (Milewska-Hendel et al., 2019). Moreover, the uptake by using particle bombardment observed under TEM seems to be unclear.

According to these reasons, protoplast preparation was applied to remove cell walls and ~200 mg coffee calli can be converted to 400,000-500,000 protoplasts/ ml (total 2 ml). According to Schöpke et al., 1987, C. canephora protoplasts could be prepared from somatic embryogenesis as well as C. arabica protoplast preparation was reported as C. arabica cells were converted into protoplasts when using enzyme mixture cellulase R10 (1%), macerozyme R10 (0.8%) and driselase (0.5%) (Thomasset et al., 1993). However, our preparation can be considered as the first successful C. arabica protoplast preparation from calli cultured on solid media. PB-NPs-AA can be uptaken by coffee protoplasts through passive transport. No difference was observed for 24 hours treatment with and without stirring, while the treatment with vacuum seems to modify the surface area of protoplasts membrane and the sonication leads to protoplast explosion.

Electroporation is a successful treatment to create temporary pores on protoplasts membrane and to increase PB-NPs-AA uptake. Observation can be done by confocal microscope through the ability of aminoanthracene grafted on PB-NPs providing maximum absorption at 504 nm and showing high uptake for coffee protoplasts treated with PB-NPs-AA and high electric currency. These protoplasts with PB-NPs-AA inside can be observed under confocal microscope and TEM.Penetration of nanoparticles was observable, beginning by the invagination of the protoplast membrane. Electroporation appeared as a good tool to let enter large particles (~70 nm PB-NPs-AA) into protoplasts.

CQA enrichment of PB-NPs was performed through the ability of carboxylic group of CQA to compete with water molecules and to form a stronger bond with Fe II . PB-NPs can be rapidly loaded with CQA during 6 hours of contact and almost stable after 24 hours.

Improving the technique for CQA release will be useful for further experiment in order to target and release CQA (and/or other chemicals) directly into cells and nucleus.

These initial results pave the way for targeted molecules entry into plant cells by nanoparticles. The enrichment of nanoparticles in 5-CQA for its release in the protoplasts will constitute the continuation of this work and will make it possible to better understand the mode of action of 5-CQA in the stress response, comparing the level of methylation in stresses and unstressed cells. But other types of molecules can be envisaged to enrich cells in these compounds and to study their role in cell metabolism. Nanoparticles can also be considered as a new tool to modify cellular functioning, by bringing about transformations at the level of gene expression.

Annex 1 Content (mean of 3 to 5 trees) in the major phenolic compound of each sub-family of phenolics in mature leaves of different genotypes of C. arabica grown in Nicaragua and Colombia in field condition. APL, American pure lines; EWA, Ethiopian wild accession; HF1, hybrids. 

Country

RESUME EN FRANCAIS

L'objectif du travail proposé ici est de caractériser les réponses aux stress abiotiques dans lesquelles les composés phénoliques sont impliqués dans les feuilles de Coffea arabica L. Les études de la réponse aux stress des feuilles de ce caféier seront réalisées dans des conditions naturelles, dans ses zones tropicales de culture, mais également en conditions contrôlées, pour préciser dans quelle réponse au stress abiotique ils sont spécifiquement impliqués. Un intérêt particulier sera porté au 5-CQA ou acide chlorogénique, non seulement parce que ce composé est fortement accumulé dans les feuilles, mais parce qu'il a été montré, chez les animaux, qu'il pouvait intervenir en tant que régulateur épigénétique plus que par son pouvoir antioxydant. Pour cette deuxième partie, un outil innovant sera développé : les nanoparticules.

De nombreuses cultures d'arbres tropicaux, y compris le caféier Coffea arabica qui est très sensible aux stress biotiques et abiotiques, sont menacées par le changement climatique qui doit apporter des modifications des régimes pluviométriques, des périodes de sécheresse plus fréquentes et des températures élevées. Plus spécifiquement pour la culture du café, le changement climatique pourrait entraîner le déplacement des régions géographiques de culture, accompagné de menaces environnementales, économiques et sociales dans les années à venir. En effet, de nombreux pays exportateurs de café se trouvent parmi les pays les plus vulnérables au risque climatique. Ainsi, en Amérique, la plus grande part de la production s'appuie sur des lignées pures sélectionnées adaptées à la culture en plein soleil, alors que les caféiers sauvages, originaires d'Ethiopie, sont des plantes d'ombrage. Dans ces conditions, des études antérieures basées sur des scénarios de modèles climatiques prévoient une baisse de 50% de la superficie mondiale propice à la production de café d'ici 2050. Aussi, il apparaît important de mieux comprendre les mécanismes moléculaires de l'adaptation du café à ces stress afin d'orienter la sélection des variétés résistantes.

Les métabolites secondaires, et les composés phénoliques en particulier, sont souvent décrits comme étant impliqués dans les réponses des plantes aux changements environnementaux, y compris les stress biotiques et abiotiques. Parmi les composés phénoliques, il a été montré que les flavonoïdes et les acides chlorogéniques interviennent dans la réponse au stress, plus spécifiquement dans la réponse lumineuse pour les flavonoïdes et plus généralement dans les stress biotiques et abiotiques pour les acides chlorogéniques. Dotés d'un fort pouvoir antioxydant, ces composés sont des esters d'acides hydroxycinnamiques, tels que l'acide 5-caféoyl quinique . Largement distribués dans le règne végétal, leur rôle dans l'adaptation à la réponse des plantes / réponse au stress n'est pas clairement expliqué. Chez les caféiers, les acides chlorogéniques peuvent jouer un rôle particulier car ils sont fortement accumulés dans les feuilles (plus de 14% de la masse sèche dans les jeunes feuilles) et peuvent alors constituer une protection cellulaire constitutive contre les stress. Pour clarifier leur rôle potentiel dans la réponse aux changements climatiques, des études peuvent être menées sur le terrain, en examinant les modifications des teneurs en composés phénoliques induites par la culture des plants de café dans différentes conditions qui peuvent imiter les variations climatiques à venir. Une autre façon peut être d'étudier les variations du métabolisme phénolique dans des conditions contrôlées, qui permettent de modifier un facteur à la fois, afin de préciser quels facteurs environnementaux susceptibles de changer avec le climat futur sont les plus impliqués. En élargissant l'étude d'un à plusieurs génotypes, il pourrait être possible de mettre en évidence des biomarqueurs permettant la sélection de variétés pour leur capacité à s'adapter à des critères environnementaux particuliers.

Généralement décrits comme associés aux chloroplastes, les acides chlorogéniques se sont également révélés présents dans le noyau. Dans les cellules animales, Lee et al ; ont montré que le CQA avait un rôle inhibiteur sur une ADN méthyltransférase, la protéine Dnmt3a, impliquée dans les changements de méthylation de l'ADN de novo qui se produisent au cours des premières phases de développement. Ces erreurs de méthylation contribuent à l'initiation et à la progression du cancer ou des aberrations du développement embryonnaire. Chez les plantes, les réponses aux agressions extérieures dépendent généralement de la régulation épigénétique de l'expression des gènes, l'une d'entre elles consistant en une modification de la méthylation de l'ADN. Comme déjà proposé, le CQA accumulé pourrait être considéré, par son activité antioxydante, comme une protection cellulaire constitutive contre le stress abiotique. Cependant, sa présence dans le noyau évoque un rôle potentiel en amont dans la réponse au stress, en inhibant les ADN méthyltransférases impliquées dans la régulation épigénétique. Mais aucune donnée n'existe sur le rôle de ces monophénols sur les ADN méthyltransférases végétales. Pour étudier l'impact de leur concentration dans le noyau sur le métabolisme des cellules végétales, il est nécessaire de faciliter leur pénétration et leur accumulation dans le noyau. Il est possible de favoriser la pénétration des composés phénoliques dans le noyau des cellules animales en utilisant des nanosondes vectorisées. Aussi, bien que la structure cellulaire végétale soit plus complexe que celle de la cellule animale (existence d'une paroi cellulaire externe), cette technique pourrait être utilisée pour démontrer le mode d'action du CQA dans la réponse au stress du caféier.

Résultats

Pour réaliser la première partie du travail, nous avons choisi de prendre des feuilles matures pour les analyses, car à ce stade de croissance, nous supposons que le métabolisme général de la feuille est déjà fixé. Mais avant d'appliquer des stress abiotiques aux plantes, il était nécessaire d'obtenir une image des composés phénoliques accumulés dans la feuille mature de C. arabica cultivé en conditions naturelles. Un cultivar de C. arabica, cv. Marsellesa, a été utilisé pour phénotyper les feuilles de C. arabica. Après une étude en chromatographie liquide couplée à la spectrométrie de masse (LC-MS) permettant d'identifier 21 composés phénoliques, une analyse en chromatographie liquide haute performance (HPLC) a permis de quantifier 17 d'entre eux, appartenant aux acides chlorogéniques [START_REF] Jha | A review of ecosystem services, farmer livelihoods, and value chains in shade coffee agroecosystems[END_REF], aux flavonoïdes [START_REF] Jha | A review of ecosystem services, farmer livelihoods, and value chains in shade coffee agroecosystems[END_REF] et aux xanthones [START_REF] Sylvain | Some observations on Coffea arabica L. in Ethiopia[END_REF]. La même étude a été réalisée sur des feuilles matures du même cultivar en conditions contrôlées et montre que seuls 12 composés sont quantifiables : 8 acides chlorogéniques, 3 flavonoïdes eu 1 xanthone. Comme le montre le tableau cidessous, parmi les flavonoïdes, les dérivés de catéchine sont toujours présents mais seule la rutine, en très faible concentration, représente les flavonoïdes glycolysés. Si la culture en conditions contrôlées impacte fortement la diversité en composés phénoliques des feuilles au stade mature, elle pourrait aussi modifier leur croissance.

Une étude comparative de la croissance de la feuille, depuis son apparition au niveau du bourgeon jusqu'au moment où elle atteint la position sur le cinquième noeud de la branche, ainsi que des capacités photosynthétiques et de son contenu en composés phénoliques ont été menées.

Composés phénoliques

Champ Serre

Acides chlorogéniques 3CQA ✔ 5CQA 4CQA 3,4DiCQA 3,5DiCQA 4,5diCQA FQA 5-O-coumQ Flavonoïdes Catechin Epicatechin Rutin Flavone-CdiGlu Q-dihex-dhex Q-diGlu K-dihex-dhex K-hex-dhex Xanthones Mangiferine
Elles montrent que la croissance de la feuille est identique (même temps de croissance et même surface), que C. arabica cv. Marsellesa soit cultivé en plein champ au Mexique ou dans une serre à Montpellier : la feuille atteignant son stade mature quand elle est positionnée au niveau du troisième noeud en partant de l'apex de la branche (Figure 1). Cependant, les teneurs en composés phénoliques de même qu'en alcaloïdes (caféine et trigonelline) sont fortement modifiées par la culture en serre (Figure 2). Ce résultat souligne la grande sensibilité du métabolisme secondaire aux conditions environnementales et semble indiquer que les résultats acquis en culture contrôlée ne seront pas forcément transférables aux plantes cultivées en champ.

En ce qui concerne les expérimentations réalisées au champ, les résultats ont fait l'objet d'une présentation orale en 2019 au 4 th World Congress on Agroforestry (20-22 May 2019, Montpellier) et d'une publication écrite dans la revue Métabolites en 2020 (doi:10.3390/metabo10100383).

Les stress ont été appliqués en cultivant des plantes du même cultivar, cv. Marsellesa, à deux altitudes contrastées (650 et 1250m), afin de soumettre les plantes à des climats différents (en particulier les températures). A chaque altitude, les plantes ont été cultivées en plein soleil ou sous un filet excluant 50% de la lumière. La même expérience (plein soleil et 50% d'ombre) a été réalisée dans deux autres essais sur 34 autres génotypes d'Arabica, y compris des accessions sauvages éthiopiennes, des lignées pures américaines et leurs hybrides, dans quatre localisations différentes en Amérique. Les résultats montrent que le 5-CQA, le F-dihex, la mangiférine et la rutine sont quatre composés phénoliques qui pourraient prédire le degré d'adaptation au plein soleil ou à l'ombre (Figure 3). Si la variabilité de la teneur en flavonoïdes semble être largement dépendante de l'intensité lumineuse, celle de la mangiférine et en particulier du 5-CQA dépend du groupe génétique de C. arabica (Figure 4). Ces deux composés apparaissent comme de bons biomarqueurs génétiques, capables de différencier les accessions sauvages éthiopiennes des lignées pures américaines. La rutine pourrait être utile pour évaluer le stress lumineux, en particulier le stress UV, dans un génotype de caféier donné à un moment donné et dans différentes conditions environnementales. Pour les expérimentations en conditions contrôlées, l'effet de l'intensité lumineuse, de la privation d'azote seuls et leur combinaison a été étudié en comparant cv. Marsellesa, lignée pure américaine et Geisha especial, un cultivar ancestral obtenu par sélection en Ethiopie. Il apparait que, au niveau croissance, cv. Marsellesa et Geisha especial sont plus sensibles à la privation d'azote qu'à l'intensité lumineuse. Pour cv. Marsellesa, il est difficile de mettre en évidence des différences pour les principaux composés phénoliques et la caféine, quel que soit le stress, même si les teneurs en 5-CQA, catéchine (épicatéchine) et mangiférine diminuent légèrement en présence d'une source d'azote mais augmentent légèrement en cas de privation d'azote. Geisha especial montre une plus grande sensibilité aux deux stress, mais la privation d'azote a un effet plus important que la lumière sur la croissance, la photosynthèse et les teneurs phénoliques et alcaloïdiques. Tout se passe comme si la sélection effectuée en Amérique avait favorisé l'apparition de cultivars plus adaptés aux variations de source d'azote et d'intensité lumineuse. Cependant, la réponse phénolique à l'intensité lumineuse semble dépendre de la concentration d'azote.

Deux expériences ont été réalisées afin d'étudier la réponse aux modifications de la température extérieure: 1 / une longue augmentation modérée du régime thermique (28 ° C pendant la journée pendant 4 mois), en présence cv. Marsellesa, de Mâle Stérile, une accession sauvage éthiopienne, et de leur hybride Starmaya et 2 / deux stress de canicule différents (36 ° C ou 42 ° C pendant la journée), en présence de cv. Marsellesa greffé ou non sur C. canephora.

L'augmentation modérée du régime thermique stimule la photosynthèse chez les deux parents (Fv/Fm et PI plus élevés) ainsi que la concentration des feuilles en métabolites secondaires. Pour l'hybride, la réponse est totalement différente : le changement de régime thermique n'a aucun effet sur Fv/Fm, PI et les teneurs en pigments photosynthétiques, mais limite la concentration des métabolites secondaires, à l'exception de l'épicatéchine, dans les feuilles matures de l'hybride Starmaya. Les cellules végétales sont entourées de parois cellulaires rigides donnant une limite d'exclusion de taille (SEL) autour de 5-20 nm pour la voie de transport apoplastique (transport à travers les cellules), tandis que le SEL autour de 3-50 nm limite le transport symplastique à travers le cytoplasme via des plasmodesmes. La taille des nanoparticules synthétisées, supérieure aux SEL, ne semble pas permettre leur transport passif à travers les parois et membranes des cellules végétales. Ce transport peut être facilité par la technique de bombardement de particules ou par l'obtention de protoplastes -cellules végétales plasmolysées et isolées par élimination de la paroi cellulaire en utilisant une procédure mécanique ou enzymatique. L'électroporation est également un autre processus pour transfecter des cellules avec de l'ADN à l'aide d'une impulsion électrique. L'application d'un champ électrique permet de créer des pores temporaires sur les membranes cellulaires et a été utilisé pour transférer des séquences d'ADN, augmenter le transport de médicaments ou délivrer des macromolécules dans les cellules.

Les premières expérimentations de mise en contact de nanoparticules PB-NP avec des cellules de caféier ont été faites avec des cals embryogènes. Elles n'ont pas permis de mettre en évidence la pénétration des PB-NPs dans les cellules de cals. De même, le bombardement des PB-NPs à l'aide de particules n'a pas semblé efficace, les nanoparticules n'ayant pas été visibles dans les cellules en observation au microscope électronique. Une préparation de protoplastes de cellules de caféier a été obtenue à partir des cals embryogènes de C. arabica. A partir de cals cultivés sur un milieu solide (200 mg), une suspension à la densité de 400,000-500,000 protoplastes/ml a été obtenue, dans un volume total de 2 ml.

Après avoir montré au microscope confocal que l'AA libre ne pénétrait pas dans les protoplastes de caféier (l'AA entoure les membranes de protoplastes à l'extérieur et peut être détecté par son absorption maximale à 504 nm), les PB-NPs-AA ont été mises au contact des protoplastes. Les nanoparticules sont absorbées par les protoplastes qui prennent une couleur verte. L'absorption maximale à 504 nm à l'intérieur des protoplastes est clairement différente de l'absorption maximale de la chlorophylle (675 nm) et de l'autofluorescence du protoplaste (Figure 6). La microscopie électronique permet de montrer que l'absorption des PB-NP-AA se fait par invagination de la membrane du protoplaste (Figure 7). L'absorption est meilleure si on réalise une électroporation de forte intensité : la microscopie révèle la présence de nombreuses vésicules contenant des PB-NPs-AA dans les protoplastes (Figure 8). 

DISCUSSION

Les expérimentations menées en plein champ ont permis de clairement montrer que quatre composés phénoliques sont fortement impliqués dans la réponse des feuilles de caféier à l'intensité lumineuse : une flavone dihexose et la rutine, deux flavonoïdes glycosylés, le 5-CQA et la mangiférine. Les plus fortes teneurs en rutine (et F-dihex) des feuilles cultivées en plein soleil sont en accord avec les résultats d'études précédentes montrant que les dérivés de la quercétine et, plus globalement, les flavonols sont impliqués dans la réponse des plantes à la lumière, en particulier aux rayons UV-B. Cela pourrait expliquer pourquoi les concentrations en rutine dans les feuilles de C. arabica cv. Marsellesa au Mexique sont beaucoup plus élevées à haute altitude (1250 m asl) qu'à basse altitude (650 m asl). On a noté que l'irradiance horizontale globale est très similaire sur les deux sites d'essai mais on sait le rayonnement UV-B augmente avec l'altitude. Par contre, les variations marquées des teneurs 5-CQA et en mangiférine, composés phénoliques appartenant l'un au groupe des acides chlorogéniques et l'autre aux xanthones, indiquent pour la première fois que la teneur en ces composés peut être liée à l'adaptation à l'intensité lumineuse ou aux conditions environnementales associées. De plus, la relation entre les concentrations dans les feuilles cultivées au soleil et à l'ombre de ces deux composés, et surtout du 5-CQA, reflète la structure génétique des génotypes étudiés, c'est-à-dire les accessions sauvages éthiopiennes par rapport aux lignées pures américaines. De fortes teneurs à l'ombre ou au soleil caractérisent les accessions sauvages et font de ces deux composés de potentiels marqueurs de la sélection de variétés pour leur adaptation à la culture en plein soleil ou à l'ombre. Ainsi, des génotypes producteurs en plein soleil dont les feuilles seraient riches en 5-CQA et mangiférine pourraient être des individus de choix pour la culture en agroforesterie.

La rutine semble n'avoir aucun intérêt en tant que biomarqueur de sélection pour l'adaptation à la croissance en plein soleil, mais pourrait être utile pour évaluer le stress lumineux, en particulier le stress UV, dans un génotype donné à un moment donné et dans différentes conditions environnementales. Ceci est conforme à la stimulation de la biosynthèse des dérivés de quercétine par l'intensité lumineuse observée dans les feuilles de café dans des conditions naturelles ou contrôlées [START_REF] Campa | Juvenile coffee leaves acclimated to low light are unable to cope with a moderate light increase[END_REF] et en lien avec la réaction de nombreuses plantes à l'irradiance UV-B. Des études récentes ont indiqué que les dérivés de la quercétine, et plus particulièrement les flavonoïdes du cycle B ortho-dihydroxylés, jouent un rôle important dans la photoprotection comme agents détoxifiants ROS et, dans une moindre mesure, comme écrans UV. Lors des expérimentations en conditions contrôlées, les conditions de lumière choisies (serre ou LEDs spécifiques) n'ont pas permis d'aboutir à une synthèse quantitative des flavonoïdes glycosylés dans les feuilles. Leur rôle dans la réponse au stress lumineux n'a donc pas pu être vérifié en conditions contrôlées. Par contre, les acides chlorogéniques, la mangiférine et les catéchines, en conditions contrôlées, sont toujours retrouvés en concentrations plus fortes lors des stress, qu'ils portent sur la nutrition azotée ou la température. Cependant, la réponse au stress peut être lente et faible, apportant plus ou moins de protection à la plante. C'est le cas observé lors de la réponse à une forte augmentation journalière de la température, où les feuilles sont fortement altérées alors que la teneur en composés phénoliques est peu modifiée par rapport au contrôle.Lorsque la température du stress thermique n'est que de 36 ° C, ces symptômes ne sont pas visibles et les feuilles sont riches en composés phénoliques après 3 ou 6 jours de traitement. Cela suggère que les acides chlorogéniques, les flavanols et la mangiférine (mais aussi les alcaloïdes) peuvent être impliqués dans la protection des feuilles contre la canicule. Une vague de chaleur modérée est susceptible d'induire leur synthèse, alors qu'une vague élevée ne le peut pas. Ces observations faites en conditions contrôlées ne permettent cependant pas de déduire le rôle de ces composés dans la réponse des plantes en conditions naturelles, les caféiers étudiés n'ayant pas dans leurs feuilles des composés phénoliques fortement impliqués dans la réponse aux stress : les flavonoïdes glycosylés. Pourtant, la présence systématique d'une augmentation de la teneur en 5-CQA, composé phénolique majeur dans les feuilles de caféier, incite à étudier plus précisément son mode d'action : simple composé antioxydant synthétisé pour lutter contre les ROS ou régulateur épigénétique dont la présence peut inhiber des ADN methyltransférases, de manière à activer/réprimer la réponse des cellules aux stress ? La réponse pourra être fournie par l'introduction de 5-CQA dans les noyaux de cellules soumises ou non à des stress en utilisant des nanoparticules. Les premiers résultats obtenus dans la deuxième partie de ce travail sont très encourageants. En utilisant des nanoparticules de Bleu de Prusse taguées avec de l'amino-anthracène, la pénétration dans des protoplastes, obtenus pour la première fois à l'aide de cals embryogènes de C. arabica, a pu être montrée. Ces nanoparticules étant capables de prendre en charge le 5-CQA, elles ouvrent la voie vers les études de méthylation cellulaire en condition de stress, en présence de concentrations variables en 5-CQA. Mais d'autres applications peuvent également être envisagées dans le cadre d'études du fonctionnement cellulaire.

Introduction

Arabica coffee (Coffea arabica L.) is a cash crop of major social-economic importance throughout the intertropical zone. Wild C. arabica is an understory bush that originated in the southwest Ethiopian highlands and in the Boma Plateau forests in southern Sudan [START_REF] Sylvain | Some observations on Coffea arabica L. in Ethiopia[END_REF]. However, from its early domestication in Yemen (secondary dispersal center [START_REF] Fernie | FAO Coffee Mission to Ethiopia[END_REF]) to the most recent cultivation of homozygous varieties, such as the American pure lines, C. arabica has been mainly bred for full-sun growing conditions, particularly in intensive cropping systems. It has recently been shown that wild C. arabica germplasm resulting from a recent speciation process has low genetic diversity [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF]. Cultivated material has particularly low genetic diversity because traditional cultivars derive from only two narrow genetic groups that spread from Yemen: var. Typica and var. Bourbon [START_REF] Anthony | The origin of cultivated Coffea arabica L. varieties revealed by AFLP and SSR markers[END_REF]. From the 1970s on, coffee breeding programs aimed to introgress coffee leaf rust (Hemileia vastatrix) resistance genes from accessions of the hybrid of Timor-a natural interspecific hybrid of C. arabica and C. canephora [START_REF] Silva | Coffee resistance to the main diseases: Leaf rust and coffee berry disease[END_REF]-leading to the creation of the Catimor and Sarchimor cultivar families [START_REF] Van Der Vossen | Next generation variety development for sustainable production of Arabica coffee (Coffea arabica L.): A review[END_REF]. Nevertheless, the genetic base of C. arabica cultivars remains narrow since very few traditional Timor hybrid progenitors or traditional recurrent parents were used in these introgression breeding programs [START_REF] Setotaw | Breeding potential and genetic diversity of "Hibrido do Timor" coffee evaluated by molecular markers[END_REF].

A recent study sequenced and independently assembled the two-component genome of the allotetraploid C. arabica species (putatively deriving from two other species, C. canephora and C. eugenioides). Genome-wide SNP genotyping of the genetic diversity was also performed in cultivated coffee germplasm and in wild populations [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF]. The study revealed a weak population structure due to low frequency-derived alleles and a cline of genetic diversity reflecting west-to-east geographical distribution, from the center of origin in East Africa to the Arabian Peninsula. Two main genetic groups were identified: the eastern and wilder plants, consisting in two populations, "Sheka" and "Jimma Bonga", and the "Harar-Yemen" group corresponding to the very early domestication process of C. arabica. The eastern group thus appeared to be a valuable untapped genetic reservoir for the improvement of cultivated C. arabica varieties. It could, for example, be valued in breeding programs such as those started in the 1990s that led to most current improved F1 hybrids with the best yields and beverage quality obtained using controlled crosses between wild Ethiopian progenitors and American cultivars [START_REF] Van Der Vossen | Next generation variety development for sustainable production of Arabica coffee (Coffea arabica L.): A review[END_REF].

Current research in many coffee growing countries aims to improve, or reintroduce, agroforestry cropping systems because of the many ecosystem services they deliver [START_REF] Jha | A review of ecosystem services, farmer livelihoods, and value chains in shade coffee agroecosystems[END_REF] and their resilience in the face of climate change in the most exposed regions, mainly at medium to low elevations [START_REF] Bertrand | Healthy tropical plants to mitigate the impact of climate change-As exemplified in coffee[END_REF]. However, for a variety of reasons, the agroforestry model, which may limit profitability in countries such as Brazil or food plant intercropping in some African countries, is not always applicable. To develop unshaded coffee cropping systems, new C. arabica varieties must be developed to improve sustainability and enable the agro-ecological transition by introducing genotypes that are naturally resistant to abiotic and biotic stresses. To achieve this aim, new high-throughput phenotyping tools are needed to identify candidate progenitor parents among wild and cultivated germplasms.

Secondary metabolites (SMs) are among the main tools that enable plants to adapt to biotic and abiotic stresses [START_REF] Bennett | Secondary metabolites in plant defence mechanisms[END_REF]. Their accumulation is finely tuned to perceived environmental cues [START_REF] Sampaio | Effect of the environment on the secondary metabolic profile of Tithonia diversifolia: A model for environmental metabolomics of plants[END_REF]. They belong to different chemical classes, including phenolic compounds, alkaloids and terpenes. A large body of literature is devoted to phenolic compounds as they are involved in plant resistance and acclimation to environmental constraints. Different mechanisms are involved, including strong antioxidant activity that enables them to quench the reactive oxygen species (ROS) emitted during any form of stress, their capacity to absorb UV [START_REF] Winkel-Shirley | Biosynthesis of flavonoids and effects of stress[END_REF][START_REF] Tattini | Differential accumulation of flavonoids and hydroxycinnamates in leaves of Ligustrum vulgare under excess light and drought stress[END_REF][START_REF] Pavarini | Exogenous influences on plant secondary metabolite levels[END_REF] and their toxicity to plant pests [START_REF] Clé | Modulation of chlorogenic acid biosynthesis in Solanum lycopersicum; consequences for phenolic accumulation and UV-tolerance[END_REF]. They are key players in the adaptation of Arabidopsis thaliana leaves to intense light [START_REF] Hectors | Dynamic changes in plant secondary metabolites during UV acclimation in Arabidopsis thaliana[END_REF]. Caffeoylquinic acids (CQAs) and chlorogenic acids (CGAs) described as lignin precursors and carbon reservoirs [START_REF] Grace | Energy dissipation and radical scavenging by the plant phenylpropanoid pathway[END_REF], accumulate in greater quantities in response to temperature and light in Solanum tuberosum leaves and in Capsicum annuum seedlings [START_REF] Yao | Creation of a metabolic sink for tryptophan alters the phenylpropanoid pathway and the susceptibility of potato to phytophthora infestans[END_REF][START_REF] Díaz | Changes in shikimate dehydrogenase and the end products of the shikimate pathway, chlorogenic acid and lignins, during the early development of seedlings of Capsicum annuum[END_REF].

In coffee plants, SMs are well described in the economically valuable beans because of their contribution to coffee beverage quality and human health [START_REF] Ranheim | Coffee consumption and human health-beneficial or detrimental? Mechanisms for effects of coffee consumption on different risk factors for cardiovascular disease and type 2 diabetes mellitus[END_REF][START_REF] Tajik | The potential effects of chlorogenic acid, the main phenolic components in coffee, on health: A comprehensive review of the literature[END_REF][START_REF] Gamboa-Becerra | Metabolomic Markers for the Early Selection of Coffea Canephora Plants with Desirable Cup Quality Traits[END_REF]. They include a variety of CGAs (esters of hydroxycinnamic acids-mainly 5-CQA), alkaloids such as caffeine and its derivatives [START_REF] Anthony | Biochemical diversity in the genus Coffea L.: Chlorogenic acids, caffeine and mozambioside contents[END_REF][START_REF] Campa | Chlorogenic acids: Diversity in green beans of wild coffee species[END_REF], lipids [START_REF] Dussert | Effectiveness of the fatty acid and sterol composition of seeds for the chemotaxonomy of Coffea subgenus Coffea[END_REF][START_REF] Bertrand | Comparison of the effectiveness of fatty acids, chlorogenic acids and elements for the chemometric discrimination of coffee (Coffea arabica L.) varieties and growing origins[END_REF] and volatile organic compounds [START_REF] Bertrand | Climatic factors directly impact the volatile organic compound fingerprint in green Arabica coffee bean as well as coffee beverage quality[END_REF]. Studies on SMs in leaves are rare and are often limited to caffeine and CGAs [START_REF] Ashihara | Caffeine and related purine alkaloids: Biosynthesis, catabolism, function and genetic engineering[END_REF][START_REF] Magalhães | Leaf alkaloids, phenolics, and coffee resistance to the leaf miner Leucoptera coffeella (Lepidoptera: Lyonetiidae)[END_REF]. Recently, the presence of other phenolics, such as flavonoids [START_REF] Martins | In high-light-acclimated coffee plants the metabolic machinery is adjusted to avoid oxidative stress rather than to benefit from extra light enhancement in photosynthetic yield[END_REF] and the xanthone mangiferin [START_REF] Campa | A survey of mangiferin and hydroxycinnamic acid ester accumulation in coffee (Coffea) leaves: Biological implications and uses[END_REF][START_REF] Trevisan | Quantitation by HPLC-UV of mangiferin and isomangiferin in Coffee (Coffea arabica) leaves from brazil and costa rica after solvent extraction and infusion[END_REF], have been reported, promoting the use of coffee leaves like tea 78) 181 ( 74) 138 ( 65) 69 ( 61) 108 ( 61) ( 43) 163 ( 43) 122 ( 28) 117 ( 13) 156 ( 9 61) 325 ( 46) 177 ( 43) 121 ( 39) 271 ( 39) 355 ( 14) 85 ( 7 69) 125 ( 64) 203 ( 56) 151 ( 44) 245 ( 40) 137 ( 36) 205 ( 26) 97 ( 25) 121 ( 23) 289 ( 21) 187 ( 21) 188 ( 20) 149 ( 20) 221 ( 20) 161 [START_REF] Ranheim | Coffee consumption and human health-beneficial or detrimental? Mechanisms for effects of coffee consumption on different risk factors for cardiovascular disease and type 2 diabetes mellitus[END_REF] 291.0858 139 (100) 123 ( 59) ( 23) 161 ( 12) 207 ( 6 60) 151 ( 43) 245 ( 40) 137 ( 37) 205 ( 34) 161 ( 26) 97 ( 23) 188 ( 23) 221 ( 22) 187 ( 20) 121 [START_REF] Ranheim | Coffee consumption and human health-beneficial or detrimental? Mechanisms for effects of coffee consumption on different risk factors for cardiovascular disease and type 2 diabetes mellitus[END_REF] 179 [START_REF] Ranheim | Coffee consumption and human health-beneficial or detrimental? Mechanisms for effects of coffee consumption on different risk factors for cardiovascular disease and type 2 diabetes mellitus[END_REF] 17) 53 ( 12) 93 ( 12) 253 ( 12) 145 ( 10) 75 ( 2) 302 ( 2)

339.1085 147 (100) 75 ( 23) 97 ( 23) 236 ( 23) 127 ( 19) 258 ( 16) 341 ( 16) 65 ( 10) 189 ( 10) 217 ( 10) 306 ( 10 34) 354 ( 21) 515 ( 21) 335 ( 14) 517.1323 163 (100) 63 ( 27) 140 ( 18) 191 ( 18) 370 ( 11 91) 179 ( 63) 135 ( 13) 173 ( 6) 515 ( 3) 517.1323 140 (100) 163 ( 77) 519 ( 64) 213 ( 59) 117 ( 41) 303 ( 41) 189 ( 27) 238 ( 27) 367 ( 27) 442 ( 27) 492 ( 23 16) 135 ( 11) 137 ( 7) 203 [START_REF] Van Der Vossen | Next generation variety development for sustainable production of Arabica coffee (Coffea arabica L.): A review[END_REF] 517.1323 163 (100) 111 ( 18) 383 ( 14) 435 ( 14) 224 ( 5 24) 327 ( 23) 543 [START_REF] Tajik | The potential effects of chlorogenic acid, the main phenolic components in coffee, on health: A comprehensive review of the literature[END_REF] Peaks 15 and 19 only fragmented in positive mode because of their low abundance and/or lesser stability of their deprotonated forms. They shared the same UV spectrum (λ max at 265 and 346 nm) and MS 2 fragmentation as a base peak at m/z 287, indicative of 3-O-substituted kaempferol derivatives. Compound 15 showed fragment ions at m/z 612 (loss of deoxyhexose), 449 (loss of deoxyhexose + hexose) and 287 (loss of deoxyhexose + 2 hexoses) and was annotated as kaempferol-3-O-dihexose-deoxyhexose (K-dihex-dhex). Similarly, compound 19 was annotated as kaempferol-3-O-hexose-deoxyhexose (K-hex-dhex).

Peak 17 showed pseudomolecular ions at m/z 579.1472 and 577.1386 (molecular formula of C 30 H 26 O 12 ) and exhibited a weak intensity λ max at 276 nm, characteristic of catechin derivatives. Based on its MS 2 fragmentation, it was annotated as catechin dimer (procyanidin). Peaks 20, 21 and 22 had similar UV spectra (λ max at 324-327 nm and a shoulder at 297-300 nm) and the same molecular formula of C 25 H 24 O 12 . Compound 21 was identified as 3,5-O-dicaffeoylquinic acid by comparison with a standard [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF] and, following [START_REF] Zhong | Identification of anti-inflammatory constituents from Kalimeris indica with UHPLC-ESI-Q-TOF-MS/MS and GC-M[END_REF], 20 and 22 were identified as 3,4-O-dicaffeoylquinic acid [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF] and 4,5-O-dicaffeoylquinic acid [START_REF] Anthony | The origin of cultivated Coffea arabica L. varieties revealed by AFLP and SSR markers[END_REF], respectively.

To sum up, the LC-MS 2 analysis identified two metabolites belonging to the purine alkaloids, theobromine (1) and caffeine ( 7 1). Among them, leaf concentrations of 5-CQA were the highest regardless of elevation and light conditions. Values ranged from 3.0 to 4.8 mg.100 mg -1 dry weight (DW) in leaves grown in full sun at high and low elevation, respectively (Table S1). Catechin, epicatechin and mangiferin had intermediate leaf contents, with the corresponding ranges (1.48-2.27), (0.79-1.52) and (1.01-1.69) mg.100 mg -1 DW, respectively. All other phenolic compounds were quantified at less than 1 mg.100 mg -1 DW regardless of elevation and light conditions. 1). Among them, leaf concentrations of 5-CQA were the highest regardless of elevation and light conditions. Values ranged from 3.0 to 4.8 mg.100 mg dry weight (DW) in leaves grown in full sun at high and low elevation, respectively (Table S1). Catechin, epicatechin and mangiferin had intermediate leaf contents, with the corresponding ranges (1.48-2.27), (0.79-1.52) and (1.01-1.69) mg.100 mg DW, respectively. All other phenolic compounds were quantified at less than 1 mg.100 mg DW regardless of elevation and light conditions. [START_REF] Pavarini | Exogenous influences on plant secondary metabolite levels[END_REF][START_REF] Clé | Modulation of chlorogenic acid biosynthesis in Solanum lycopersicum; consequences for phenolic accumulation and UV-tolerance[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Hectors | Dynamic changes in plant secondary metabolites during UV acclimation in Arabidopsis thaliana[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Grace | Energy dissipation and radical scavenging by the plant phenylpropanoid pathway[END_REF][START_REF] Yao | Creation of a metabolic sink for tryptophan alters the phenylpropanoid pathway and the susceptibility of potato to phytophthora infestans[END_REF][START_REF] Anthony | The origin of cultivated Coffea arabica L. varieties revealed by AFLP and SSR markers[END_REF] Among CGAs, only 5-CQA, 3,5-diCQA and 4,5-diCQA presented significant differences in leaf content ( < 0.05) depending on light intensity (Table 2). Like all other CGAs, except FQA, they also presented significant differences in leaf content depending on the elevation, and significant interactions were observed between two factors, light and elevation. 5-CQA had the most discriminating CGA leaf contents by far not only for light conditions but also for elevation, suggesting that other abiotic factors linked to elevation also significantly influence 5-CQA leaf content. Indeed, Figure 1. Superimposed chromatograms at 320 nm (solid line) and 280 nm (dotted line) of mature Coffea arabica leaves. Separation was carried out on a Agilent Eclipse XDB C18 column with methanol and 2% acetic acid in water as eluents. 1: theobromine; 2, 3-CQA; 3, (+)-catechin; 4, 5-CQA; 5, 4-CQA; 6, caffeine; 7, (-)-epicatechin; 8, mangiferin; 9, FQA; 10, flavone-di-C-hexose (F-dihex); 11, quercetin-dihexose-deoxyhexose (Q-dihex-dhex); 12, quercetin-diglucoside (Q-diglu); 13, kaempferol-dihexose-deoxyhexose (K-dihex-dhex); 14, kaempferol-hexose-deoxyhexose; [START_REF] Clé | Modulation of chlorogenic acid biosynthesis in Solanum lycopersicum; consequences for phenolic accumulation and UV-tolerance[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Hectors | Dynamic changes in plant secondary metabolites during UV acclimation in Arabidopsis thaliana[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Grace | Energy dissipation and radical scavenging by the plant phenylpropanoid pathway[END_REF][START_REF] Yao | Creation of a metabolic sink for tryptophan alters the phenylpropanoid pathway and the susceptibility of potato to phytophthora infestans[END_REF][START_REF] Anthony | The origin of cultivated Coffea arabica L. varieties revealed by AFLP and SSR markers[END_REF] Among CGAs, only 5-CQA, 3,5-diCQA and 4,5-diCQA presented significant differences in leaf content (p < 0.05) depending on light intensity (Table 2). Like all other CGAs, except FQA, they also presented significant differences in leaf content depending on the elevation, and significant interactions were observed between two factors, light and elevation. 5-CQA had the most discriminating CGA leaf contents by far not only for light conditions but also for elevation, suggesting that other abiotic factors linked to elevation also significantly influence 5-CQA leaf content. Indeed, a significant difference in 5-CQA content depending on light was observed at low elevation, as in full sun, concentrations were 40% higher than those in the shade (Figure 2).

With the exception of catechin, the concentration of each of the flavonoids in leaves varied significantly (p < 0.05) depending on the light conditions. The concentration of the eight compounds quantified also differed significantly depending on elevation, with no significant interaction between light and elevation, with the exception of the three glycosylated quercetins (Table 2).

A significant effect of light was only observed in concentrations of epicatechin, with a low F value of 6.0 (Table 2), and a significant difference in concentration in leaves growing in the sun and in the shade was only seen at high elevation, the concentrations being the highest in the shade (Table S1). There were always significant differences in leaf catechin content between plants grown in the sun and in the shade at both elevations, but inversed: full-sun leaf catechin content was highest at low elevation and lowest at high elevation (Table S1; Figure 2).

Of the two glycosylated kaempferols quantified, K-hex-dhex presented by far the most variable leaf contents depending on light (Table 2). The leaf contents were significantly higher in full sun than in the shade at both elevations: 10-fold higher at low elevation and 3-fold higher at high elevation (Figure 2). With the exception of catechin, the concentration of each of the flavonoids in leaves varied significantly ( < 0.05) depending on the light conditions. The concentration of the eight compounds quantified also differed significantly depending on elevation, with no significant interaction between light and elevation, with the exception of the three glycosylated quercetins (Table 2).

A significant effect of light was only observed in concentrations of epicatechin, with a low value of 6.0 (Table 2), and a significant difference in concentration in leaves growing in the sun and in the shade was only seen at high elevation, the concentrations being the highest in the shade (Table S1). There were always significant differences in leaf catechin content between plants grown in the Like K-hex-dhex, rutin leaf contents were largely and significantly higher in full sun than in the shade at both elevations: 4-fold higher at the low elevation and 2.3-fold higher at the high elevation (Figure 2). It should be noted that there were major significant effects of light and elevation on the rutin content in leaves, but without any significant interaction between the two abiotic factors.

At low elevation, F-dihex leaf content was 1.81-fold higher in full sun than in the shade, while no significant difference was observed at high elevation (Table S1; Figure 2). Among the glycosylated flavonoids, this compound was therefore less discriminating of light conditions than K-hex-dhex and rutin. However, the concentrations of all three glycosylated quercetins were highly variable for light conditions, rutin content being by far the most variable (Table 2).

Concentrations of mangiferin, the only xanthone derivative quantified in this study, differed significantly in leaves depending on both light conditions and elevation, but no significant interaction was found between the two (Table 2). Significant differences were observed at both elevations with higher concentrations in the sun than in the shade: 1.45-fold higher in full sun than in the shade at the low elevation, and 1.30-fold higher at the high elevation (Figure 2; Table S1).

A heatmap was drawn using the correlation coefficients among leaf contents of these 16 phenolic compounds (Figure 3). A strong correlation was noticed between the three flavonoids belonging to glycosylated quercetins: Q-dihex-dhex, Q-diGlu and rutin. These clustered away from all other phenolic compounds, including 5-CQA and the three other glycosylated flavonols. The other large cluster was subdivided into substances whose contents negatively correlated with those of the quercetin analog/rutin cluster and the substances whose contents displayed no correlation with this cluster. Within this large cluster, it can be noticed that the contents of the flavanols, epicatechin and catechin are highly correlated (R = 0.80; p < 0.05) as well as those of 5-CQA and 4,5-diCQA (R = 0.87) and the two glycosylated kaempferols (R = 0.85) that sub-clustered with mangiferin. Together, based on ANOVA and correlation analysis of the leaf phenolic contents of the Marsellesa cultivar, we retained six major compounds with significant differences according to light conditions at one or both elevations: 5-CQA, catechin, K-hex-dhex, rutin, F-dihex and mangiferin.

Influence of Light Intensity on the Leaf Phenolic Content of Numerous C. arabica Genotypes Grown in Different Environments

The same 16 phenolic compounds analyzed in the mature leaves of cv. Marsellesa in the Mexican field trials were identified in all C. arabica genotype samples (7 American pure lines, 8 Ethiopian wild accessions and 19 of their F1 hybrid clones) in trials in both Nicaragua and Colombia (data not shown). Correlation and linear regression analyses were conducted on the concentration (Table S2) of the six previously selected phenolic compounds discriminating full-sun and 50% shade conditions. These analyses concerned all the genotypes, those studied in the Nicaragua and Colombia trials and cv. Marsellesa grown in the two Mexican field trials (Figure 4). Together, based on ANOVA and correlation analysis of the leaf phenolic contents of the Marsellesa cultivar, we retained six major compounds with significant differences according to light conditions at one or both elevations: 5-CQA, catechin, K-hex-dhex, rutin, F-dihex and mangiferin.

Influence of Light Intensity on the Leaf Phenolic Content of Numerous C. arabica Genotypes Grown in Different Environments

The same 16 phenolic compounds analyzed in the mature leaves of cv. Marsellesa in the Mexican field trials were identified in all C. arabica genotype samples (7 American pure lines, 8 Ethiopian wild accessions and 19 of their F1 hybrid clones) in trials in both Nicaragua and Colombia (data not shown). Correlation and linear regression analyses were conducted on the concentration (Table S2) of the six previously selected phenolic compounds discriminating full-sun and 50% shade conditions. These analyses concerned all the genotypes, those studied in the Nicaragua and Colombia trials and cv. Marsellesa grown in the two Mexican field trials (Figure 4).

Except for catechin and K-hex-dhex, leaf phenolic contents in the sun and in the shade were significantly correlated (r 2 > 0.5; p < 0.05). The r 2 of mangiferin was particularly high (r 2 = 0.812), as well as that of F-dihex (r 2 = 0.747) and 5-CQA (r 2 = 0.738) and to a lesser extent that of rutin (r 2 = 0.634). The high correlations between these four compounds indicated that, whatever the environmental conditions linked to the geographical location of the trial, there was a strong and stable relation between the leaf contents evaluated in full sun and in the shade (50% light exclusion in all the trials).

However, marked variability in leaf content was observed among the genotypes. In the shade, 5-CQA and mangiferin leaf contents varied from 0.41 to 2.86 mg.100 mg -1 DW and 0.17 to 1.62 mg.100 mg -1 DW, respectively (Table S2). For 5-CQA, mangiferin and F-dihex, the slope of the regression line was similar: 0.64, 0.62 and 0.62, respectively. For rutin, the ratio of leaf content in the sun to that in the shade was much higher and the slope of the regression line was much lower: 0.36 (Figure 4). Except for catechin and K-hex-dhex, leaf phenolic contents in the sun and in the shade were significantly correlated ( > 0.5; < 0.05). The of mangiferin was particularly high ( = 0.812), as well as that of F-dihex ( = 0.747) and 5-CQA ( = 0.738) and to a lesser extent that of rutin ( = 0.634). The high correlations between these four compounds indicated that, whatever the environmental conditions linked to the geographical location of the trial, there was a strong and stable relation between the leaf contents evaluated in full sun and in the shade (50% light exclusion in all the trials). However, marked variability in leaf content was observed among the genotypes. In the shade, 5-CQA and mangiferin leaf contents varied from 0.41 to 2.86 mg.100 mg DW and 0.17 to 1.62 mg.100 mg DW, respectively (Table S2). For 5-CQA, mangiferin and F-dihex, the slope of the regression line was similar: 0.64, 0.62 and 0.62, respectively. For rutin, the ratio of leaf content in the sun to that in the shade was much higher and the slope of the regression line was much lower: 0.36 (Figure 4). 

Influence of C. arabica Genetic Groups on Leaf Phenolic Contents in Two Different Environments

Influence of C. arabica Genetic Groups on Leaf Phenolic Contents in Two Different Environments

Next, we compared the leaf phenolic contents of the four compounds (5-CQA, mangiferin, F-dihex and rutin) that showed a significant correlation in the sun and in the shade, taking into account the averages calculated for each C. arabica genetic group, Ethiopian wild accessions, American pure lines and F1 hybrid clones, in Nicaragua and Colombia, in full sun and in the shade. As can be seen in Figure 5, whatever the compound and the location, the highest contents were observed in full sun. The difference between rutin contents in the sun and in the shade were particularly clear.

lines and F1 hybrid clones, in Nicaragua and Colombia, in full sun and in the shade. As can be seen in Figure 5, whatever the compound and the location, the highest contents were observed in full sun. The difference between rutin contents in the sun and in the shade were particularly clear. The concentration of 5-CQA in the leaves of the Ethiopian wild accessions was the highest under full sun regardless of the location of the trial, indicating that genotype dependence prevailed over location dependence. In the shade, concentrations of 5-CQA in the leaves of the Ethiopian wild accessions in Nicaragua were lower than those of all genetic groups in Colombia. Leaf contents in the shade were thus distributed according to the location and the relationship between genetic groups (Ethiopian wild accessions > F1 hybrid clones > American pure lines) was conserved.

The dependence on location of mangiferin and rutin contents in the leaves was clear, the samples from Colombia being separated from those from Nicaragua. The relationship between the concentration of mangiferin and the genetic group was conserved at the two locations regardless of the light condition (Ethiopian wild accessions > F1 hybrid clones > American pure lines) and the highest values were observed in Colombia. The same distribution was observed for rutin content, except for in the shade in Nicaragua, where the relationship between genetic groups was inversed, and the American pure lines had the highest rutin content (American pure lines > F1 hybrid clones > Ethiopian wild accessions).

Under each light condition, slight differences were observed between the concentration of Fdihex in all genetic groups in Nicaragua and the Ethiopian wild accession group in Colombia (Figure 5). It was thus impossible to identify a clear relationship between the F-dihex content and genetic group or location.

Interestingly, we observed that concentrations of 5-CQA, mangiferin and rutin in F1 hybrid clones grown in the sun were intermediate between those of their Ethiopian wild accession father and their American pure line mother, but closer to the latter. The same observation was made concerning concentrations of mangiferin and rutin in coffee trees grown in the shade. The concentration of 5-CQA in the leaves of the Ethiopian wild accessions was the highest under full sun regardless of the location of the trial, indicating that genotype dependence prevailed over location dependence. In the shade, concentrations of 5-CQA in the leaves of the Ethiopian wild accessions in Nicaragua were lower than those of all genetic groups in Colombia. Leaf contents in the shade were thus distributed according to the location and the relationship between genetic groups (Ethiopian wild accessions > F1 hybrid clones > American pure lines) was conserved.

Discussion

LC-MS Analysis Enabled Identification of Two Novel Mangiferin Derivatives in C. arabica

The dependence on location of mangiferin and rutin contents in the leaves was clear, the samples from Colombia being separated from those from Nicaragua. The relationship between the concentration of mangiferin and the genetic group was conserved at the two locations regardless of the light condition (Ethiopian wild accessions > F1 hybrid clones > American pure lines) and the highest values were observed in Colombia. The same distribution was observed for rutin content, except for in the shade in Nicaragua, where the relationship between genetic groups was inversed, and the American pure lines had the highest rutin content (American pure lines > F1 hybrid clones > Ethiopian wild accessions).

Under each light condition, slight differences were observed between the concentration of F-dihex in all genetic groups in Nicaragua and the Ethiopian wild accession group in Colombia (Figure 5). It was thus impossible to identify a clear relationship between the F-dihex content and genetic group or location.

Interestingly, we observed that concentrations of 5-CQA, mangiferin and rutin in F1 hybrid clones grown in the sun were intermediate between those of their Ethiopian wild accession father and their American pure line mother, but closer to the latter. The same observation was made concerning concentrations of mangiferin and rutin in coffee trees grown in the shade.

Discussion

3.1. LC-MS 2 Analysis Enabled Identification of Two Novel Mangiferin Derivatives in C. arabica LC-DAD-MS 2 was used for an exhaustive characterization of the alkaloids and phenolic compounds present in mature leaves of C. arabica. Two metabolites from the benzophenone group, an iriflophenone-C-glucoside and a xanthone derivative, mangiferin parahydroxybenzoate, were tentatively identified in coffee plants for the first time. Their presence in C. arabica leaves, along with confirmation of the presence of mangiferin previously described [START_REF] Campa | A survey of mangiferin and hydroxycinnamic acid ester accumulation in coffee (Coffea) leaves: Biological implications and uses[END_REF], points to the existence of a biosynthetic pathway for mangiferin via benzophenone synthase, as already reported in Hypericum and Anemarrhena [START_REF] Schmidt | Alternative pathways of xanthone biosynthesis in cell cultures of Hypericum and rosaenum L[END_REF][START_REF] Fujita | Further studies on the biosynthesis of mangiferin in anemarrhena asphodeloides: Hydroxylation of the shikimate-derived ring[END_REF] and reviewed in Joubert et al. [START_REF] Joubert | Accumulation of mangiferin, isomangiferin, iriflophenone-3-C-b-glucoside and hesperidin in honeybush leaves (Cyclopia genistoides Vent.) in response to harvest time, harvest interval and seed source[END_REF].

The nature of the main accumulated flavanols was also clarified. They consist of catechin, epicatechin and a procyanidin. In contrast to the work of Ratanamarno and Surbkar [START_REF] Ratanamarno | Caffeine and catechine in fresh coffee leaf (Coffea arabica) and coffee leaf tea[END_REF], we detected no gallocatechin derivatives. Lastly, LC-MS 2 analysis enabled annotation of some glycosylated derivatives of quercetin and kaempferol previously observed by Martins et al. [30]. These authors analyzed the phenolic content of the "Catuai Vermelho IAC 44" variety, an American pure line of C. arabica. Interestingly, the same 21 metabolites were identified in the mature leaves of the 34 genotypes analyzed in the present study, whether they were American pure lines, Ethiopian wild accessions or F1 hybrid clones, and irrespective of the light condition, elevation and latitude. However, some accumulated at concentrations that were too low to be quantified on HPLC-DAD chromatograms and only 16 could be used to compare the coffee leaf samples. In a quest for biochemical markers for use in cultivar development programs, it is preferable to target compounds that are relatively abundant and easy to quantify with simple instrumentation, ideally usable in field experiments.

Identification of Leaf Phenolic Contents as Biomarkers of Adaptation of C. arabica to Full-Sun or Shade Conditions

In agreement with the widely accredited role of phenolic compounds in the adaptive response of plants, particularly to abiotic environments [START_REF] Bernal | Altitudinal and seasonal changes of phenolic compounds in Buxus sempervirens and cuticles[END_REF][START_REF] Petrussa | Plant flavonoids-Biosynthesis, transport and involvement in stress responses[END_REF][START_REF] Sharma | Response of phenylpropanoid pathway and the role of polyphenols in plants under abiotic stress[END_REF], we were able to identify phenolics whose concentrations in C. arabica leaves changed with environmental conditions, especially with changes in light intensity, i.e., in our study, full sun vs. 50% shade.

Preselection of Candidate Biomarkers of Adaptation of C. arabica to Full-Sun Conditions

Among the 16 phenolic compounds quantified by HPLC-DAD in the two field trails at two contrasting elevations in Mexico and in the study of a single American pure line (C. arabica cv. Marsellesa), we were able to identify compounds that could be used as markers of adaptation to full sun: 5-CQA, catechin, K-hex-dhex, F-dihex, rutin and mangiferin. These compounds were retained because their leaf contents were higher and/or displayed the highest significant difference between leaf contents in the sun and in the shade at at least one of the two elevations. Indeed, with the exception of K-hex-dhex, the compounds were present at medium to high concentrations in the leaves at least in full sunlight. K-hex-dhex was retained because of its highly significant differences in leaf contents in the sun and in the shade at both elevations. Additionally, the leaf contents of the six compounds were significantly correlated with those of the other compounds of the same chemical subgroup, thus reinforcing the results obtained, meaning they are good representatives of the response to light stress by these chemical subgroups.

Selection of Biomarkers for Adaptation of C. arabica to Full Sunlight Using Genetic Diversity and Contrasting Environments

The six preselected candidate biomarkers for the adaptation of C. arabica to full sun were evaluated in seven other American pure lines, eight Ethiopian wild accessions and 19 of their F1 hybrids, in two contrasting geographical trials in Colombia and Nicaragua.

Combining the data on the concentration of each of the six preselected phenolics in the leaves of all 34 genotypes studied in the four field trials in Mexico, Colombia and Nicaragua, we finally retained four, 5-CQA, mangiferin, F-dihex and rutin, because the ratio of their concentration in the sun to that in the shade remained stable in the leaves of all the genetic material and in all four contrasting environments, as measured by r 2 (0.74; 0.81; 0.75 and 0.63, respectively). All the slopes of the regression lines were below 1, indicating that, just like in cv. Marsellesa at two elevations in Mexico, the concentrations of these compounds in leaves of the 34 other genotypes were always higher in the sun than in the shade. The strong linear correlation between the concentrations of these four phenolics in the leaves suggests that C. arabica germplasm could be phenotyped in only one of the light conditions (full sun or 50% shade) but could still predict the degree of adaptation to full sunlight or shade, mimicking agroforestry systems. This also suggests that these four candidate biomarkers of adaptation could be used in very different environments and with contrasting genotypes like Ethiopian wild accessions and American pure lines. By comparing the influence of the genotype on the four previously selected leaf phenolic contents at the two field trials in Colombia and Nicaragua, 5-CQA and mangiferin were shown to be the best candidate biomarkers of adaptation to full sunlight in C. arabica because both compounds globally reflected the genetic structure at the two locations and made it possible to differentiate Ethiopian wild accessions from American pure lines at the same location. Moreover, in the case of 5-CQA, the influence of genotype even prevailed over the influence of location, making it possible to differentiate Ethiopian wild accessions from American pure lines regardless of the location. All Ethiopian wild accessions consistently presented higher concentrations of 5-CQA in their leaves in the sun regardless of the location and of mangiferin at a same location compared to the American pure lines. This may be linked to the origin of the Ethiopian wild accessions, i.e., understory bushes in mesophilous forests [START_REF] Sylvain | Some observations on Coffea arabica L. in Ethiopia[END_REF] and that of American pure lines derived from the C. arabica "Yemen-Harare" group domesticated for cultivation in full sunlight [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Anthony | The origin of cultivated Coffea arabica L. varieties revealed by AFLP and SSR markers[END_REF][START_REF] Silva | Coffee resistance to the main diseases: Leaf rust and coffee berry disease[END_REF][START_REF] Van Der Vossen | Next generation variety development for sustainable production of Arabica coffee (Coffea arabica L.): A review[END_REF][START_REF] Setotaw | Breeding potential and genetic diversity of "Hibrido do Timor" coffee evaluated by molecular markers[END_REF][START_REF] Jha | A review of ecosystem services, farmer livelihoods, and value chains in shade coffee agroecosystems[END_REF][START_REF] Bertrand | Healthy tropical plants to mitigate the impact of climate change-As exemplified in coffee[END_REF].

The higher concentrations of both 5-CQA and mangiferin in leaves in full sun than in the shade observed in this study are in accordance with observations made in C. arabica cv. Catuai Vermelho IAC 44 in Brazil with two-fold higher accumulation of both compounds in leaves in full sun than in the shade [START_REF] Martins | In high-light-acclimated coffee plants the metabolic machinery is adjusted to avoid oxidative stress rather than to benefit from extra light enhancement in photosynthetic yield[END_REF]. Very little information is available on the likely role of 5-CQA in plant response to light stress, and mangiferin has been more widely studied in humans than in plants for its multipotent anti-inflammatory potential, anti-lipid peroxidation and antibacterial activities [START_REF] Franklin | Xanthone biosynthesis in hypericum perforatum cells provides antioxidant and antimicrobial protection upon biotic stress[END_REF][START_REF] Saha | A xanthonoid with multipotent anti-inflammatory potential[END_REF][START_REF] Imran | A natural miracle bioactive compound against lifestyle related disorders[END_REF]. However, since this compound is considered to be a strongly antioxidant molecule, higher mangiferin contents in leaves exposed to full sunlight point to a likely role for mangiferin in protecting leaves from oxidative damage linked to more intense photosynthesis. A protective role of mangiferin against UV radiation in Aphloia theiformis has also been suggested [START_REF] Danthu | Biological factors influencing production of xanthones in aphloia theiformis[END_REF]. A previous study on wild coffee species indicated higher accumulation of mangiferin in leaves of species originating from high altitudes where UV irradiance is higher [START_REF] Campa | A survey of mangiferin and hydroxycinnamic acid ester accumulation in coffee (Coffea) leaves: Biological implications and uses[END_REF]. It is interesting to note that, when we compared the average concentrations of 5-CQA and mangiferin in each genetic group (Ethiopian wild accessions, American pure lines and F1 hybrid clones), in the two trials, Colombia values were higher than Nicaragua values. This is consistent with the higher global horizontal irradiance observed during the trial in Colombia compared to the trial in Nicaragua (Table 3) and reinforces the capacity of these candidate biomarkers. However, the influence of other factors cannot be ruled out, e.g., that of UV-B irradiance, which increases as one approaches the Equator, or of temperature which, in our case, was higher in Colombia.

An interesting result concerning 5-CQA was that, in the two field trials in Mexico, we found a significant correlation between the concentration of 5-CQA in leaves and the concentrations of all the other phenolic compounds analyzed, except quercetin derivatives. This suggests that 5-CQA plays a key role in the response of phenolic metabolism to light stress, as suggested by Grace and Logan [START_REF] Grace | Energy dissipation and radical scavenging by the plant phenylpropanoid pathway[END_REF]. Phenylpropanoid biosynthesis may offer an alternative pathway for photochemical energy dissipation. In this energy overflow mechanism, which transforms photosynthesis products into stable compounds, 5-CQA may be the main sink.

Another important observation is that in both the Nicaragua and Colombia trials, the F1 hybrid clones had very similar concentrations of 5-CQA and mangiferin in the leaves of shaded and unshaded plants to those measured in their mother American pure lines, suggesting a significant maternal effect in adaptation to light growing conditions. This should be taken into account in future breeding programs. APL: American pure lines; EWA: Ethiopian wild accession.

The concentrations of 5-CQA and mangiferin in leaves in full sun and in the shade are among the highest observed for the phenolic compounds, irrespective of the light conditions and the field trial, particularly the concentration of 5-CQA. Thus, their detection and quantification are quite easy, accurate and reproducible.

5-CQA is the most common chlorogenic acid in plants. As an esterified form of caffeic acid with quinic acid, this compound possesses a phenol ring produced by hydroxycinnamic acid and a specific absorption spectrum. Near-infrared (NIR) spectroscopy has been successfully used to characterize coffee beans and to study environmental effects on coffee bean quality [START_REF] Downey | Authentication of coffee bean variety by near-infrared reflectance spectroscopy of dried extract[END_REF][START_REF] Vaast | Fruit thinning and shade improve bean characteristics and beverage quality of coffee (Coffea arabica L.) under optimal conditions[END_REF]. An NIR calibration was obtained, based on partial least squares regression with quantitative values of different concentrations of CQA [START_REF] Bertrand | Comparison of bean biochemical composition and beverage quality of Arabica hybrids involving Sudanese-Ethiopian origins with traditional varieties at various elevations in Central America[END_REF]. The NIR technique thus enables rapid evaluation of CQA content in coffee beans. More recently, a study was conducted on coffee leaves using Fourier transform near infrared spectroscopy (FT-NIR) combined with a statistical method for classification (SIMCA) [START_REF] Okubo | Nondestructive classification analysis of green coffee beans by using near-infrared spectroscopy[END_REF]. Mangiferin also possesses a phenol ring and a specific absorption spectrum. Thus, CQA and mangiferin evaluation by NIR could be considered for high-throughput phenotyping of C. arabica germplasm. This approach would help identify candidate progenitors with good adaptation to full-sun conditions, i.e., likely those with low leaf 5-CQA and mangiferin contents, or to shaded agroforestry conditions, i.e., those with high leaf 5-CQA and mangiferin contents. It would facilitate high-throughput phenotyping of large F1 offspring and the creation of new F1 hybrids.

Like 5-CQA and mangiferin, the concentration of F-dihex in full sun was higher than in the shade in all the genotypes studied. However, although the concentration of F-dihex in leaves in full sun was well correlated with the concentration in the shaded leaves across the different genotypes and the four field trials, this compound did not reflect genetic structure (Ethiopian wild accessions vs. American pure lines) when its leaf contents were compared in different genetic groups, meaning F-dihex cannot be used as a stable biomarker of the adaptation of C. arabica to full sunlight.

Rutin leaf contents were considerably higher in plants grown in full sun than in plants grown under shade in all the genotypes studied and at all four study locations. This is in agreement with the results of previous studies showing that quercetin derivatives [START_REF] Vidovic | 2-Stimulation of various phenolics in plants under ambient UV-B radiation[END_REF] and, more globally, flavonols [START_REF] Ryan | Flavonoids and UV photoprotection in Arabidopsis mutants[END_REF] are involved in plant response to light, particularly to UV-B radiation. This could explain why concentrations of rutin in the leaves of C. arabica cv. Marsellesa in Mexico in both the sun and shade were much higher at the high elevation (1250 m asl) than at the low elevation (650 m asl), as global horizontal irradiance was very similar at the two trial sites but UV-B radiation increases with elevation. The marked variations in rutin contents in the same variety grown at two contrasting elevations points to high dependence of the compound biosynthesis on environmental conditions. Moreover, when comparing rutin content between genetic groups, the relationship between concentrations in leaves grown in the sun and in the shade did not reflect the genetic structure of the genotypes studied, i.e., Ethiopian wild accessions vs. American pure lines. Thus, rutin appears to be of no interest as a selection biomarker for adaptation to growth in full sun, but could be useful to assess light stress, particularly UV stress, in a given coffee genotype at a given time and in different environmental conditions. This is in accordance with the stimulation of quercetin derivative biosynthesis by light intensity observed in coffee leaves under natural [START_REF] Martins | In high-light-acclimated coffee plants the metabolic machinery is adjusted to avoid oxidative stress rather than to benefit from extra light enhancement in photosynthetic yield[END_REF] or controlled conditions [START_REF] Campa | Juvenile coffee leaves acclimated to low light are unable to cope with a moderate light increase[END_REF] and in line with the reaction of numerous plants to UV-B irradiance [START_REF] Vidovic | 2-Stimulation of various phenolics in plants under ambient UV-B radiation[END_REF]. Recent studies indicated that quercetin derivatives, and more specifically ortho-dihydroxylated B-ring flavonoids, play an important role in photoprotection as ROS-detoxifying agents and, to a lesser extent, as UV screens [START_REF] Agati | Light-induced accumulation of ortho-dihydroxylated flavonoids as non-destructively monitored by chlorophyll fluorescence excitation techniques[END_REF][START_REF] Agati | Functional roles of flavonoids in photoprotection: New evidence, lessons from the past[END_REF][START_REF] Zhang | Metabolomics analysis reveals the metabolic and functional roles of flavonoids in light-sensitive tea leaves[END_REF].

Materials and Methods

Locations and Plant Material

This study was conducted at four locations in three countries, two in Mexico, one in Nicaragua and one in Colombia, from latitude 4 • N to 19 • N, which covers most of the Latin American C. arabica growing area in the Northern Hemisphere (Figure 6). Table 3 lists the location and main climatic and agronomic factors at each location. Each field trial was made up of two adjacent twin plots, each including all the genotypes studied, one in full sunshine and the other one under a black polyethylene shading net that excluded 50% of the light. When the leaf samples were collected, the coffee trees were three years old in Mexico and Colombia. In Nicaragua, they were also 3 years old after the coppicing of the original 24-year-old trees. The coffee trees were considered to be adults with full fruit production at all the elevations of the four experimental field trails. In Mexico, the study was carried out in two similar field trials located at two contrasting elevations (650 m vs. 1250 m asl) to generate a proxy of temperatures in order to mimic global warming associated with climate change. In the two experimental plots in Mexico, a single American pure line of C. arabica was studied: cv. Marsellesa, belonging to the Sarchimor group (a cross between the Timor hybrid CIFC 832/2, a natural interspecific hybrid of C. arabica and C. canephora) and the Costa Rican compact line Villa Sarchi). The 22 genotypes studied in Nicaragua and the 11 studied in Colombia were C. arabica American pure lines, Ethiopian wild accessions of C. arabica and cloned F1 hybrids propagated by somatic embryogenesis, and from crosses between American pure lines as mothers and Ethiopian wild accessions as fathers, except for two F1 hybrid clones in the Nicaraguan trial that were crosses between two American pure lines. Table 4 lists the details of all the plant material studied in the three countries. 

Leaf Sampling for Secondary Metabolite Analysis

For each growth condition (full sun or shade), at between 5 and 6 h after sunrise, ten mature leaves were collected from the same tree at the third node (from the branch apex) of the 6th to 8th pairs of plagiotropic branches (counting from the orthotropic apex). For samples of plants growing in full sun, care was taken to ensure that the leaves collected were fully exposed to the sun (by avoiding shaded leaves) and faced eastward. Leaves from the same tree grown in the same conditions were packed together and immediately plunged into liquid nitrogen and conserved at -80 • C until freeze dried. For each growth condition, 9 to 10 trees were sampled in June 2015 in Mexico, three to five trees in April 2019 in Nicaragua, and two to six trees (two American pure lines, three Ethiopian wild accessions and six F1 hybrid clones) in June 2014 in Colombia.

Secondary Metabolite Analysis

The freeze-dried leaf samples were vacuum packed and sent to the IRD laboratory, Montpellier, France, where they were ground into a fine powder in an A10 IKA model electric blender (IKA ® -Werke GmbH & Co. KG, Staufen, Germany) and stored until extraction. Each sample was extracted by stirring 25 mg of plant material in 6 mL of MeOH/H 2 O (80:20, v/v) in a Rotamax 120 (Heidolph Instruments GmbH & CO. KG, Schwabach, Germany) at 250 rpm and at 4 • C for 3 h, supplemented with 10 µL of 5-methoxyflavone (4 mM) as an internal standard. After centrifugation at 3500 rpm at 8 • C for 10 min, the organic extract was collected and filtered (Millipore, 0.25 µm porosity) before analysis. Each extraction was carried out in triplicate.

Quantitative analyses were carried out on a Shimadzu LC 20 HPLC-DAD system (Shimadzu Corporation, Kyoto, Japan) as described by Campa et al. [58]. Parallel analyses were performed in triplicate on pure standard solutions of trigonelline, theobromine, caffeine, mangiferin, 5-CQA and caffeic acid purchased from Sigma-Aldrich Chimie (St Quentin Fallavier, France), while glycosylated kaempferols (kaempferol and kaempferol-3-O-glucoside), quercetin, rutin, (+)-catechin, (-)-epicatechin and epigallocatechin came from Extrasynthese (Lyon, France) and [START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF] came from Biopurify Phytochemicals (Chengdu, China) at 25, 50, 75 and 100 µg.mL -1 . Quantification of FQAs and 3,[START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF]diCQA was undertaken at 320 nm, caffeine and catechin derivatives at 280 nm and mangiferin, kaempferol and quercetin derivatives at 360 nm. Concentrations are expressed in mg.100 mg -1 dry weight (DW) by comparison with standard curves. 3-CQA, 4-CQA and FQA contents were calculated relative to the 5-CQA standard curve. Concentrations of flavonol derivatives except rutin were calculated based on the standard quercetin curve, and are expressed as quercetin equivalent. Each sample of coffee leaf powder was extracted and analyzed three times. The mean concentrations of phenolic compounds are expressed in mg.100 mg -1 DW.

To confirm the standard-based identifications and to provide some basic structural information on the other substances, LC-DAD-MS 2 analyses were performed on an Agilent Infinity ® 1290 system (Agilent Technologies, Santa Clara, USA) coupled to a UV/vis DAD detector and equipped with a QTOF 6530 detector (Agilent) controlled by MassHunter ® software (Agilent). Analytical separation was carried out on a Poroshell ® 120 EC-C18 column (100 mm × 3.0 mm, 2.7 µm) equipped with a pre-column (Poroshell ® 20 EC-C18, 5 mm × 3.0 mm, 2.7 µm). A gradient of 0.4% formic acid in water (A) and acetonitrile (B) was used as follows: 0 min, 1% B; 1.5 min, 1% B; 6 min, 10% B; 12 min, 35% B; 14 min, 100% B; 16 min, 100% B. The flow rate and column temperature were 1.0 Ml.min -1 and 60 • C, respectively. A 2.0 µL aliquot of sample extract was injected into the column. The ESI source was optimized for positive and negative ionization modes (in "Auto MSMS" acquisition mode) as follows: scan spectra from m/z 50 to 2000, capillary voltage 3.5 kV, nozzle voltage 2000 V, fragmentor 110 V, fixed collision-induced dissociation (CID) energy at 20 eV. Nitrogen was used as the nebulizing gas at a flow rate of 12 L.min -1 and a temperature of 310 • C at 40 psi.
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 31 Figure[START_REF] Campa | A survey of mangiferin and hydroxycinnamic acid ester accumulation in coffee (Coffea) leaves: Biological implications and uses[END_REF] Superimposed chromatograms at 320 nm (solid line) and 280 nm (doted line) of mature leavesof Coffea arabica grown in field. Figure32Aspect of the C. arabica cv Marsellesa leaves at the different stages when harvested (A) in the field (Mexico, full sun) and (B) in greenhouse (Montpellier). Figure33Size of the C. arabica cv. Marsellesa leaves grown in field at the different stages of growth noticed by their position of the branch node (N0, growing bud; N1, leaves positioned on the first node after the terminal bud; N2, leaves on the second node; N3, leaves on the third node). Figure34Evolution of the fresh weight of a leaf and of the ratio dry weight/ fresh weight (in %) during growth in field. Figure35Content in photosynthetic pigments (A) in the leaves during growth in field and evaluation of the ratio Chl a/Chl b and total Chl/total car at each growth stage (B). Chl a: chlorophyll a; Chl b: chlorophyll b; Car: total carotenoids. Figure36Leaf content in major (A) and minor (B) chlorogenic acids (expressed in mg. 100 mg -1 dry weight leaf): monocaffeoylquinic acids, dicaffeoylquinic acids[START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF] and feruloylquinic acid (FQA). N= 20 leaves. Figure 37 Leaf content in glycosylated flavonoids at different stages of the leaf growth.Figure 38 Leaf content in catechins (A) and mangiferin (B) at different stages of growth.Figure 39 Leaf content in alkaloids at different stages of the leaf growth.Figure 40 Light spectra outside (A) and inside the greenhouse at the upper part of the trees (B), during plant growth in Montpellier.Figure 41 Comparison of the evolution of the leaf area of leaves of C. arabica cv. Marsellesa grown in greenhouse and in field.Figure 42 Comparison of the evolution of the fresh weight (A) and the ratio dry weight/fresh weight (expressed in %) (B) in leaves of C. arabica cv. Marsellesa grown in greenhouse and in field.Figure 43 Content in photosynthetic pigments (A) in the leaves during growth in greenhouse and evaluation of the ratio Chl a/Chl b and total Chl/total car at each growth stage (B). Chl a: chlorophyll a; Chl b: chlorophyll b; Car: total carotenoids.Figure 44 Leaf content in major (A) and minor (B) chlorogenic acids in leaves of trees grown in field (F) or in greenhouse (Gr). N= 20 leaves.Figure 45 Leaf content in catechins (A) and glycosylated flavonoids (B) in leaves of trees grown in field (F) or in greenhouse (Gr).Figure 46 Leaf content in mangiferin (A) and alkaloids (B) in leaves of trees grown in field (F) or in greenhouse (Gr).Figure 47 Picture of the field trials at two contrasting elevations in Mexico: at 650 and 1250 m.Figure 48 Effect of shade and elevation on the leaf content of the more discriminant phenolic compounds in cv. Marsellesa.Figure 49 Heatmap of the Pearson's correlation coefficients among leaf phenolic compound contents in cv. Marsellesa.Figure 50 Pictures of the full sun and shade plots in Nicaragua and Colombia.Figure51Linear regression analysis between in full-sun and under shade leaf contents (mg.100 mg -1 leaf DW) of 5-CQA, mangiferin, catechin, rutin, K-hex-dhex and F-dihex in Nicaragua and Colombia. Figure525-CQA, mangiferin, F-dihex and rutin averages of mature leaf content of trees grown in full sun (light gray) and under shade (dark gray) for Ethiopian wild accessions, American pure lines and F1.
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 595 Figure[START_REF] Vaast | Fruit thinning and shade improve bean characteristics and beverage quality of coffee (Coffea arabica L.) under optimal conditions[END_REF] Effect of light intensity (PAR 300 or PAR 1000) and nitrogen deprivation (N-) on stem growth rate between April and September of cv. Marsellesa and cv. Geisha especial. Figure54PI values and Chlorophyll a, b and total carotenoid content in mature leaves of cv. Geisha (grey) and cv. Marsellesa (orange) according to the four growth conditions (PAR 300 or 1000 with or without nitrogen source). Figure 55 Content in trigonelline (A), caffeine (B), 5_CQA (C), 3,5-diCQA (D), epicatechin (E) and mangiferin (F) in mature leaves of Geisha especial Ethiopian accession and Marsellesa cultivar after 4 months of growth under low (PAR 300) and high (PAR 1000) light condition and classical N source (N+) r N deprivation (N-).Figure 56 Mean growth rate (A), expressed as ratio of the final height/initial height in percentage, and photosynthetic pigment contents (B) for cv. Marsellesa, Male Sterile and their hybrid Starmaya maintained four months in culture at two thermal regimes (23°: 18°C night/23°C day; 28°: 23°C night/28°C day). (N = 4) Figure 57 Photosynthesis ability evaluated by Fv/Fm (A) and PI values (B) in mature leaves of cv. Marsellesa after four months in classical culture conditions and in moderate elevation of thermal regime Figure 58 Major phenolic compounds (5cqa: 5-CQA, cat: catechin, epic: epicatechin, mang: mangiferin), minor phenolic compounds and alkaloid (trigo: trigonelline, caf: caffeine) contents in mature leaves of cv. Marsellesa after four months in classical culture conditions (in blue) and in moderate elevation of thermal regime (red).Figure 59 5-CQA (A), 3, 5-diCQA (B), mangiferin (C), epicatechin (D) and caffeine (E) content in mature leaves of cv. Marsellesa, Male Sterile and their hybrid Starmaya grown at two different thermal regimes.Figure 60 Comparison of stem and root lengths (A) and leaf, stem and root fresh weights (B) of grafted (G) and ungrafted (NG) cv. Marsellesa before being grown in phytotrons. (N = 5) Figure 6 Number of leaves showing burning symptoms during growth of grafted and ungrafted cv. Marsellesa maintained in a phytotron at 42°C day.Figure 62 Fv/Fm and PI estimated by Pocket PEA during leaf growth of grafted and ungrafted cv. Marsellesa maintained in phytotron at 36 or 42°C day. Figure 63 Evolution of the photosynthetic pigment contents during growth of ungrafted (A, C) and grafted (B, D) cv. Marsellesa in phytotron at 36° or 42°C day. Chl a: chlorophyll a; Chl b: chlotrophyll b; Car: total carotenoids Figure 64 Evolution of the alkaloid trigonelline (A) and caffeine (B) contents during growth of ungrafted and grafted cv. Marsellesa in phytotron at 36° or 42°C day. Figure 65 Evolution of the 5-CQA (A), 3,5-diCQA (B), mangiferin (C) and epicatechin (D) during growth of ungrafted and grafted cv. Marsellesa in phytotron at 36° or 42°C day. Figure 66 PB-NPs image by TEM (left) and size distribution (right) Figure 67 PB-NPs-AA image by TEM (left) and size distribution (right) Figure 68 Aminoanthracene chemical structure Figure69IR spectra (AA: aminoanthracene, 1: PB-NPs and 1@AA: PB-NPs-AA) Figure70Room temperature absorption spectra for 1, AA and 1@AA in ethanol (100 µg.mL -1 , left) and in mannitol (100 µg.mL -1 , right) Figure71Room temperature normalized emission spectra for AA and 1@AA re-dispersed in ethanol (500 µg.mL -1 ), excited at 365 nm (left) and monitored at 500 nm (right) Figure72Left: Room temperature normalized emission spectra for AA and 1@AA re-dispersed in 0.6M mannitol solution (500 µg.mL -1 ), excited at 365 nm (left) and monitored at 500 nm (right)
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 606 Figure[START_REF] Vaast | Fruit thinning and shade improve bean characteristics and beverage quality of coffee (Coffea arabica L.) under optimal conditions[END_REF] Effect of light intensity (PAR 300 or PAR 1000) and nitrogen deprivation (N-) on stem growth rate between April and September of cv. Marsellesa and cv. Geisha especial. Figure54PI values and Chlorophyll a, b and total carotenoid content in mature leaves of cv. Geisha (grey) and cv. Marsellesa (orange) according to the four growth conditions (PAR 300 or 1000 with or without nitrogen source). Figure 55 Content in trigonelline (A), caffeine (B), 5_CQA (C), 3,5-diCQA (D), epicatechin (E) and mangiferin (F) in mature leaves of Geisha especial Ethiopian accession and Marsellesa cultivar after 4 months of growth under low (PAR 300) and high (PAR 1000) light condition and classical N source (N+) r N deprivation (N-).Figure 56 Mean growth rate (A), expressed as ratio of the final height/initial height in percentage, and photosynthetic pigment contents (B) for cv. Marsellesa, Male Sterile and their hybrid Starmaya maintained four months in culture at two thermal regimes (23°: 18°C night/23°C day; 28°: 23°C night/28°C day). (N = 4) Figure 57 Photosynthesis ability evaluated by Fv/Fm (A) and PI values (B) in mature leaves of cv. Marsellesa after four months in classical culture conditions and in moderate elevation of thermal regime Figure 58 Major phenolic compounds (5cqa: 5-CQA, cat: catechin, epic: epicatechin, mang: mangiferin), minor phenolic compounds and alkaloid (trigo: trigonelline, caf: caffeine) contents in mature leaves of cv. Marsellesa after four months in classical culture conditions (in blue) and in moderate elevation of thermal regime (red).Figure 59 5-CQA (A), 3, 5-diCQA (B), mangiferin (C), epicatechin (D) and caffeine (E) content in mature leaves of cv. Marsellesa, Male Sterile and their hybrid Starmaya grown at two different thermal regimes.Figure 60 Comparison of stem and root lengths (A) and leaf, stem and root fresh weights (B) of grafted (G) and ungrafted (NG) cv. Marsellesa before being grown in phytotrons. (N = 5) Figure 6 Number of leaves showing burning symptoms during growth of grafted and ungrafted cv. Marsellesa maintained in a phytotron at 42°C day.Figure 62 Fv/Fm and PI estimated by Pocket PEA during leaf growth of grafted and ungrafted cv. Marsellesa maintained in phytotron at 36 or 42°C day. Figure 63 Evolution of the photosynthetic pigment contents during growth of ungrafted (A, C) and grafted (B, D) cv. Marsellesa in phytotron at 36° or 42°C day. Chl a: chlorophyll a; Chl b: chlotrophyll b; Car: total carotenoids Figure 64 Evolution of the alkaloid trigonelline (A) and caffeine (B) contents during growth of ungrafted and grafted cv. Marsellesa in phytotron at 36° or 42°C day. Figure 65 Evolution of the 5-CQA (A), 3,5-diCQA (B), mangiferin (C) and epicatechin (D) during growth of ungrafted and grafted cv. Marsellesa in phytotron at 36° or 42°C day. Figure 66 PB-NPs image by TEM (left) and size distribution (right) Figure 67 PB-NPs-AA image by TEM (left) and size distribution (right) Figure 68 Aminoanthracene chemical structure Figure69IR spectra (AA: aminoanthracene, 1: PB-NPs and 1@AA: PB-NPs-AA) Figure70Room temperature absorption spectra for 1, AA and 1@AA in ethanol (100 µg.mL -1 , left) and in mannitol (100 µg.mL -1 , right) Figure71Room temperature normalized emission spectra for AA and 1@AA re-dispersed in ethanol (500 µg.mL -1 ), excited at 365 nm (left) and monitored at 500 nm (right) Figure72Left: Room temperature normalized emission spectra for AA and 1@AA re-dispersed in 0.6M mannitol solution (500 µg.mL -1 ), excited at 365 nm (left) and monitored at 500 nm (right)
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 62 Figure[START_REF] Vaast | Fruit thinning and shade improve bean characteristics and beverage quality of coffee (Coffea arabica L.) under optimal conditions[END_REF] Effect of light intensity (PAR 300 or PAR 1000) and nitrogen deprivation (N-) on stem growth rate between April and September of cv. Marsellesa and cv. Geisha especial. Figure54PI values and Chlorophyll a, b and total carotenoid content in mature leaves of cv. Geisha (grey) and cv. Marsellesa (orange) according to the four growth conditions (PAR 300 or 1000 with or without nitrogen source). Figure 55 Content in trigonelline (A), caffeine (B), 5_CQA (C), 3,5-diCQA (D), epicatechin (E) and mangiferin (F) in mature leaves of Geisha especial Ethiopian accession and Marsellesa cultivar after 4 months of growth under low (PAR 300) and high (PAR 1000) light condition and classical N source (N+) r N deprivation (N-).Figure 56 Mean growth rate (A), expressed as ratio of the final height/initial height in percentage, and photosynthetic pigment contents (B) for cv. Marsellesa, Male Sterile and their hybrid Starmaya maintained four months in culture at two thermal regimes (23°: 18°C night/23°C day; 28°: 23°C night/28°C day). (N = 4) Figure 57 Photosynthesis ability evaluated by Fv/Fm (A) and PI values (B) in mature leaves of cv. Marsellesa after four months in classical culture conditions and in moderate elevation of thermal regime Figure 58 Major phenolic compounds (5cqa: 5-CQA, cat: catechin, epic: epicatechin, mang: mangiferin), minor phenolic compounds and alkaloid (trigo: trigonelline, caf: caffeine) contents in mature leaves of cv. Marsellesa after four months in classical culture conditions (in blue) and in moderate elevation of thermal regime (red).Figure 59 5-CQA (A), 3, 5-diCQA (B), mangiferin (C), epicatechin (D) and caffeine (E) content in mature leaves of cv. Marsellesa, Male Sterile and their hybrid Starmaya grown at two different thermal regimes.Figure 60 Comparison of stem and root lengths (A) and leaf, stem and root fresh weights (B) of grafted (G) and ungrafted (NG) cv. Marsellesa before being grown in phytotrons. (N = 5) Figure 6 Number of leaves showing burning symptoms during growth of grafted and ungrafted cv. Marsellesa maintained in a phytotron at 42°C day.Figure 62 Fv/Fm and PI estimated by Pocket PEA during leaf growth of grafted and ungrafted cv. Marsellesa maintained in phytotron at 36 or 42°C day. Figure 63 Evolution of the photosynthetic pigment contents during growth of ungrafted (A, C) and grafted (B, D) cv. Marsellesa in phytotron at 36° or 42°C day. Chl a: chlorophyll a; Chl b: chlotrophyll b; Car: total carotenoids Figure 64 Evolution of the alkaloid trigonelline (A) and caffeine (B) contents during growth of ungrafted and grafted cv. Marsellesa in phytotron at 36° or 42°C day. Figure 65 Evolution of the 5-CQA (A), 3,5-diCQA (B), mangiferin (C) and epicatechin (D) during growth of ungrafted and grafted cv. Marsellesa in phytotron at 36° or 42°C day. Figure 66 PB-NPs image by TEM (left) and size distribution (right) Figure 67 PB-NPs-AA image by TEM (left) and size distribution (right) Figure 68 Aminoanthracene chemical structure Figure69IR spectra (AA: aminoanthracene, 1: PB-NPs and 1@AA: PB-NPs-AA) Figure70Room temperature absorption spectra for 1, AA and 1@AA in ethanol (100 µg.mL -1 , left) and in mannitol (100 µg.mL -1 , right) Figure71Room temperature normalized emission spectra for AA and 1@AA re-dispersed in ethanol (500 µg.mL -1 ), excited at 365 nm (left) and monitored at 500 nm (right) Figure72Left: Room temperature normalized emission spectra for AA and 1@AA re-dispersed in 0.6M mannitol solution (500 µg.mL -1 ), excited at 365 nm (left) and monitored at 500 nm (right)

Figure 84

 84 Figure 73 Electronic spectra from dialysis medium (0.6M mannitol solution with 0.5mM CaCl 2 ) after release experiments for 1@AA Figure 74 Left: Coffee calli treated with NPs in T2 MS media (A) and BSA in phosphate buffer (B) after 18 hours (63x oil immersion lens) Figure 75 Coffee calli co-shooting with gold particles and PB-NPs observed under light microscope (A) and TEM (B) Figure 76 Coffee protoplasts treated with aminoanthracene and observed under confocal microscope Figure 77 Optical image of coffee protoplasts control in AA, chlorophyll and autofluorescent channels (1-3) and multichannel (5) Figure 78 Optical image of coffee protoplast treatments in AA, chlorophyll and autofluorescent channels (1-3) and multichannel (5) Figure 79 Optical images of coffee protoplasts with PB-NPs-AA and different treatments (A-B: Control, C-D: 24h in contact, E-F: 40 rpm / 24h stirring, G-H: 10 minutes vacumm, I, J: 30s sonication 30 seconds sonication, TEM) Figure 80 Optical image from TEM showing protoplasts treated with different [PB-NPs-AA] and 35V / 30 seconds electric field treatment (A-C: 0.1, 0.15 and 0.2 mg/ml PB-NPs-AA mannitol solution respectively, red arrows: PB-NPs-AA)Figure81Spectral analysis of coffee protoplast treated with PB-NPs-AA and 35V / 2 minutes electric pulse treatment, spectral images were obtained under a multiphoton microscope (excitation: 740 nm, emission 420-690 nm) and processed with a linear unmixing algorythm) Figure82Spectral analysis of coffee protoplast treated with PB-NPs-AA and 1 pulse at 220V electric pulse treatment for 35 µs, spectral images were obtained under a multiphoton microscope (excitation: 740 nm, emission 420-690 nm) and processed with a linear unmixing algorythm) Figure83Spectral analysis of coffee protoplast treated with PB-NPs-AA and 1 pulse at 220V electric pulse treatment for 70 µs, spectral images were obtained under a multiphoton microscope (excitation: 740 nm, emission 420-690 nm) and processed with a linear unmixing algorythm) Figure 84 Optical image from TEM showing protoplast treated with PB-NPs-AA and 35V / 2 minutes, alignment only (red arrows: PB-NPs-AA) Figure 85 Optical image from TEM showing protoplast treated with PB-NPs-AA and 1 pulse at 35V/ 2 minutes alignment and 220V / 35 µs fusion (red arrows: PB-NPs-AA inside vesicles) Figure 86 Optical image from TEM showing protoplast treated with PB-NPs-AA and 1 pulse at 220V Electric field treatment for 70 µs (red arrows: PB-NPs-AA)

Figure 3 Figure 4

 34 Figure 3 History of the coffee in the world http://cafebistro.lk/2020/06/06/history-of-coffee-where-did-coffee-originate-and-how-was-it-discovered/

Figure 5

 5 Figure 5 Coffee plants cultivated under agroforestry system in Nicaragua http://blog.worldagroforestry.org/index.php/2016/05/23/in-nicaragua-a-staggering-diversity-and-density-of-trees-onfarms/

Figure 6

 6 Figure 6 Leaves and fruits of cv.Marsellesa (A, B), Geisha (C, D), cv. Starmaya (E, F) and H3 (G, H).

Figure 7

 7 Figure 7 ROS regulation on mitogen activated protein kinases (MAPK) signaling pathway in biotic and abiotic stresses https://www.frontiersin.org/articles/10.3389/fpls.2015.00769/full

Figure 8

 8 Figure 8 Structures of Chlorophylls and Carotenoids (Johnson, 2016)

Figure 10 Figure 11

 1011 Figure 10Structures of some phenolic compounds from the chlorogenic acid family(Liang and Kitts, 2015) 

Figure 12

 12 Figure 12 Structure of (A) xanthone (Hou et al., 2010) and (B) alkaloids (Yisaket al., 2018) 

Figure 13

 13 Figure 13 Nanoparticle types (Ding and Ma, 2017)

Figure 15

 15 Figure 15 Geographical distribution of the four experimental sites in America: Mexico (two sites at different elevations), Nicaragua and Colombia. In each site, half of the Coffea arabica trees are under shading net.

Figure 16 Figure 17 Figure 18 Figure 19

 16171819 Figure 16 Phytotron map showing cv. Marsellesa and Geisha especial exposed to different light intensity and nitrogen concentrations

Figure 20 C

 20 Figure 20 C. arabica cv. Marsellesa trees growing in CIRAD greenhouse equipped with high performance LED light.

Figure 21

 21 Figure 21 Bud growth monitoring on C. arabica var. Marsellesa until the leaves form the node in the position 3 from the apex, indicated by the brown wolen ring (fixed under the bud at the beginning of the study).

1

 1 Extraction of photosynthetic pigmentsLeaf samples were grounded (IKA A10) and 20 mg leaf powder were placed in an Eppendorf tube (2 times for each sample) and 1.5 ml acetone: H2O (85: 15 v/v) were added. The mixture was incubated under constant stirring (250 rpm; Rotamax 120, Heidolph Instuments, Germany) at 4°C in the dark for 2 hours and then centrifuged (Centrifuge 5415 D, Eppendorf, Germany) at 12,000 rpm for 3 minutes. The supernatant was collected and maintained at 4°C in the dark. 4.1.2 Evaluation of plant pigment content An aliquot (250 µl) of the supernatant was diluted with 750 µl EtOH and measured with spectrophotometer (UV-1280, Shimadzu, Japan) at 470, 648.6 and 664.1 nm. The content of chlorophyll a, chlorophyll b and carotenoids was calculated using the formula established by Lichtenthaler and Buschmann (2001): Chlorophyll a (µg/ml) = 13.36 x DO (664.1 nm) -5.19 x DO (648.6 nm) = Ca Chlorophyll b (µg/ml) = 27.43 x DO (648.6 nm) -8.12 x DO (664.1 nm) = Cb Carotenoids (µg/ml) = (1000 x DO (470 nm) -2.13 x Ca -97.64 Cb)/ 209. For each sample, the extraction was done twice and the evaluation of each extract was done 3 times.

Figure 22

 22 Figure 22 HPLC profile showing leaf metabolic contents

Figure 23 3Figure 24

 2324 Figure 23 3-weeks-old coffee calli ready for cell wall removing enzymatic treatment

Figure 25

 25 Figure 25 Syringe pumps added with FeCl 3 .6H 2 O (clear) and Na 4 [Fe(CN) 6 ].10H 2 O (yellow) with thermostatic bath

Figure 26

 26 Figure 26 Transmission Electron Microscope (LaB6 JEOL 1400 Plus -120kV) for protoplast ultrastructure and nanoparticles observations

Figure 29

 29 Figure 29 PB-NPs-AA in mannitol solution with different concentrations (0.1, 0.15, 0.2 and 0.3 mg/ml)

Figure 30

 30 Figure 30 Coffee protoplasts with PB-NPs-AA solutions with different electric treatments

mature leaves 1 . 1 . 1

 111 Mature leaves of C. arabica grown in field 1.1.1a) Mature leaves of C. arabica cv. Marsellesa

Table 7

 7 Major classes of phenolic compounds accumulated in leaves of C. arabica cv. Marsellesa. 3-, 4-, 5CQA: caffeoylquinic acids; 3,4-,3,5-,4,5-diCQA: Dicaffeoylquinic acids, FDA: Feruloylquinic acids, Glycosylated flavonoids: Glycosylated quercetins (rutin) and Glycosylated kaempferols, Flavanols: catechin and epicatechin, Xanthonoids : Mangiferin and p-OHbenz_Mangiferin

Figure 32

 32 Figure 32 Aspect of the C. arabica cv Marsellesa leaves at the different stages when harvested (A) in the field (Mexico, full sun) and (B) in greenhouse (Montpellier).

Figure 33

 33 Figure 33 Size of the C. arabica cv. Marsellesa leaves grown in field at the different stages of growth noticed by their position of the branch node (N0, growing bud; N1, leaves positioned on the first node after the terminal bud; N2, leaves on the second node; N3, leaves on the third node). Values are the mean ± SD of 50 leaves.Different letters indicatesignificant dfferences at p <0.05 (Newman-Keuls test) among meansfor the same variable.

Figure 34 Figure 35

 3435 Figure 34 Evolution of the fresh weight of a leaf and of the ratio dry weight/ fresh weight (in %) during growth in field (N =10).

Figure 37 BFigure 38

 3738 Figure 37 Leaf content in glycosylated flavonoids at different stages of the leaf growth.

Figure 39

 39 Figure 39Leaf content in alkaloids at different stages of the leaf growth.

Figure 41 BFigure 42 BFigure 43

 414243 Figure 41 Comparison of the evolution of the leaf area of leaves of C. arabica cv. Marsellesa grown in greenhouse and in field (a, b and change the sentence description).

Figure 40

 40 Figure 40 Light spectra outside (A) and inside the greenhouse at the upper part of the trees (B), during plant growth in Montpellier.

Figure44Figure 45 Figure 46

 4546 Figure44 Leaf content in major (A) and minor (B) chlorogenic acids in leaves of trees grown in field (F) or in greenhouse (Gr). N= 20 leaves.Different letters indicatesignificant dfferences at p < 0.05 (Newman-Keuls test) among meansfor the same variable.

Figure 47

 47 Figure 47 Picture of the field trials at two contrasting elevations in Mexico: at 650 and 1250 m.

Figure 48

 48 Figure 48 Effect of shade and elevation on the leaf content of the more discriminant phenolic compounds in cv. Marsellesa. Error bars represent ± standard deviation of mean (n = 10 for full-sun plants, n = 9 for shaded plants). Different letters indicate significant differences at p ≤ 0.05 (Newman-Keuls test) among means.

Figure 49

 49 Figure 49 Heatmap of the Pearson's correlation coefficients among leaf phenolic compound contents in cv.Marsellesa. Samples of all elevations and light conditions at the two experimental plots in Mexico (n = 38) were used to conduct the analysis. Q: quercetin; FQA: feruloyl quinic acid; CQA: caffeoyl quinic acid; F: flavone; K: kaempferol; hex: hexose; dihex: dihexose; dhex: deoxyhexose.

Figure 50

 50 Figure 50 Pictures of the full sun and shade plots in Nicaragua and Colombia.

Figure 51

 51 Figure 51 Linear regression analysis between in full-sun and under shade leaf contents (mg.100 mg -1 leaf DW) of 5-CQA, mangiferin, catechin, rutin, K-hex-dhex and F-dihex in Nicaragua and Colombia. The R 2 values in bold indicate significant correlations (p ≤ 0.05).

Figure 52 5 -

 525 Figure 52 5-CQA, mangiferin, F-dihex and rutin averages of mature leaf content of trees grown in full sun (light gray) and under shade (dark gray) for Ethiopian wild accessions, American pure lines and F1 hybrid clones in Colombia and Nicaragua field trials.

Figure 53

 53 Figure 53 Effect of light intensity (PAR 300 or PAR 1000) and nitrogen deprivation (N-) on stem growth rate between April and September of cv. Marsellesa and cv. Geisha especial.Different letters indicate significant differences at p ≤ 0.05 (Newman-Keuls test) among means between conditions for a variety.

Figure 54

 54 Figure 54 PI values and Chlorophyll a, b and total carotenoid content in mature leaves of cv. Geisha (grey) and cv. Marsellesa (orange) according to the four growth conditions (PAR 300 or 1000 with or without nitrogen source).

Figure 55

 55 Figure 55 Content in trigonelline (A), caffeine (B), 5-CQA (C), 3,5-diCQA (D), epicatechin (E) and mangiferin (F) in mature leaves of Geisha especial Ethiopian accession and Marsellesa cultivar after 4 months of growth under low (PAR 300) and high (PAR 1000) light condition and classical N source (N+) or N deprivation (N-). Different letters indicate significant differences at p ≤ 0.05 (Newman-Keuls test) among means between conditions for a variety.

Figure 56 Figure 57

 5657 Figure 56 Mean growth rate(A), expressed as ratio of the final height/initial height in percentage, and photosynthetic pigment contents (B) for cv. Marsellesa, Male Sterile and their hybrid Starmaya maintained four months in culture at two thermal regimes (23°: 18°C night/23°C day; 28°: 23°C night/28°C day). (N = 4); different letters indicate significant differences at p ≤ 0.05 (Newman-Keuls test) among means between conditions for a variety (A) and between conditions and varieties for a compound (B).

Figure 58

 58 Figure[START_REF] Campa | Juvenile coffee leaves acclimated to low light are unable to cope with a moderate light increase[END_REF] Major phenolic compounds (5cqa: 5-CQA, cat: catechin, epic: epicatechin, mang: mangiferin), minor phenolic compounds and alkaloid (trigo: trigonelline, caf: caffeine) contents in mature leaves of cv. Marsellesa after four months in classical culture conditions (in blue) and in moderate elevation of thermal regime (red). An asterisk indicates significant differences at p ≤ 0.05 (Newman-Keuls test) among means between conditions for the variety.

Figure 59

 59 Figure 59 5CQA (A), 3,5-diCQA (B), mangiferin (C), epicatechin (D) and caffeine (E) content in mature leaves of cv. Marsellesa, Male Sterile and their hybrid Starmaya grown at two different thermal regimes.An asterisk indicates significant differences at p ≤ 0.05 (Newman-Keuls test) among means between conditions for each variety.

Figure 60

 60 Figure 60 Comparison of stem and root lengths (A) and intact leaf, stem and root fresh weights (B) of grafted (G) and non-grafted (NG) cv. Marsellesa before being grown in phytotrons. (N = 5); an asterisk indicates significant differences at p ≤ 0.05 (Newman-Keuls test) among meansbetween grafted and ungrafted plants for each plant part.

Figure 61

 61 Figure[START_REF] Zhang | Metabolomics analysis reveals the metabolic and functional roles of flavonoids in light-sensitive tea leaves[END_REF] Total number of leaves (on all the plants) showing burning symptoms during growth of grafted and ungrafted cv. Marsellesa maintained in a phytotron at 42°C day.

Figure 62

 62 Figure 62 Effect of temperature on Fv/Fm and PI estimated by Pocket PEA during leaf growth of grafted and ungrafted cv. Marsellesa maintained in phytotron at 36 or 42°C day indicated means that different at p ≤ 0.05.For each treatment and each type of plants, an asterisk indicates significant differences at p ≤ 0.05 (Newman-Keuls test) among meansobtained at each time.

Figure 63 Figure 64

 6364 Figure 63 Evolution of the photosynthetic pigment contents during growth of ungrafted (A, C) and grafted (B, D) cv. Marsellesa in phytotron at 36° or 42°C day. Chl a: chlorophyll a; Chlb: chlotrophyll b; Car: total carotenoids

Figure 66 Figure 68

 6668 Figure 66 PB-NPs image by TEM (left) and size distribution (right)

FigureFigure

  Figure Room temperature absorption spectra for 1, AA and 1@AA in ethanol (100 µg.mL -1 , left) and in mannitol (100 µg.mL -1 , right)

Figure 74 Figure 75

 7475 Figure 74 Left: Coffee calli treated with NPs in T2 MS media (A) and BSA in phosphate buffer (B) after 18 hours (63x oil immersion lens)

Figure 77 Figure 78

 7778 Figure 77Spectral analysis ofcoffee protoplasts control, spectral images were obtained under a multiphoton microscope (excitation: 740 nm, emission: 420-690 nm) and processed with a linear unmixing algorythm)

Figure 79

 79 Figure 79 Optical images of coffee protoplasts with PB-NPs-AA and different treatments (A-B: Control, C-D: 24h in contact, E-F: 40 rpm / 24h stirring, G-H: 10 minutes vacumm, I, J: 30s sonication 30 seconds sonication, red arrows: PB-NPs-AA, TEM)

Figure 80 Figure 81 Figure 82 Figure 83 Figure 84 Figure 85 Figure 86

 80818283848586 Figure 80 Optical image from TEM showing protoplasts treated with different [PB-NPs-AA] and 35V / 30 seconds electric field treatment (A-C: 0.1, 0.15 and 0.2 mg/ml PB-NPs-AA mannitol solution respectively, red arrows: PB-NPs-AA)

Figure 1

 1 Figure 1 Evolution de la surface foliaire (A) et du contenu en alcaloïdes (caféine et trigonelline) dans les feuilles de C. arabica cv. Marsellesa cultivés en champ (F) ou en serre (Gr). N= 20 feuilles.

Figure 2

 2 Figure 2 Contenu des feuilles en acides chlorogéniques majeurs (A), catéchines (B), rutine (C) et mangiférine (D) dans les feuilles de C. arabica cv. Marsellesa au cours de leur croissance au champ (F) ou en serre (Gr). N= 20 feuilles.

Figure 3

 3 Figure 3 Régression linéaireentre la concentration de feuilles matures (en mg.100 mg -1 DW feuille) de 34 génotypes de C. arabica cultivés au soleil et à l'ombre, au Nicaragua et en Colombie, pour le 5-CQA, la mangiférine, la catéchine, la rutine, le K-hex-dhex et le F-dihex.

Figure 4

 4 Figure 4 Valeurs moyennes du 5-CQA, de la mangiférine, du F-dihex et de la rutine dans des feuilles matures d'accessions sauvages éthiopiennes (EWA), de lignées pures américaines (APL) et leurs hybrides (HF1) cultivés en Colombie et au Nicaragua au soleil (gris clair) ou à l'ombre (gris foncé).

  mL) et Na 4 [Fe(CN) 6 ],10H 2 O fournissant une structure commune Na x Fe 4-x [Fe(CN) 6 ] 3 sous forme de solution bleue visible. La formule peut aller de Fe III 4 [Fe II (CN) 6 ] 3 , xH 2 O (x = 14-16) à NaFe III [Fe II (CN) 6 ], xH 2 O (x = 1-5) et ces deux formes sont communément appelées « PB-NP insolubles » et « PB-NP solubles ». La forme insoluble contient le mono cation Na, tandis que la forme soluble contient des lacunes Fe II qui peuvent être complétées par des molécules d'eau (Figure5). L'enrichissement en CQA peut être envisagé avec la forme soluble car le groupe carboxylique du CQA peut entrer en compétition avec les molécules d'eau et former un lien plus fort avec Fe II . Les lacunes Fe II ont été caractérisées pour donner une formule exacte aux nanoparticules synthétisées. Elles ont donc pour formule : Na 0.25 Fe III [Fe II (CN) 6 ] 0.81 •3.7H 2 O, une forme cubique d'environ 70 nm de côté et peuvent être observées au microscope électronique à transmission (MET). Pour les observer en microscopie confocale, la fonctionnalisation post-synthétique (greffage) des nanoparticules de PB-NP avec du 2aminoanthracène (AA) a été réalisée. Elle ne modifie ni la structure ni la taille des PB-NP. Les PB-NPs-AA peuvent alors être suivies en raison de leur absorption maximale à 504 nm et observées en couleur verte au microscope confocal.

Figure 5

 5 Figure 5 PB-NP sous forme soluble (A) et insoluble (B) Fe II : jaune, Fe III : marron, C: gris, N: bleu et Na: violet (Dacarro et al., 2018)

Figure 6 Figure 7 Figure 8

 678 Figure 6 Image optique du microscope confocal montrant un protoplaste traité avec du PB-NPs-AA et 1 impulsion électrique 220V pendant 35 µs (1-3: canaux AA, chlorophylle et autofluorescents, 5: multicanaux)

  ), eight being CGA derivatives (N • 2,5,6,9,11,20,21,22), three being benzophenones and related xanthones (N • 3,10,23) and ten being flavonoids (N • 4,8,12-19). 2.2. Influence of Light Intensity on Leaf Phenolic Content in One C. arabica Cultivar at Low or High Elevation Regardless of the elevation (650 or 1250 m asl) or light intensity (full sun or 50% shade), HPLC-DAD analyses of mature leaves from C. arabica cv. Marsellesa enabled quantification of 16 major phenolic compounds among the 21 identified by LC-MS 2 in positive mode: seven CGAs, one xanthone and eight flavonoids (Figure
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Figure 1 .

 1 Figure1. Superimposed chromatograms at 320 nm (solid line) and 280 nm (dotted line) of mature Coffea arabica leaves. Separation was carried out on a Agilent Eclipse XDB C18 column with methanol and 2% acetic acid in water as eluents. 1: theobromine; 2, 3-CQA; 3, (+)-catechin; 4, 5-CQA; 5, 4-CQA; 6, caffeine; 7, (-)-epicatechin; 8, mangiferin; 9, FQA; 10, flavone-di-C-hexose (F-dihex); 11, quercetindihexose-deoxyhexose (Q-dihex-dhex); 12, quercetin-diglucoside (Q-diglu); 13, kaempferol-dihexosedeoxyhexose (K-dihex-dhex);[START_REF] Pavarini | Exogenous influences on plant secondary metabolite levels[END_REF][START_REF] Clé | Modulation of chlorogenic acid biosynthesis in Solanum lycopersicum; consequences for phenolic accumulation and UV-tolerance[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Hectors | Dynamic changes in plant secondary metabolites during UV acclimation in Arabidopsis thaliana[END_REF][START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF][START_REF] Grace | Energy dissipation and radical scavenging by the plant phenylpropanoid pathway[END_REF][START_REF] Yao | Creation of a metabolic sink for tryptophan alters the phenylpropanoid pathway and the susceptibility of potato to phytophthora infestans[END_REF][START_REF] Anthony | The origin of cultivated Coffea arabica L. varieties revealed by AFLP and SSR markers[END_REF] 
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 2 Figure 2. Effect of shade and elevation on the leaf content, expressed in mg.100 mg leaf dry weight, of the more discriminant phenolic compounds in C. arabica cv. Marsellesa. Error bars represent ± standard deviation of mean ( = 10 for full-sun plants, = 9 for shaded plants). Different letters indicate significant differences at < 0.05 (Newman-Keuls test) among means.

Figure 2 .

 2 Figure 2. Effect of shade and elevation on the leaf content, expressed in mg.100 mg -1 leaf dry weight, of the more discriminant phenolic compounds in C. arabica cv. Marsellesa. Error bars represent ± standard deviation of mean (n = 10 for full-sun plants, n = 9 for shaded plants). Different letters indicate significant differences at p < 0.05 (Newman-Keuls test) among means.
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 2020243 Figure 3. Heatmap of the Pearson's correlation coefficients among leaf phenolic compound contents in C. arabica cv. Marsellesa. Samples of all elevations and light conditions at the two experimental plots in Mexico (n = 38) were used to conduct the analysis. A symmetrical heatmap was computed and a dendrogram computed by linkage clustering using the Euclidian distance measures and reordering using row (equal to column) means. Q: quercetin; FQA: feruloyl quinic acid; CQA: caffeoyl quinic acid; F: flavone; K: kaempferol; hex: hexose; dihex: dihexose; dhex: deoxyhexose.
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 3 Figure 3. Heatmap of the Pearson's correlation coefficients among leaf phenolic compound contents in C. arabica cv. Marsellesa. Samples of all elevations and light conditions at the two experimental plots in Mexico (n = 38) were used to conduct the analysis. A symmetrical heatmap was computed and a dendrogram computed by linkage clustering using the Euclidian distance measures and reordering using row (equal to column) means. Q: quercetin; FQA: feruloyl quinic acid; CQA: caffeoyl quinic acid; F: flavone; K: kaempferol; hex: hexose; dihex: dihexose; dhex: deoxyhexose.
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 4 Figure 4. Linear regression analysis between in full-sun and under shade leaf contents (mg.100 mg leaf DW) of 5-CQA, mangiferin, catechin, rutin, K-hex-dhex and F-dihex in Nicaragua and Colombia. The 2 values in bold indicate significant correlations ( < 0.05).
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 4 Figure 4. Linear regression analysis between in full-sun and under shade leaf contents (mg.100 mg -1 leaf DW) of 5-CQA, mangiferin, catechin, rutin, K-hex-dhex and F-dihex in Nicaragua and Colombia. The r 2 values in bold indicate significant correlations (p < 0.05).

Figure 5 .

 5 Figure 5. 5-CQA, mangiferin, F-dihex and rutin averages of mature leaf content of trees grown in full sun (light gray) and under shade (dark gray) for Ethiopian wild accessions, American pure lines and F1 hybrid clones in Colombia and Nicaragua field trials. Different letters indicate significant differences at < 0.05 (Newman-Keuls test) among means.
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 5 Figure 5. 5-CQA, mangiferin, F-dihex and rutin averages of mature leaf content of trees grown in full sun (light gray) and under shade (dark gray) for Ethiopian wild accessions, American pure lines and F1 hybrid clones in Colombia and Nicaragua field trials. Different letters indicate significant differences at p < 0.05 (Newman-Keuls test) among means.
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 23 Influence of C. arabica Genotype on the Phenolic Leaf Contents and Selection of Biomarkers of Adaptation to Full Sunlight or Shade in Breeding Programs
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 2020246 Figure 6. Geographical distribution of the four experimental sites in America: Mexico (two sites at different elevations), Nicaragua and Colombia. In each site, half of the arabica trees are under shade.
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 6 Figure 6. Geographical distribution of the four experimental sites in America: Mexico (two sites at different elevations), Nicaragua and Colombia. In each site, half of the C. arabica trees are under shade.

  

  

  

  

  

  

  

  

  

  The Fenton reaction is common in biological systems. It occurs in the presence of transition metals like Fe 2+ or Cu + and can be summarized as: H 2 O 2 + Fe + → Fe 3+ + OH -+⋅OH. Singlet oxygen ( 1 O 2 ) is quenched by carotenoids and tocopherols in photosynthetic membranes.

Table 1

 1 Plant material used in all experimental plots in Mexico, Nicaragua and Colombia: APL, American pure lines; EWA and Ethiopian Wild accessions.

	Genotype	Genealogy	Origin	Genetic Group
		Mexican experimental plot	
	Marsellesa ®	Timor hybrid CIFC 832/2x cv. Villa Sarchi (Costa Rica)	CIRAD Nicaragua	APL of Sarchimor group
		Nicaraguan experimental plot	
	ET08 A8		Kaffa province, Ethiopia (ORSTOM prospecting, 1966)	"Jimma Bonga" (G1A) *
	ET47 A4 ET26 A1	EWA	Kaffa province, Ethiopia	"Sheka" (G1B) *
	ET25 A4		(FAO prospecting, 1964-1965)	G1G2 *
	ET06			Not yet characterized
	T5175 T8667	Timor hybrid CIFC 832/1 x cv. Caturra Timor hybrid CIFC 832/1 x cv. Caturra	Instituto del Café of Costa Rica (ICAFE)	APL of Catimor group
	T5296	Timor hybrid CIFC 832/2 x cv. Villa Sarchi	CATIE, Turrialba, Costa Rica	APL of Sarchimor group
	T17931	Timor hybrid CIFC1343 x cv. Caturra		APL Catimor line of the multiline var. Colombia
	Catuaí	cv. Mundo Novo x cv. Caturra	Instituto Agronômico de Campinas (IAC), Brazil	APL non-introgressed dwarf cultivar
	T5175 x ET08 A8 T5175 x ET26 A1 T5175 x ET25 A4	APL mother x EWA father F1 hybrid		
	T5175 x T17931	APL mother x APL father F1 hybrid		
	T8667 x ET47 A4	APL mother x EWA father F1		
	T8667 x ET26 A1 T8667 x T5296	hybrid APL mother x APL father F1	CIRAD, Nicaragua	F1 hybrid clone
	T5296 x T17931	hybrid		
	T17931 x ET47 A4			
	T17931 x ET26 A1 T17931 x ET25 A4 Catuaí x ET47 A4	APL mother x EWA father F1 hybrid		
	Catuaí x ET26 A1			
		Colombian experimental plot	
	E554		Kaffa province, Ethiopia (FAO 1964-1965)	"Jimma Bonga" (G1A) *
	E286	EWA	Kaffa province, Ethiopia (FAO 1964-1965)	"Jimma Bonga" (G1A) *
	E057		Kaffa province, Ethiopia (FAO 1964-1965)	"Jimma Bonga" (G1A) *
	CX2385 CU1842	Timor hybrid CIFC1343 x cv. Caturra		APL of Catimor group
	CX2385 x E554			
	CX2385 x E286 CX2385 x E057 CU 1842 x E554	APL mother x EWA father F1 hybrid	CENICAFE, Colombia	F1 hybrid clone
	CU 1842 x E286			
	CU 1842 x E057			

* Genetic groups of Ethiopian wild accessions (EWA) according to

[START_REF] Scalabrin | A single polyploidization event at the origin of the tetraploid genome of Coffea arabica is responsible for the extremely low genetic variation in wild and cultivated germplasm[END_REF] 

I.

For studies on coffee plantlets and trees A. Plant materials and experimental conditions 1. Plant material 1.1 In field conditions

  In total, 35 genotypes of Coffea arabica L. were considered for field experiments, 8 Ethiopian wild accessions, 8 American pure lines and 19 of their F1 hybrids (Table

Table 2

 2 Principle conditions for coffee cultivation from 4 areas in Mexico, Nicaragua and Colombia

	68

Table 3

 3 Solution A and B gradient concentration during HPLC dosage

Table 4

 4 Chemical substrates for PB-NPs synthesis

NPs synthesis 1.1 Synthesis of Prussian-blue nanoparticles

  mm × 35 feet dry diameter, 34 mm dry flat width, ThermoScientific). At 25°C, FeCl 3 .6H 2 O (10 mM, 10 mL) and Na 4 [Fe(CN) 6 ].10H 2 O (11.25 mM, 10 mL) solutions (Table

	1. PB-

Table 5

 5 Different electric currents applied to coffee protoplasts with PB-NPs-AA

		Electric treatment	
	Low current		High currents	
	20V	220V	260V	300V
	15 s	35 µs	99 µs	99 µs
	30 s	70 µs		
	1 min	99 µs		
	1 min 30s			
	2 min			

Table 8

 8 Phenolic

	Chlorogenic acids	3-CQA	0.033 ± 0.008
		5-CQA	3.467 ± 0.114
		4-CQA	0.177 ± 0.032
		3.4-diCQ	0.019 ± 0.001
		3.5-diCQ	0.041 ± 0.007
		4.5-diCQ	0.020 ± 0.001
		FQA	0.083 ± 0.059
	Flavonoids	F-diGlu	0.541 ± 0.110
		Q-dihex dhex	0.067 ± 0.008
	Glycosylated flavonoids	Q-diGlu	0.346 ± 0.030
		K-dihex-dhex	0
		K-hex-dhex	0.018 ± 0.005
		Rutin	0.817 ± 0.185
	Flavanols	Catechin	1.395 ± 0.220
		Epicatechin	1.167 ± 0.215
	Xanthones	Mangiferin	1.186 ± 0.223
		p-OH Mang	0.036 ± 0.010

content of mature leaves of C. arabica cv. Marsellesa grown in Mexico at 1050 m Compounds Content (mg/100 mg leaf DW)

Table 9

 9 Content of mature leaves in controlled conditions for the cultivar Marsellesa (phytotron, PAR 300, 25°C and 65% humidity day/21°C and 75 % humidity night).

Table 10

 10 Content of mature leaves ofthe cultivar Naryelis grown in the same controlled conditions as C. arabicacv. Marsellesa.

	Compounds		Content
			(mg/100g DW)
	Chlorogenic acids	3CQA	0.049 ± 0.017
		5CQA	4.153 ± 0.134
		4CQA	0.198 ± 0.034
		3,4DiCQA	0.038 ± 0.001
		3,5DiCQA	0.192 ± 0.013
		4,5DiCQA	0.020 ± 0.005
		FQA	0.103 ± 0.001
	Flavonoids	Catechin	1.753 ± 0.326
		Epicatechin	0.640 ± 0.144
	Xanthones	Mangiferin	0.786 ± 0.123
	Compounds	Content
			(mg/100g DW)
	Chlorogenic acids	3 CQA	0.054 ± 0.010
		5CQA	2.971 ± 0.183
		4CQA	0.234 ± 0.031
		3.4DiCQA	0.070 ± 0.006
		3.5DiCQA	0.216 ± 0.030
		4.5diCQA	0.046 ± 0.010
		FQA	0.094 ± 0.011
	Flavonoids		
	Glycosylated flavonoids Rutin	0.012 ± 0.001
	Flavanols Catechin	0.654 ± 0.177
		Epicatechin	6.227 ± 0.838
	Xanthones	Mangiferin	0.722 ± 0.091

Table 12

 12 Factorial ANOVA of the concentrations of phenolic compounds in the leaves of C. arabica cv. Marsellesa according to elevation and light conditions.

	Phenolic Compounds	Light			Elevation	Elevation x Light
		F	p	F	p	F	p
	Chlorogenic Acids					
	3-CQA	1.72	0.198936 7.72	0.008836 0.00	0.954559
	4-CQA	0.05	0.823017 29.29 0.000005 5.81	0.021526
	5-CQA	18.69 0.000127 56.51 0.000000 28.72 0.000006
	3,4-diCQA	1.97	0.169890 35.48 0.000001 11.11 0.002085
	3,5-diCQA	6.88	0.012958 4.77	0.035947 11.71 0.001633
	4,5-diCQA	8.20	0.007112 49.98 0.000000 35.19 0.000001
	FQA	0.03	0.865203 0.23	0.633213 4.21	0.048007
	Flavonoids					
	Flavanols					
	Epicatechin	6.00	0.019604 63.86 0.000000 10.29 0.002912
	Catechin	0.13	0.717829 100.22 0.000000 23.80 0.000025
	Glycosylated flavonoids					
	K-dihex-dhex	26.33 0.000012 29.04 0.000005 15.76 0.000353
	K-hex-dhex	117.43 0.000000 23.92 0.000024 29.81 0.000004
	F-dihex	16.15 0.000307 13.02 0.000980 8.79	0.005506
	Q-dihex-dhex	54.52 0.000000 11.64 0.001685 0.30	0.589041
	Q-diGlu	100.65 0.000000 23.18 0.000030 0.01	0.903435
	Rutin	142.72 0.000000 31.26 0.000003 0.02	0.881375
	Xanthones					
	Mangiferin	31.19 0.000003 12.69 0.001112 2.39	0.131611

Table 13

 13 Percentage of living coffee protoplasts according to different treatments (EP: electric pulse)

	Treatments	Total proto Living proto % living
	Control	-	212	197	92,92
	36V 1 min	-	122	109	89,34
	36V 1 min	+EP 300V 99µs	117	102	87,18
	36V 2 min	-	112	99	88,39
	36V 3 min	-	123	105	85,37
	36V 3 min	+EP 300V 99µs	109	95	87,16
	36V 1 min	+2EP, 300V 99µs	135	117	86,67
	36V 10 min	300V 99µs	99	75	75,76

  Concentrations of six major phenolic compounds in mature leaves of C. arabica grown in Nicaragua and Colombia in full sun or under 50% shade. Contents are expressed in mg. 100 mg -1 leaf DW.

	Nicaragua Annex 3 Country Genetic group	Genetic group Genotype	Genotype T5175 5-CQA Sun Shade Sun Shade Sun Shade Sun Shade Sun Shade Sun Shade 5-CQA Catechin Rutin Mangiferin Content (mg/100 mg DW) 2.09 1.68 0.75 0.50 Catechin K-hex-dhex F-dihex Rutin Mangiferin
	Nicaragua	APL (mothers)	T5175 APL (mothers) T8667 T5296 Catuai	T8667 2.09 1.18 T5296 Catuai T17931 1.53 0.99 1.45 1.21 0.97 0.41	1.53 1.68 1.45 0.97 0.46 1.09 1.17 1.31	1.09 1.35 0.05 1.17 1.31 0.47 1.11 0.05 1.60 0.02 0.79 0.06	0.83 0.01 0.41 0.17 0.75 0.26 0.38 0.32 0.54 0.72 0.42 0.31 0.17 0.01 0.41 0.14 0.83 0.29 0.01 0.29 0.17 0.32 0.14 0.00 0.26 0.07 0.72 0.13	0.50 0.35 0.38 0.30 0.54 0.63 0.42 0.20
			T17931	ET25 0.46 0.71	2.97 0.47	1.54 1.45 0.03	0.49 0.02 0.27 0.22 0.31 0.19 1.21	0.17 0.23
		EWA (fathers)	ET25 EWA (fathers) ET06 ET26 ET08	ET06 2.97 1.87 ET26 ET08 ET47 2.93 1.79 3.95 1.58 2.83 1.62	2.93 1.54 3.95 2.83 2.90 1.95 1.91 1.36	1.95 1.64 0.11 1.91 1.36 1.65 1.70 0.01 1.62 0.05 0.86 0.09	0.90 0.06 0.06 0.03 0.49 0.15 0.68 1.37 0.82 0.76 0.70 0.92 0.86 0.01 0.40 0.19 0.90 0.11 0.02 0.37 0.19 1.37 0.11 0.08 0.23 0.03 0.76 0.05	1.21 1.13 0.68 0.61 0.82 0.64 0.70 0.17
			ET47	T5175 * ET25 1.64 2.90 1.35 1.65	1.84 1.25 0.04	0.51 0.02 0.46 0.20 0.92 0.15 0.66	0.86 0.51
			T8667 * ET26 1.93 T5175 * ET25 1.64 0.84 1.84	1.36 2.05 0.06	0.60 0.02 0.28 0.14 0.51 0.13 0.53	0.66 0.61
			T8667 * ET47 1.34 T8667 * ET26 1.93 1.06 1.36	1.62 1.18 0.09	0.59 0.04 0.38 0.26 0.60 0.17 0.51	0.53 0.52
			Catuai * ET26 1.13 T8667 * ET47 1.34 0.67 1.62	1.27 1.02 0.06	0.48 0.01 0.41 0.16 0.59 0.07 0.32	0.51 0.27
			Catuai * ET47 2.45 Catuai * ET26 1.13 0.54 1.27	2.04 0.90 0.04	0.56 0.02 0.25 0.13 0.48 0.07 0.83	0.32 0.26
			T5175 * ET26 1.55 Catuai * ET47 2.45 1.37 2.04	1.64 1.89 0.05	0.73 0.01 0.37 0.19 0.56 0.09 0.46	0.83 0.58
			HF1 T5175 * ET26 1.55 0.87 T17931 * ET26 0.78 1.64	0.96 1.69 0.05	0.60 0.01 0.41 0.22 0.73 0.12 0.31	0.46 0.41
		HF1	T5175 * ET08 2.37 T17931 * ET26 0.78 0.79 0.96	1.72 0.87 0.05	1.01 0.03 0.36 0.24 0.60 0.23 0.74	0.31 0.41
			T17931 * ET47 0.65 T5175 * ET08 2.37 0.97 1.72	0.87 1.24 0.04	0.47 0.01 0.38 0.15 1.01 0.18 0.25	0.74 0.38
			T17931 * ET25 0.68 T17931 * ET47 0.65 0.59 0.87	1.03 0.83 0.06	0.31 0.03 0.34 0.25 0.47 0.28 0.35	0.25 0.17
			T5175 * 17931 0.93 T17931 * ET25 0.68 0.76 1.03	1.20 1.49 0.04	0.60 0.03 0.19 0.09 0.31 0.11 0.28	0.35 0.44
			T8667 * T5296 0.60 T5175 * 17931 0.93 0.91 1.20	0.73 1.48 0.04	0.60 0.01 0.42 0.16 0.60 0.15 0.25	0.28 0.36
			T5296 * 17931 1.35 T8667 * T5296 0.60 0.55 0.73	1.19 0.83 0.04	0.73 0.01 0.34 0.19 0.60 0.12 0.47	0.25 0.23
	Colombia	APL T5296 * 17931 1.35 0.83 CX2385	1.99 1.19	1.66 1.56 0.05	1.40 0.01 0.45 0.16 0.73 0.19 0.75	0.47 0.42
	Colombia	APL	(mothers) CX2385	CU1842 1.99 1.85	2.64 1.66	1.98 1.54 0.08	1.96 0.02 0.95 0.53 1.40 0.59 1.16	0.75 0.65
		(mothers) EWA (fathers)	CU1842 EWA (fathers) E057 E286 E554	E057 2.64 2.22 E286 E554 CX2385 x E286 2.51 3.82 1.98 3.63 3.60 3.82 2.54 1.33 3.63 2.86 0.97 3.60 2.64 0.91	1.33 2.08 0.07 0.97 0.91 1.16 1.31 0.08 1.30 0.25 0.85 0.30	1.31 0.02 0.95 0.65 1.96 0.73 1.34 1.10 1.40 1.32 2.77 1.35 0.96 0.06 0.42 0.25 1.31 0.58 0.17 0.26 0.12 1.10 0.44 0.04 0.31 0.10 1.32 0.32	1.16 0.92 1.34 1.05 1.40 1.33 2.77 1.62
			CX2385 x E057 2.49 CX2385 x E286 2.51 2.37 1.16	1.53 2.06 0.12	1.75 0.06 0.34 0.27 1.35 0.67 1.04	0.96 0.93
		HF1	CX2385 x E554 2.33 CX2385 x E057 2.49 2.08 1.53 HF1 CU1842 x E286 2.80 CU1842 x E057 2.58 CX2385 x E554 2.33 1.79 2.01 CU1842 x E286 2.80 2.21 1.47	2.01 1.01 0.13 1.47 1.10 1.82 0.14 2.09 0.11	1.81 0.03 0.39 0.36 1.75 0.49 1.04 1.45 1.01 1.42 1.11 0.02 0.95 0.57 1.81 0.46 0.05 0.45 0.31 1.45 0.70	1.04 0.75 1.04 0.62 1.01 0.92
			CU1842 x E554 2.84 CU1842 x E057 2.58 2.29 1.10	1.72 1.92 0.05	1.70 0.00 0.40 0.43 1.42 0.61 1.46	1.11 0.99
			CU1842 x E554 2.84 1.79	1.72	1.59 0.08	0.00 0.60 0.28 1.70 0.48	1.46 0.75

Table 1 .

 1 Result of the LC-DAD-MS 2 analysis performed with a leaf methanolic extract of C. arabica cv. Marsellesa. RT, retention time in the analytic system in minutes; Mass, theoretical mass expressed in Da; Wavelength, maximum absorbance in the UV range; sh, shoulder. Experimental mass accuracy of less than 2 ppm. ND: not detected; *: metabolites identified by comparison with a pure standard compound.

	Peak N •	RT (min)	Mass (Da)	Molecular Formula	Wavelength (nm)	Compound Name	[M-H] -	MS 2	[M+H] +	MS2
									67 (100) 85 (	
	1	2.61	180.1640	C 7 H 8 N 4 O 2	272	Theobromine *	-		181.0718	

Table 1 .

 1 Cont. 

	)

Table 2 .

 2 Factorial ANOVA of the concentrations of phenolic compounds in the leaves of C. arabica cv. Marsellesa according to elevation (650 m asl vs. 1250 m asl) and light conditions (full sun vs. 50% shade). For each chemical family, the compound(s) with the most significant difference in leaf contents for one or both environmental factors and the corresponding F score are underlined.

	Phenolic Compounds		Light	Elevation	Elevation x Light
		F	p	F	p	F	p
	Chlorogenic Acids						
	3-CQA	1.72	0.198936	7.72	0.008836	0.00	0.954559
	4-CQA	0.05	0.823017	29.29	0.000005	5.81	0.021526
	5-CQA	18.69	0.000127	56.51	0.000000	28.72	0.000006
	3,4-diCQA	1.97	0.169890	35.48	0.000001	11.11	0.002085
	3,5-diCQA	6.88	0.012958	4.77	0.035947	11.71	0.001633
	4,5-diCQA	8.20	0.007112	49.98	0.000000	35.19	0.000001
	FQA	0.03	0.865203	0.23	0.633213	4.21	0.048007
	Flavonoids						
	Flavanols						
	Epicatechin	6.00	0.019604	63.86	0.000000	10.29	0.002912
	Catechin	0.13	0.717829	100.22	0.000000	23.80	0.000025
	Glycosylated flavonoids						
	K-dihex-dhex	26.33	0.000012	29.04	0.000005	15.76	0.000353
	K-hex-dhex	117.43	0.000000	23.92	0.000024	29.81	0.000004
	F-dihex	16.15	0.000307	13.02	0.000980	8.79	0.005506
	Q-dihex-dhex	54.52	0.000000	11.64	0.001685	0.30	0.589041
	Q-diGlu	100.65	0.000000	23.18	0.000030	0.01	0.903435
	Rutin	142.72	0.000000	31.26	0.000003	0.02	0.881375
	Xanthones						
	Mangiferin	31.19	0.000003	12.69	0.001112	2.39	0.131611

Table 3 .

 3 Location, main climate data and cropping conditions in the four experimental field trials in Mexico, Nicaragua and Colombia.

	Country	Geographic Coordinates	Elevation (m asl)	Plant Density (m)	Plants for Each Half Plot: Full Sun or under Shade (N)	Annual Average Temperature Min/Max ( • C)	Average Surface Temperature ( • C)	Rain (mm by Year)	Global Horizontal Irradiation (kWh.m -2 )
	Mexico	18 • 51 ′ 46" N 96 • 51 ′ 35" W	650	2 × 1.5	192	18.6/31.4	19.1	2650	1890
	Mexico	19 • 23 ′ 43" N 96 • 59 ′ 60" W	1250	2 × 1.5	192	14.2/28.2	17.0	2100	1848
	Nicaragua	13 • 2 ′ 45" N 85 • 53 ′ 30" W	1200	2 × 1	950	14.1/24.0	18.7	1760	1706
	Colombia	4 • 58 ′ 17" N 75 • 39 ′ 09" W	1380	1.3 × 1.5 for APL 1.5 × 1.5 for WEA	490	17.4/26.8	22.1	3570	1851

Table 4 .

 4 Plant material used in the experimental plots in Mexico, Nicaragua and Colombia. APL, American pure lines; EWA, Ethiopian wild accessions.

	Genotype	Genealogy	Origin	Genetic Group
			Mexican experimental plot	
			Nicaraguan experimental plot	
	ET08 A8		Kaffa province, Ethiopia (ORSTOM prospecting, 1966)	

Marsellesa

Timor hybrid CIFC 832/2 x cv. Villa Sarchi (Costa Rica) CIRAD Nicaragua APL of Sarchimor group

Table 4 .

 4 Plant material used in the experimental plots in Mexico, Nicaragua and Colombia. APL, American pure lines; EWA, Ethiopian wild accessions.

	Genotype	Genealogy	Origin	Genetic Group
		Mexican experimental plot	
	Marsellesa ®	Timor hybrid CIFC 832/2 x cv. Villa Sarchi (Costa Rica)	CIRAD Nicaragua	APL of Sarchimor group
		Nicaraguan experimental plot	
	ET08 A8		Kaffa province, Ethiopia (ORSTOM prospecting, 1966)	"Jimma Bonga" (G1A) *
	ET47 A4	EWA		
	ET26 A1		Kaffa province, Ethiopia	"Sheka" (G1B) *
	ET25 A4		(FAO prospecting, 1964-1965)	G1G2 *
	ET06			Not yet characterized
	T5175	Timor hybrid CIFC 832/1 x cv. Caturra	Instituto del Café of Costa Rica (ICAFE)	APL of Catimor group
	T8667	Timor hybrid CIFC 832/1 x cv. Caturra		
	T5296	Timor hybrid CIFC 832/2 x cv. Villa Sarchi	CATIE, Turrialba, Costa Rica	APL of Sarchimor group
	T17931	Timor hybrid CIFC1343 x cv. Caturra		APL Catimor line of the multiline var. Colombia
	Catuaí	cv. Mundo Novo x cv. Caturra	Instituto Agronômico de Campinas (IAC), Brazil	APL non-introgressed dwarf cultivar
	T5175 x ET08 A8			
	T5175 x ET26 A1	APL mother x EWA father F1 hybrid		
	T5175 x ET25 A4			
	T5175 x T17931	APL mother x APL father F1 hybrid		
	T8667 x ET47 A4	APL mother x EWA father F1 hybrid		
	T8667 x ET26 A1		CIRAD, Nicaragua	F1 hybrid clone
	T8667 x T5296	APL mother x APL father F1 hybrid		
	T5296 x T17931			
	T17931 x ET47 A4			
	T17931 x ET26 A1	APL mother x EWA father F1 hybrid		
	T17931 x ET25 A4			
	Catuaí x ET47 A4			
	Catuaí x ET26 A1			
		Colombian experimental plot	
	E554		Kaffa province, Ethiopia (FAO 1964-1965)	"Jimma Bonga" (G1A) *
	E286	EWA	Kaffa province, Ethiopia (FAO 1964-1965)	"Jimma Bonga" (G1A) *
	E057		Kaffa province, Ethiopia (FAO 1964-1965)	"Jimma Bonga" (G1A) *
	CX2385 CU1842	Timor hybrid CIFC1343 x cv. Caturra		APL of Catimor group
	CX2385 x E554			
	CX2385 x E286		CENICAFE, Colombia	
	CX2385 x E057	APL mother x EWA father F1 hybrid		F1 hybrid clone
	CU 1842 x E554			
	CU 1842 x E286			
	CU 1842 x E057			

* Genetic groups of Ethiopian wild accessions (EWA) according to

Scalabrin et al. [3]

.

L'application d'une vague de chaleur douce (36 ° C) ou élevée (42 ° C) provoque une réponse des feuilles tardive, après 3 à 6 jours de stress. La réponse physiologique est nettement plus marquée avec le stress fort, les feuilles de cv. Marsellesa montrant des zones de brûlure. Une diminution de la teneur en chlorophylle a et caroténoïdes au jour 6 pour les deux stress accompagnés de la diminution du PI au jour 6 et du Fv/ Fm au jour 9 pour le stress à 42°C montrent que la photosynthèse est altérée.De façon générale, une augmentation importante et temporaire du contenu phénolique est constatée entre le 3ème et le 6ème jour de traitement, quel que soit le niveau de stress.Le greffage de C. arabica cv. Marsellesa sur C. canephora a limité la croissance des plantes et rendu les plantes plus sensibles à la chaleur : nombreuses feuilles brûlées à 42°C, forte altération de la photosynthèse (diminution drastique de Fv / Fm). Pour les deux vagues de chaleur, le greffage a provoqué une modification lente et faible de la teneur en composés phénoliques. Cette teneur plus faible en composés phénoliques dans les feuilles de C. arabica, ainsi faiblement protégées du stress, pourrait être associée à la plus grande sensibilité des feuilles à la chaleur.En ce qui concerne la deuxième partie du travail, le choix des nanoparticules s'est porté sur les nanoparticules de bleu de Prusse (PB-NPs) car elles fournissent une surface spécifique pour la charge médicamenteuse et sont signalées pour offrir une délivrance réussie de médicaments à petites molécules, comme le cisplatine, à des cellules cancéreuses in vitro. Elles pourraient donc prendre en charge le 5-CQA pour le délivrer dans les cellules végétales. Les PB-NPs sont synthétisées à partir d'une solution aqueuse de FeCl 3 , 6H 2 O (10 mM, 10
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A.

B. [START_REF] Chen | Effects of processing method and age of leaves on phytochemical profiles and bioactivity of coffee leaves[END_REF][START_REF] De Almeida | Nutraceutical compounds: Echinoids, flavonoids, xanthones and caffeine identified and quantitated in the leaves of coffea arabica trees from three regions of Brazil[END_REF]. However, studies on the role of leaf phenolic compounds in coffee adaptation to environmental constraints are rare, with the exception of those on CGAs in the response to cold of tolerant genotypes [START_REF] Fortunato | Biochemical and molecular characterization of the antioxidative system of Coffea sp. under cold conditions in genotypes with contrasting tolerance[END_REF] and on glycosylated flavonoids in high light tolerance of Catuai, an American pure line variety [START_REF] Martins | In high-light-acclimated coffee plants the metabolic machinery is adjusted to avoid oxidative stress rather than to benefit from extra light enhancement in photosynthetic yield[END_REF].

The aim of the present study was thus to increase current knowledge of C. arabica leaf phenolic compounds and their patterns in plant adaptation to light intensity.

Results

Identification of Phenolic Compounds in Mature Leaves of C. arabica Using LC-MS 2

To enable the most thorough analysis possible of the phenolic compounds present in the mature leaves of C. arabica, even those accumulated at very low concentrations, a LC-DAD-MS 2 analysis was conducted on leaf extracts from a C. arabica variety (cv. Marsellesa) grown under full sun. Only 23 substances reached the automatic pseudomolecular ion detection threshold that triggers introduction of ionized substances in the collision cell for fragmentation pattern acquisition. All generated a fragmentation pattern after positive ionization, while only 21 yielded a fragmentation pattern under negative ionization (Table 1). The identity of 10 compounds was confirmed by parallel analysis of pure standards, while basic structural information is suggested for the others based on their high-resolution mass, fragmentation pattern and UV spectrum.

Compounds 2, 5 and 6 were characterized in negative mode by a pseudomolecular ion [M-H] - at m/z 353.0901 and in positive mode ([M+H] + ) m/z 355.1002, corresponding to a molecular formula of C 16 H 18 O 10 . The three compounds share the same UV spectrum with a shoulder at 300 nm and a maximum at 325 nm. These characteristics correspond to mono-CQA isomers. Compound 5 was identified as 5-O-CQA by comparison with a standard, while compounds 2 and 6 were identified as 3-O-and 4-O-CQA, respectively, based on the literature describing their retention time (RT) elution order and their specific MS 2 spectra in negative mode [START_REF] Schütz | Characterization of phenolic acids and flavonoids in dandelion (Taraxacum officinale WEB. ex WIGG.) root and herb by high-performance liquid chromatography/electrospray ionization mass spectrometry[END_REF][START_REF] Willems | Analysis of a series of chlorogenic acid isomers using differential ion mobility and tandem mass spectrometry[END_REF]. Using the same combined analyses, 9 and 11 were identified as 5-O-coumaroylquinic acid (5-CoumQA) and 5-O-feruloylquinic acid (5-FQA), respectively. Compound 3 was characterized by m/z 409.1107 and 407.1012 in positive and negative mode, respectively, suggesting a molecular formula of C 19 H 20 O 10 . The UV absorption spectrum (λ max at 296 nm) and complex MS 2 fragmentation suggest that 3 is a glycosylated benzophenone-C-heteroside, tentatively identified as iriflophenone 3-C-β-glucoside [START_REF] Ito | Identification of phenolic compounds in aquilaria crassna leaves via liquid chromatography-electrospray ionization mass spectroscopy[END_REF]. By comparison with standards, peaks 4 and 8 were identified as (+)-catechin and (-)-epicatechin, respectively, and peak 10 as mangiferin (Mang) Its UV spectrum (λ max at 265 and 330 nm) resembles a di-hexosyl flavone [START_REF] Mabry | The ultraviolet spectra of flavones and flavonols[END_REF]. Its MS 2 fragmentation in positive and negative modes suggests that 12 is a flavone-di-C-hexose (F-dihex). Peaks 13, 14, 16 and 18 shared the same UV spectra (λ max at 257 and 353 nm with 13 and 14 but with an additional shoulder at 300 nm) indicative of 3-O-substituted flavonols [START_REF] Mabry | The ultraviolet spectra of flavones and flavonols[END_REF]. Compounds 14, 16 and 18 were identified as quercetin-3,4-di-O-glucoside (Q-diglu), rutin (quercetin-3-O-rutinoside) and quercetin-3-β-D-glucoside (Q-glu), respectively, by comparison with standards. Peak 13 showed the same UV spectrum as compound 14 but eluted earlier. The two substances therefore shared the same UV-absorbing moiety. In addition, 13 displayed pseudomolecular ions at m/z 773.2129 and 771.2036 in positive and negative mode, respectively (this is a gain of 146 amu compared to 14, corresponding to the addition of a deoxyhexose). It was therefore annotated as quercetin-3-O-dihexose-deoxyhexose (Q-dihex-dhex).

Statistical Analysis

All statistical analyses were performed in Statistica ® 7.1. Biochemical data were checked for homogeneity of variance using Levene's test. A factorial analysis of variance (ANOVA) with a Newman-Keuls test (p < 0.05) for comparing averages was performed on the 16 quantified phenolic contents for samples from Mexico (elevation × growing light condition). A Pearson's correlation matrix was also performed for leaf contents of these same 16 phenolic compounds by pooling sun and shade data. A heatmap was constructed with R software using the gplots package with default parameters for symmetrical dendrogram computation (linkage clustering using the Euclidian distance measures) and reordering using row (equal to column) means and a linear set of 50 shades of color (no color break) as correlation coefficient bins [START_REF] Development | R: A Language and Environment for Statistical Computing[END_REF]. A linear regression analysis was performed on six phenolic leaf contents (5-CQA, catechin, mangiferin, K-hex-dhex, F-dihex and rutin), pooling all studied genotype samples from Colombia and Nicaragua. A Newman-Keuls test (p < 0.05) was performed for 5-CQA, mangiferin, F-dihex and rutin leaf contents on averages of combinations of genetic groups (Ethiopian wild accessions vs. American pure lines vs. F1 hybrid clones) × country (Colombia vs. Nicaragua).

Conclusions

This study allowed us to identify two phenolic compounds, chlorogenic acid 5-CQA and xanthone mangiferin, as good candidate biomarkers of C. arabica adaptation to variations in light intensity. Analysis of concentrations of the two compounds in the leaves of 34 C. arabica genotypes belonging to three different genetic groups grown in full sun or under 50% shade showed that the best adapted genotypes to high light intensity had the lowest 5-CQA and mangiferin contents, a trait that was preserved when grown in the shade. The predictive accuracy of these two biomarkers should now be confirmed on a wider range of C. arabica genotypes among the recently identified genetic groups of wild C. arabica germplasm. The aim would be to confirm our hypothesis that high 5-CQA and/or mangiferin leaf contents are a signature of greater adaptation to shade, i.e., to agroforestry systems, and conversely, that low concentrations of the compounds in leaves indicate good adaptation to full-sun cropping systems. Although the two compounds are good biomarkers for the degree of C. arabica adaptation to light, under no circumstances do they explain the mechanisms of C. arabica genotype adaptation to full sunlight. Questions concerning the molecular basis of the adaptation of arabica trees to full-sunlight conditions remain unanswered. In addition, proven analytical techniques that allow fast, accurate and reliable dosages of these two compounds, such as NIR spectroscopy techniques, make it possible to envisage opportunities for high-throughput phenotyping of C. arabica genotypes.
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