Chapter XX
Current Challenges and Genomic Advances Towards the Development Resilient Coffee Genotypes to Abiotic Stresses
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Abstract
Climate variability and change are among the major drivers of abiotic stresses and the concomitant vulnerability of agricultural production systems. With the advent of systems biology, the analysis of complex crop-environment interactions through integrated high-throughput approaches, such as genomics, transcriptomics, proteomics, metabolomics, lipidomics, and interactomics, is currently the most assertive strategy to unravel plant development, metabolism, and acclimation capabilities, and to implement genomics-assisted breeding programs towards the production of resilient crops. With the sequencing of the coffee reference genome, the last decade has seen a rapid worldwide progress in establishing genomic tools, entering a new era of coffee functional genomics. New genomic tools offer practical toolkits for high-throughput identification of genes and pathways that are key resources for improving the adaptability of coffee crop to the present and future climate change scenarios, using worldwide genetic resources of Coffea spp. In this review, we summarize the available coffee genomic resources and discuss their use in the development of new (hybrid) varieties with greater ability to cope with environmental abiotic constraints. To ensure sustainable coffee production, stress-tolerant varieties will be critical in maintaining the coffee bean yield and quality.
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1. Introduction
Coffee is an important agricultural commodity grown in over 80 countries, with an annual global production of approximately 174 million bags of coffee beans. The entire coffee value chain generates annual revenues over US$ 170 billion in international trade, representing a major income source for several developing tropical countries, and mostly for smallholder farmers (ICO 2020). Brazil, Vietnam, and Colombia account for approximately 63 % of the world’s coffee production, with Brazil, where both Arabica (Coffea arabica L.), and Robusta (C. canephora Pierre ex A. Froehner) are cultivated, being the world’s largest producer (ICO 2020).
The genus Coffea belongs to the family Rubiaceae and comprises at least 124 species and 17 additional taxa that are naturally distributed across Africa and the Indian Ocean Islands, south and southeast Asia, and Australia (Davis et al. 2011; Guyot et al. 2020). With the exception of C. arabica, which is allotetraploid (2n = 4x = 44; Rijo 1974) and has a self-fertility rate of approximately 90 % (Davis et al. 2011), most coffee species are diploid (2n = 2x = 22 chromosomes) and self-incompatible (Nowak et al. 2011; Yu et al. 2011). The origin of C. arabica is relatively recent (estimated 10,000 to 665,000 years ago) (Yu et al. 2011; Bawin et al. 2020; Scalabrin et al. 2020) and was derived from a single natural hybridization between ancestor genotypes of C. eugenioides S. Moore (the female parent as shown by the analysis of chloroplast genomes) and C. canephora (Lashermes et al. 1999). This recent single allopolyploid event, associated with its predominantly autogamous reproduction, resulted in a considerably low genetic diversity in C. arabica. Most of the species variability is found in the wild Ethiopian germplasm that represent a reservoir of novel genetic variation for the improvement of C. arabica varieties (Scalabrin et al. 2020). Coffea arabica is considered a true allotetraploid (Clarindo and Carvalho 2009), i.e., an organism in which bivalents are formed exclusively during meiosis and pairing is restricted to the homologous chromosomes (Stebbins 1947), and rare multivalent associations, characterizing a diploid-like cytogenetic behavior (Soltis et al. 2004).
Owing to limiting factors, such as lack of agronomical inputs, pest outbreaks, climate instability, and abiotic stresses, the genetic potential for growth, development, productivity, and coffee bean quality is not always fully expressed (Bunn et al. 2015; Ovalle-Rivera et al. 2015; Rodrigues et al. 2016; Acidri et al. 2020; Martinez et al. 2020). Abiotic stresses differ with growing season and geographical location, and are the main causes of agricultural yield losses. Abiotic stresses affect the physiological conditions of plants, with considerable impacts at the molecular, biochemical, and morphological levels, causing irreversible damage to the plant (Martinez et al. 2020).
Although C. canephora has a lower beverage quality than C. arabica, it possesses a higher pest and disease resistance, yield, and caffeine content (Ferrão et al. 2004), thus constituting a potential resource for enhancing stress tolerance in C. arabica. Owing to the agricultural and economic importance of C. canephora, several countries maintain C. canephora germplasm banks (ex situ collections), including Côte d'Ivoire, Cameroon, Uganda, India, Indonesia, and Brazil. In Brazil, public institutions, such as IAC (Agronomic Institute of Campinas), Incaper (Institute of Research, Technical Assistance and Rural Extension of Espírito Santo), Epamig (Agricultural Research Institute of Minas Gerais), and Embrapa (Brazilian Agricultural Research Corporation), Rondônia, serve as C. canephora germplasm repositories (Charrier and Berthaud 1985; reviewed by Souza et al. 2015).
Among the most common abiotic stresses are the highly variable environmental conditions, including extreme temperatures, excess light irradiance, drought, inadequate soil nutrient availability, and heavy metal toxicity (Ramalho et al. 2000; Batista-Santos et al. 2011; Martins et al. 2016; Rodrigues et al. 2016; Scotti-Campos et al. 2019; Marie et al. 2020; Scalabrin et al. 2020). These stresses are usually superimposed in nature, thereby increasing their effects and severity (Ramalho et al. 2018b; Dubberstein et al. 2020). Abiotic stresses represent the greatest challenge to the sustainability of coffee plantations, as they affect cellular metabolism and impair the photosynthetic pathway. Additionally, abiotic stresses frequently trigger excessive production of reactive oxygen species, resulting in oxidative stress. Therefore, to prevent undesirable physiological and biochemical changes, it is important that plants possess the capability to overcome these stresses (Ramalho et al. 1998; Fortunato et al. 2010; Ramalho et al. 2013; Demirel et al. 2020).
Plant response and adaptability to stress is directly related to cellular metabolism as well as other biochemical and physiological processes that activate multiple responses. These consist of complex molecular interactions that are species and genotype dependent (Demirel et al. 2020; Dubberstein et al. 2020) and vary according to the imposed environmental conditions, severity, rate of imposition, and their superimposition. Furthermore, in the context of climate change, recent studies have reported that elevated atmospheric CO2 promotes the resilience of coffee plants to environmental stress (DaMatta et al. 2019). This was associated with a positive impact on photosynthesis under both low and high irradiance conditions, decreasing both photorespiration rates and oxidative stress, especially under high irradiance (Marçal et al. 2021). Additionally, elevated atmospheric CO2 mitigates the impact of high temperature on leaf physiology (Martins et al. 2014; Rodrigues et al. 2016) and bean quality (Ramalho et al. 2018a). High atmospheric CO2 alleviates drought effects at the photosynthetic level (Avila et al. 2020a; Semedo et al. 2021) while maintaining a greater homogeneous distribution of produced fruits among plant layers (Rakocevic et al. 2020). Therefore, it is important to determine the role of elevated atmospheric CO2 in managing the effects of temperature and water constraints in coffee production (DaMatta and Ramalho 2006; Ramalho et al. 2014).
The recent progress in plant genomics has facilitated the identification and isolation of important genes and the examination of their roles in regulating yield and stress responses. Although most previous studies have focused on Arabidopsis thaliana, recent molecular studies on coffee have shown that the genetic basis of the plant’s response to abiotic stresses and elevated atmospheric CO2 is polygenic, resulting from the expression of multiple genes that regulate physiological and biochemical responses related to photosynthesis, respiration, hormone production, antioxidants, and lipid dynamics (Martins et al. 2017; Acidri et al. 2020; Marques et al. 2020). Therefore, the identification of key abiotic stress-related genes constitutes a significant step towards expanding the knowledge of the genetic architecture of coffee in response to the changing environment (Huang et al. 2020; Marques et al. 2020; Thioune et al. 2020).
Owing to global warming, there has been an increase in temperature and frequency of extreme events, such as severe droughts and floods, which has become a major challenge for the scientific community (Van der Vossen et al. 2015). Regardless of the potential mitigation effect of elevated atmospheric CO2 (DaMatta et al. 2019), the increase in the number and severity of abiotic stress events will affect coffee crop production in the coming decades, and may impact the genetic resources of coffee species, including C. arabica, negatively (Davis et al. 2019; Moat et al. 2019). Therefore, new strategies are being sought to elucidate the physiological, biochemical, and molecular responses of plants of agronomic interest to environmental disturbances. In the following sections, we will address the current knowledge and tools that can aid in mitigating the impacts of abiotic stresses in coffee plants.
 
2 Genetic Advances in Coffea
Molecular data indicate that C. arabica was derived from C. canephora (CC) and C. eugenioides (EE), followed by a polyploidy event, with the genome representation CaCaEaEa (Yu et al. 2011; Cenci et al. 2012). The 2C value of 2.62 pg for the tetraploid hybrid, C. arabica (Noirot et al. 2003; Bennett and Leitch 2011) corroborates its origin. Coffea arabica originated from a cross between C. canephora Pierre (2C = 1.41 pg) (Clarindo and Carvalho 2009), and C. eugenioides Moore (2C = 1.36 pg) (Noirot et al. 2003). The genome description of the three species is given in Table 1.
The availability of genome maps and the reduced cost of next generation sequencing (NGS) platforms facilitated the development of highly informative and high-density single nucleotide polymorphism (SNP) and genotyping arrays (Garavito et al. 2016; Merot-L’anthoene et al. 2018; Carneiro et al. 2019), which are powerful research and breeding tools for Coffea species. Examples of their application include the development of a highly saturated linkage map for C. canephora, with 3,039 markers (Merot-L´anthoene et al. 2018), and the measurement of intra- and interspecific genetic variability (Carneiro et al. 2019). The new 8.5 k SNP array of coffee (Merot-L´anthoene et al. 2018), comprises 6,824, 7,065 and 6,183 SNPs for C. arabica, C. canephora, and C. eugenioides, respectively. The Coffee Axiom chip - 26K for C. canephora (Carneiro et al. 2019) was developed from the resequencing of the representative gene pool of the three species, with a wide SNP distribution across the genome, which was later validated in 296 widely divergent plants of both C. canephora and C. arabica. The availability of such databases, as well as genomic and moleculares tools, has facilitated considerable advances in molecular genetics, population genetics, and genome-wide selection, towards molecular breeding of coffee. These tools promoted the development of genome-wide selection studies (Alkimim et al. 2020), genome-wide association studies (GWAS) (Sant'Ana et al. 2018; Gimase et al. 2020), marker-assisted selection (Prakash et al. 2011; Caixeta et al. 2015), genetic transformation (Pérez-Pascual et al. 2018; Valencia-Lozano et al. 2019), and gene editing (Breitler et al. 2018). The use of these methods and tools will promote the knowledge of the coffee genome and the direct applications of marker-assisted breeding for stress tolerance.
Table 1 Comparative genomics of Coffea arabica, and its progenitors (C. canephora and C. eugenioides)
	
	Coffea arabica
	Coffea canephora
	Coffea eugenioides

	Common name
	Arabica
	Robusta (Conilon in Brazil)
	-

	Ploidy
	Allotetraploid
	Diploid
	Diploid

	Number of chromosomes
	2n = 4x = 44
	2n = 2x = 22
	2n = 2x = 22

	DNA content

nuclear (value 2C)
	2.62 pg1
	1.41 pg2
	1.36 pg

	Breeding type
	Autogamous
	Allogamous
	Allogamous

	Genome size
	1.3 Gbp3
	710 Mb5
	699 Mb4

	GC content (%)
	36.95854
	38.88664
	37.1534

	Gene prediction
	46.5623
	25.5745
	35.456 4


1(Noirot et al. 2003; Bennett and Leitch 2011); 2(Clarindo and Carvalho 2009); 3(Scalabrin et al. 2020); 4 (NCBI 2020); 5 Coffee Genome Hub
3 Molecular Breeding and Genomics Tools for Improving Tolerance to Abiotic Stresses
Climate change has created challenging conditions for global coffee production, highlighting the importance of cultivars adapted to drought and extreme temperatures. The optimum mean annual temperature range for Arabica coffee is 18–21 °C (DaMatta and Ramalho 2006). Development and ripening of fruits are accelerated at temperatures above 23 °C, leading to quality loss (Camargo 2009). For Robusta coffee, the optimum annual mean temperature ranges from 22–30 °C (DaMatta and Ramalho 2006). However, some genotypes of both species can endure temperatures as high as 37–39 °C for a few days without significant negative impacts (Rodrigues et al. 2016; Dubberstein et al. 2020).
The current state of research on abiotic stress in Coffea spp. is represented in the word cloud (Fig. 1) based on the frequency of the keywords "coffee", "stress", "drought or water stress or heat" in the SCOPUS and Web of Science databases.
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Fig. 1 Word Cloud ("coffee” and “stress” and “drought or water deficit or heat”). Source: Bibliometrix (2020)

It is fundamental to expand the knowledge of the genetic control of abiotic stress-related traits (Van der Vossen et al. 2015; Alves et al. 2018). In coffee breeding programs, the use of molecular strategies and genetic tools can accelerate the selection process and maximize genetic gains, thus reducing the development time of new cultivars (Ferrão et al. 2016) and improving the efficiency of identifying stress-tolerant genes and response pathways in Coffea species. However, similar to other traits, breeding for abiotic stress-tolerant genotypes depends on the extent of genetic variability and knowledge of the genetic control of the traits. In the topics discussed below, we addressed issues related to the magnitude of variability and molecular and genomic breeding for abiotic stress tolerance. Furthermore, we reviewed advances in molecular studies of the genes regulating drought and heat tolerance in plants, as well as genomic tools and potential research for these traits.
 
3.1 Variability of Coffea arabica and Coffea canephora Tolerance to Abiotic Stresses
Among the two species of economic importance, C. arabica has a lower genetic diversity, owing to its predominantly autogamous reproduction system, domestication process, and evolutionary history (Lashermes et al. 1999, 2011; Scalabrin et al. 2020). However, abiotic stress tolerance/sensitivity has been reported in C. canephora (DaMatta and Ramalho 2006), and C. arabica (Oliveira et al. 2020).
Contrarily, C. canephora has a high diversity, and was initially divided into two genetic groups, Congolese and Guinean, originating from Central and West Africa, respectively (Berthaud 1986). Subsequently, the Congolese group was divided into two subgroups, SG1 and SG2, with coffee trees in the SG1 group considered moderately to highly drought-tolerant, while those in the SG2 group were sensitive to drought (Montagnon et al. 1998). The Congolese group was later divided into four subgroups, SG1, SG2, C, and Ug (Cubry et al. 2008). Conilon coffee, which is widely grown in Brazil and comprising both drought-tolerant (DT) and drought-sensitive (DS) genotypes, was classified into the SG1 group, (Ferrão et al. 2000; Montagnon et al. 2012). However, a recent genotyping study based on the SNP Coffee 8.5K array classified the genotypes into eight well-differentiated genetic groups (A, G, B, C, D, E, O, and R) that corresponded to different geographic origins (Merot – L’anthoene et al. 2018). Among the eight groups, six had already been previously identified: group A (North of Congo, South of Cameroon), group B (East of Central African Republic), group C (West of Central African Republic, Cameroon), group D (Guinea, Côte d'Ivoire), group E (Democratic Republic of the Congo, Cameroon) (Dussert et al. 1999; Gomez et al. 2009), and group O (formerly known as Ug group; Uganda, South Sudan) (Cubry et al. 2008; Musoli et al. 2009). The two newly identified groups were group G (North and West of Angola) and group R (South of the Democratic Republic of the Congo).
Regarding C. arabica, an extensive study on the genetic diversity of 736 accessions from Ethiopia, Yemen, Africa Oriental, and India, which included cultivated varieties in Asia and Latin American, hybrid genotypes, and landraces, showed that C. arabica had a lower variability compared with its ancestors (C. canephora and C. eugenioides). Tetraploid species, such as C. arabica, are subjected to a severe bottleneck effect caused by the low diversity transfer of genetic resources among species of the genus Coffea and the form of distribution of specific alleles across the three species (C. arabica, C. canephora, and C. eugenioides). The vast majority of SNPs identified in C. arabica are not shared with either of the parental species, confirming that most of the variation present in C. arabica occurred after the polyploidization event and that there have not been any major introgression events between the two parental species and C. arabica (Scalabrin et al. 2020).
Knowledge of coffee genetic diversity has become essential in designing breeding strategies and in maintaining ex situ conservation and in situ protection of coffee tree populations. To overcome the challenges of climate change, including global warming, breeding programs aim to explore the genetic diversity of C. arabica populations beyond the Ethiopian collections. There is an urgent need to protect and conserve the C. arabica populations and other wild relative species that could become extinct due to climate change (Davis et al. 2019; Moat et al. 2019). Another way of increasing the genetic diversity of C. arabica is through introgression between the tetraploid species and its diploid parents or wild relatives that have higher levels of genetic diversity. This strategy was applied for enhancing tolerance to coffee leaf rust caused by the fungus Hemileia vastatrix in the Timor Hybrid (Clarindo et al. 2013; Herrera et al. 2014), as well as in other Arabica-Liberica hybrids.
Additionally, drought tolerance in coffee was also studied based on the sequence variability of the DREB1D gene (Alves et al. 2018). The genetic diversity of the loci demonstrated distinct haplotypes for the promoter and coding regions of DREB1D in 38 drought-tolerant, and sensitive genotypes (11 C. canephora, 26 C. arabica, and one C. eugenioides). For C. canephora, the nucleotide diversity was higher in the promoter than in the coding regions, and cluster analysis grouped the genotypes in agreement with the population structure, classifying the genotypes into five genetic subgroups (SG1, SG2, B, C, and UW). The three most relevant divergence regions were detected in CcDREB1D and CeDREB1D. For C. arabica, few haplotypes were detected and there were only two in common with that of C. canephora. The main diversity of CaDREB1D was observed in the sub-genome CaCe. A low diversity was identified in the coding region of the DREB1D gene, where the non-synonymous polymorphisms were neutral and the synonymous polymorphisms corresponded to 56 % of the variations in the sequences (Alves et al. 2018).
In addition to conventional strategies, coffee breeding programs aim to identify environmental stress-tolerant genes that can be used in developing new cultivars. In the last decade, several studies have identified a complex network of gene responses involved in the perception and recognition of stress signals by the activation of stress-induced genes in Coffea spp. These stress-induced genes are involved in different plant processes to protect cells against water shortage, including the synthesis of important proteins, adjustments of the osmotic potential of plants to ensure the maintenance of cell turgor pressure, and the regulation of target genes and transcription factors (dos Santos et al. 2011; de Carvalho et al. 2014; Nobres et al. 2016). Additionally, a considerable number of genes linked to coffee physiological and biochemical stress responses were recently found to be affected by elevated atmospheric CO2, with a significant upregulation of photosynthetic, antioxidant, and lipid related genes (Marques et al. 2020). Under elevated atmospheric CO2, C. canephora ‘Conilon (CL153)’ expresses genes associated with general biological processes, and to a lower extent, with abiotic stress responses. In contrast, C. arabica ‘Icatu showed a greater upregulation of genes linked to plant tolerance and adaptation to abiotic factors, such as genes involved in oxidative stress response (Marques et al. 2020). A group of genes closely involved in the regulation of the membrane lipid matrix, chloroplast/thylakoid organization, and photosystem (PS) II repair were also upregulated in Icatu. This supports a greater photosynthetic performance under heat (Rodrigues et al. 2016) and drought (Avila et al. 2020a) stress conditions in plants grown under elevated CO2 than under ambient CO2, with remarkable differences found between genotypes (Marques et al. 2020).
Therefore, it is important to examine the performance of various coffee genotypes under different environmental conditions to strengthen in situ management. It is also necessary to examine the expression patterns of several ‘novel’ genes coding many of the uncharacterized/putative proteins of coffee (Marques et al. 2020). The functional annotation of these uncharacterized genes is still a substantial challenge but would be critically important in deciphering coffee responses to future environmental conditions.

3.2 Advances in QTLs Detection and Genome-Wide Selection for Stress Tolerance in Coffee
Through genome-wide association studies (GWAS), the genome regions with the greatest effect on a given trait can be identified. There are no reports of GWAS studies for drought and heat tolerance in C. arabica and C. canephora. However, the first GWAS in C. arabica, using a population of 107 accessions from Ethiopia, identified 21 markers associated with bean lipid composition as well as diterpenes content, which are compounds that affect the beverage quality of coffee (Sant'Ana et al. 2018). GWAS was also used to identify resistance genes against Colletotrichum kahawae infection (Gimase et al. 2020).
Recently, the efficiency of GWAS was evaluated in a population of 165 clones of the Conilon and Robusta varietal groups, and intervarietal hybrids originating from crosses between Conilon and Robusta. For some major phenotypic traits, a moderate to high accuracy was estimated, and the selection cycle was shortened from six to three years, with a selective efficiency ranging from 22 %–146 % (Alkimim et al. 2020). Although this study was not directly related to abiotic stresses, GWAS has been proven to be a useful and promising tool for the breeding of C. canephora, as it can be used to identify reliable molecular markers for breeders, shorten selection cycle, and improve selection efficiency per unit time. Overall, GWAS could be useful for future studies on drought and heat tolerance in coffee plants.
4. Advances in Genomics Studies of Coffea arabica Under Abiotic Stress Conditions
Coffee breeding programs are mainly focused on identifying environmental stress tolerance genes and transcription factors to enable the development of new cultivars (dos Santos et al. 2011; de Carvalho et al. 2014; Nobres et al. 2016). Raffinose family oligosaccharides (RFOs), which include raffinose, stachyose, and verbascose, can be synthesized and accumulated in high quantities when a coffee plant is subjected to abiotic stress. RFOs are known to serve as desiccation protectant against cold, salinity, osmotic, and drought stress. RFOs are compatible osmotic compounds that are involved in plant stress tolerance response. Additionally, RFOs possess antioxidant properties, stabilize cell membranes (e.g., of thylakoids), and are involved in plant carbon partitioning strategies (Dos Santos and Vieira 2020). This seems to be the case in C. arabica ‘Catucaí IPR 102’ that showed considerable increases in raffinose and stachyose content under cold conditions. However, C. canephora ‘Conilon (clones 02 and 153)’ showed an increase in raffinose content under cold conditions only (Partelli et al. 2010).
Galactinol synthase (GolS) is one of the major genes involved in the biosynthesis of RFOs, and three isoforms have been identified and characterized (CaGolS1, 2 and 3) in coffee trees under abiotic stress conditions (Dos Santos et al. 2011). Additionally, it was suggested that CaM6PR, CaPMI, and CaMTD transcripts, which are involved in mannitol biosynthesis, are modulated in distinct ways in response to abiotic stress (De Carvalho et al. 2014). For example, during heat stress conditions, CaM6PR, CaPMI, and CaMTD are expressed differently. This study further suggested that during drought and salt stress, leaves triggered an increase in the expression of the major genes involved in the mannitol biosynthesis. Both studies indicate that RFOs regulating genes participate in cellular osmoprotection in coffee under adverse environmental conditions. These genes possess great potential for introgression in breeding programs.
 A drought tolerance transcriptome study, using high-throughput sequencing (HTS), was performed on two different C. arabica cultivars (Rubi MG1192 - drought-susceptible; IAPAR59 - drought-tolerant), and the results indicated that differences in phenotypic behavior between cultivars were associated with the transcriptome profiles under drought conditions (Mofatto et al. 2016). These authors suggest that the expression of CaSTK1, CaSAMT1, CaSLP1, and CaMAS1, were differentially regulated under drought conditions, due to the contribution of the homologous genes expressed in the C. arabica genome, which is composed by two subgenomes (CaCe and CaCc). The divergence between the subgenomes may indicate that there is a mechanism preventing the homogenization of the subgenomes (Vidal et al. 2010). In this sense, with based on the above information, further studies should be performed to examine the contribution of CaCc and CaCe sub-genomes to the complete C. arabica genome.
Among the abiotic stresses, salt stress is one of the least explored in coffee. The transcriptome of C. arabica seedlings grown under salt stress conditions identify several upregulated genes, including Cc00_g13890, Cc10_g04710, Cc02_g14240, Cc04_g05080, Cc08_g11060, and Cc06_g01240 (Haile and Kang 2018). Among these genes, Cc08_g11060 and Cc00_g13890 are putative WRKY transcription factors, which are reported to be involved in plant response to various stresses (Zheng et al. 2019).
Among the nutrients most used in crop production, nitrogen (N) is the most important element used for the fertilization of the coffee tree. High-throughput sequencing (HTS) technologies were used to analyze the mRNAs and microRNAs (miRNAs) profiles of the roots of C. arabica in response to N fertilization (Dos Santos et al. 2019). Three ammonium transporters (AMTs – CaAMTa, CaAMTb, CaAMTc) and three nitrate transporters (NRTs – CaNRTa, CaNRTb, CaNRTc) were identified by transcriptional analysis, and miRNAs involved in N stress response also validated using RT-qPCR. Among the identified miRNAs, miR169 and miR171, which are part of an evolutionarily conserved miRNA family in plants, were involved in abiotic stress responses (Noman et al. 2017; Rao et al. 2020). However, most of the identified putative microRNA sequences were mainly for C. canephora and C. arabica (Mhuantong and Wichadakul 2009; Szcześniak et al. 2012; Loss-Morais et al. 2014; Chaves et al. 2015; Bibi et al. 2017). A catalog of 6,976 noncoding RNAs (ncRNAs) in leaves, including 92 miRNAs, which were identified using RNA sequencing, was published for C. canephora (Lemos et al. 2020). In this context, the discovery of these new miRNAs opens the possibility of a molecular characterization of pathways and components that were regulated during the plant’s response to abiotic stress.
Martinez et al. (2020) reported that the genes involved in N absorption (NRT1.2 and NRT3.2) and metabolism (NIA2 - Nitrate Reductase, GLN1.3 - Glutamine Synthase and GLT1 - Glutamine Oxoglutarate Aminotransferase) were differentially expressed under water stress and N deficiency in two C. arabica cultivars (Catuaí Amarelo IAC62 and Mundo Novo IAC379-19). The result of the study indicated that water availability modified the expression of NRT1.2, NRT3.2, NIA2, and GLT, which showed high levels of expression in the roots. Evidently, water stress limited the coffee plants ability to assimilate nitrogen by inhibiting the activities of enzymes involved in nitrogen metabolism, which is in line with earlier reports that the activity of leaf nitrate reductase is highest (and greater leaf nitrate concentration) during warm and wet season (Carelli et al. 2006). To improve the N assimilation capacity of plants under high temperatures and water shortage, the understanding of the effects of abiotic stresses on nitrogen metabolism is of fundamental importance.
Regarding thermal tolerance, intraspecific differences in transcriptional pathways and physiological responses under high temperature conditions were reported in the commercial genotypes of Catuaí (IAC144 and Acauã). Intraspecific differences were observed at elevated temperature and 52 differentially expressed genes were identified. The identified genes can be used as biomarkers for the development of high temperature tolerant genotypes (Oliveira et al. 2020). Among the differentially expressed genes, some were involved in the regulation of protective molecules associated with oxidative stress management (e.g., antioxidative enzymes), and protection (e.g., chaperonins and heat shock proteins), both in C. arabica and C. canephora genotypes under heat, cold and drought conditions (Martins et al. 2016; Ramalho et al. 2018).
It is important to mention that the introgression of new candidate genes in breeding programs will contribute in increasing the genetic diversity among cultivars for the breeding of stress-tolerant cultivars. In this context, several genomes resources for C. arabica have recently been published. A research team from California University published a fragmented sequence of the C. arabica genome on the public database, Phytozome.net (accession Geisha; van Deynze et al. 2017). Additionally, in 2018 the National Center for Biotechnology Information (NCBI), made available the complete genome sequence of C. arabica cv. Caturra (https://www.ncbi.nlm.nih.gov/genome/gdv/?org=coffea-arabica&group=lamiids) and C. eugenioides (https://www.ncbi.nlm.nih.gov/assembly/GCF_003713205.1). The genome of C. arabica ‘Bourbon’ is also available (Scalabrin et al. 2020). Additionally, the complete genome sequences of C. canephora, C. eugenioides, and C. arabica from the Arabica Coffee Genome Consortium (ACGC, Mueller et al. 2015) will soon be available. These genomes can boost the identification and characterization of molecular components triggered by abiotic stresses, which will improve the understanding of the tolerance mechanisms at the transcriptional and physiological level. Additionally, the available genome will be useful in identifying genes with biotechnological potential for application in genetic transformation strategies towards improving plant responses to abiotic stresses (Fig. 2), and in developing stress-tolerant cultivars. 
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Fig. 2 A simplified scheme of mechanism for abiotic stress tolerance in coffee plants. Briefly, abiotic stress triggers a cascade of events and signals, initiated from the perception of stress, and culminated in the activation of genes involved in the stress response process
5. Genomics Approaches to Understand Abiotic Stress Responses in Coffea canephora
Among coffee species, C. canephora is most valuable in the world coffee market, because of its chemical composition, bean quality (Dankowska et al. 2017), and high tolerance to coffee leaf rust (CLR) caused by H. vastatrix Berk. and Broome (Zambolim 2016). Additionally, C. canephora has a deeper and well-developed root system than C. arabica, making it more drought-tolerant (DaMatta and Ramalho 2006). These characteristics are of considerable importance, as adverse environmental conditions, such as prolonged drought, can impair coffee growth and development, and negatively affecting flowering, fruiting, bean formation, yield, and quality of coffee beans (DaMatta et al. 2010; Vinecky et al. 2017; Imbach et al. 2017).
Coffea canephora was the first species of coffee with its genome sequenced through the collaboration between Genoscope, the Institute de la Recherche pour le Développement (IRD) and the Centre de Coopération Internationale en Recherche Agronomique pour le Développement (CIRAD), financed by the French Agency for Research (ANR). The sequenced genotype (diploid, 2n = 2x = 22 chromosomes = 710 Mb) was a doubled haploid plant (DH200-94 access) produced by IRD from the clone, IF200, based on haploid plants occurring spontaneously in association with polyembryony. The complete genome of C. canephora consisted of 25,574 protein-coding genes and a high proportion (~50 %) of repeated sequences (transposable elements) (Denoeud et al. 2014). The complete genome of C. canephora can be accessed at “Coffee Genome Hub” (Dereeper et al. 2015). The genome has been used to characterize important genes involved in abiotic and biotic stress tolerance.
For example, 24 genes from the Dof family were identified in the C. canephora genome (Garcia et al. 2018). Dof domains are transcription factors that perform a variety of biological processes in diverse organisms ranging from single-celled, such as Chlamydomonas, to higher plants, including monocots and dicots (reviewed by Yang et al. 2018). The expression patterns of the different members of the Dof gene family in coffee showed that majority of the genes are specifically expressed in root and leaf tissues. These results provide insights into the molecular mechanisms of CcDofs genes in the abiotic stress response of C. canephora.
The regulatory role of members of the DREB subfamily under stress conditions have also been the target of studies in C. canephora. Among these members, the expression of CcDREB1D was higher in the leaves of stress-tolerant clones (14) of C. canephora compared with that in leaves of the sensitive clone (22), under water stress conditions (Marraccini et al. 2012). Therefore, it can be inferred that CcDREB1D participates in drought response in coffee plants (Alves et al. 2017).
Evidence indicates that the GolS gene may play an important role in stress tolerance and in the translocation of photosynthesis products (Sengupta et al. 2015). Dos Santos et al. (2015), evaluated the transcriptional profile of CcGolS1 gene in two C. canephora clones (clone 14) and (clone 109A), and reported that the expression of CcGolS1 was differentially regulated by water stress in the two clones.
Another study evaluated the expression of CcHSP90-7, CcDH1a, CcDREB1, CcMYB102, CcNCED3, and CcATAF1 in response to a sudden drop in relative humidity at three different temperatures (27, 35, and 42 °C) using C. canephora leaves (Thioune et al. 2017). The expression of CcHSP90-7 gene increased with an increase in temperature up to 42 °C and a rapid decrease in relative humidity. However, the expression of CcDH1a was higher at 27 °C compared with the expression pattern at the two other temperatures, whereas the expression of CcDREB1 was higher at 42 °C. The expression of CcMYB102 was not affected by temperature change. Studies have shown that CcNCED3 is involved in rate limitation during abscisic acid synthesis (González and González-Vilar 2001; Tan et al. 2003). The expression of CcNCED3 increased with an increase in temperature from 27 °C to 35 °C. Additionally, the expression of these genes was closely related to the rapid decrease in relative humidity.
Aquino et al. (2018) also showed that the three promoter haplotypes (HP15, HP16 and HP17) of CcDREB1D exhibited divergences in several single nucleotide polymorphisms and insertions/deletions in the drought-tolerant (HP15/HP16) and drought-sensitive (HP15/HP17) clones of C. canephora. This result clearly supports the idea that the molecular mechanisms underlying the expression of DREB gene during abiotic stress are probably highly conserved in tobacco and coffee plants (Aquino et al. 2018). In another study the CcDREB1D gene is also was considered important in abiotic stress responses in C. canephora and C. arabica (Torres et al. 2019).
Recently, 31 DREB-like orthologous genes were identified in the C. canephora genome, with CcDREB1B, CcRAP2.4, CcERF027, CcDREB1D, and CcTINY being differentially expressed in the leaves of drought-tolerant C. canephora (Torres et al. 2019). Particularly the CcERF016, CcRAP2.4, and CcDREB2F genes were expressed in the roots of the drought-sensitive C. canephora clone (22).
Furthermore, using the C. canephora genome database, Dong et al. (2019b) identified and examined the expression patterns of members of the NAC gene family (CocNACs). Among 63 identified NAC genes, four CocNACs were differentially expressed during the different developmental stages of coffee beans. Additionally, 49 WRKY genes (CcWRKYs) were identified and their responses to cold stress were examined (Dong et al. 2019a). During the cold acclimation period, 14 CcWRKYs were induced. Under 4 °C treatment, 17 CcWRKYs were upregulated and 12 CcWRKYs were downregulated.
As earlier mentioned, adverse conditions such as drought, salinity, low temperature, and other abiotic stresses can limit plant growth, development, and productivity considerably. Several studies demonstrated the involvement of aquaporins (AQPs) in abiotic stress response (reviewed by Sade and Moshelion 2017; Zhou et al. 2019). Yaguinuma et al. (2020) analyzed the genome database of C. canephora and identified 33 putative AQPs genes.
Additionally, the effect of water stress on the expression of genes belonging to the CcPIPs and CcTIPs subfamilies in the leaves of two genotypes of C. canephora (clone 14: drought-tolerant and clone 109A: drought sensitive) have been examined. The result showed that the expression levels of three CcPIPs (CcPIP 1,2, CcPIP 2,3, and CcPIP 2,4) and two CcTIPs (CcTIP 1,2 and CcTIP2,1) isoforms were affected in both genotypes under water stress conditions, suggesting their potential roles in water stress response in coffee plants. Avila et al. (2020b) reported that hydraulic conductance in C. arabica plants was unaffected by drought under high atmospheric CO2, which was associated with the high expression of several aquaporin genes, indicating that high atmospheric CO2 regulates drought response in coffee plants.
It is necessary to emphasize that drought responses in plants depend on various factors, including genotypes. The capacity of plants to adapt to an ever-changing environment determines their capability to respond to future environmental conditions. Diurnal and seasonal cycles in climate conditions force plants to adjust their metabolism, and stress memory allows them to select the most appropriate response to certain changes in the environment (Fleta-Soriano and Munné-Bosch 2016). Guedes et al. (2018) identified 49 “memory genes” in the drought-tolerant clone (120) of C. canephora under drought stress. The memory genes were mainly linked to the ABA pathway, protein folding, and biotic stress response. Taken together, the results of these authors revealed that transcriptional memory can alter the expression of drought-responsive genes and contributes to drought tolerance in these species.
Recently, Thioune et al. (2020) examined the transcriptional profile of a clonal variety C. canephora (FRT07) under water stress conditions. The result showed that 13,642 genes were differentially expressed in the leaves of the species under water stress conditions and during recovery at 27 °C, with the greater variation in gene expression observed under the most severe drought conditions.
Advancements in sequencing technologies and assembly of chloroplast genomes could be useful in studies on coffee plants (Daniell et al. 2016; Guyeux et al. 2019). The complete chloroplast genome sequence of C. canephora was recently published (Wu et al. 2017). The genome contained 131 genes, among which were 18 double copies genes, including protein-coding genes (ndhB, rpl2, rpl23, rps12, rps7, and ycf2). The complete chloroplast genomes of 52 Coffea species, including two C. arabica, two C. eugenioides, and six C. canephora accessions, revealed the high diversity of C. canephora and a distinct evolutionary origin between the chloroplasts of C. canephora and C. arabica (Charr et al. 2020). Additionally, Park et al. (2019) published the complete chloroplast genome of C. arabica (named as CH3) under cold treatment, to identify cold resistance genes in coffee. This study revealed the presence of three single nucleotide polymorphisms and three insertion and deletion, and based alignment of chloroplast (NC_008535). The findings of the above study present genetic resources for biotechnological applications, which can help improve the understanding of cold stress response and tolerance in coffee plants.

 
6. Research Involving Coffea eugenioides
Despite the importance of understanding the expression of genes from the subgenomes of C. arabica, and the relationship with the diploid ancestors, few studies have examined C. eugenioides. To provide further information on C. eugenioides, NGS methods have been used to study the transcriptome profile of C. eugenioides.
The transcriptomes of the leaves and fruits of C. eugenioides were first examined by Yuyama et al. (2015). The data revealed possible genes that could contribute to certain characteristics of C. arabica species. Additionally, genes of C. eugenioides have been validated and may be future candidates in genetic studies of Coffea spp.; this will aid in elucidating the expression of genes from C. arabica subgenomes. In 2018, the C. eugenioides genome, which contained 44,358 transcripts, became publicly available in the NCBI database (https://www.ncbi.nlm.nih.gov/genome/gdv/?org=coffea-eugenioides&group=lamiids). Understanding the molecular responses in C. eugenioides is also important because through “omics” technologies, new genes can be identified with desirable agronomic characteristics.
 
7. Selection of Reference Genes for Studying Abiotic Stress Conditions in Coffea
Several research groups have addressed the importance of selection and proper validation of reference genes under environmental adverse conditions in several crop species (Tang et al. 2017; Chen et al. 2019; Zeng et al. 2020), including coffee (Cruz et al. 2009; Goulao et al. 2012; de Carvalho et al. 2013; Martins et al. 2017). These reference genes, also known as housekeeping genes, have constitutive expression in different tissues and cells under different conditions (Guénin et al. 2009). An ideal reference gene must have a stable expression in all tissues and should not be affected by experimental treatments (Thellin et al. 1999). Traditional reference genes used in plant research includes glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 18S ribosomal RNA (U18S), ubiquitin (UBQ), SAND family protein gene (SAND), tubulin beta gene (TUB), elongation factor 1α (EF1α).
Eight reference genes (GAPDH, rpl39, UBQ10 UBI9, psaB, AP47, PP2A, and S24) were identified in the first study on reference genes in coffee under abiotic conditions (Cruz et al. 2009). Their expression was validated in control vs. drought-stressed leaves, control vs. drought-stressed roots, in the leaves of three different cultivars, and in four different coffee organs. The results indicated that GAPDH, UBQ10, and S24 were the most appropriate reference genes, exhibiting high stability in the leaves of the control and drought-stressed coffee plants (Cruz et al. 2009).
A set of ten potential reference genes (RPL39, UBQ10, S24, GAPDH, β-tubulin-β-TUB, tonoplast intrinsic protein-TIP41, elongation factor 1-EF1, elongation factor 1-alpha-EF1α, RNA polymerase-II transcription factor- RPII, and malate dehydrogenase-MDH), were also validated in coffee plants during abiotic stress treatments (nitrogen starvation, salinity, and heat stress) (de Carvalho et al. 2013). Two genes (MDH and EF1) were recommended for use as reference genes; however, the two genes are not normally used as internal control for normalization in RT-qPCR involving other plant species.
Goulao et al. (2012) found that UBQ10, GAPDH, ACT, and EF1A were suitable as reference genes under cold stress, while GAPDH, ACT, EF1A, and Apt were suitable under drought stress. Additionally, UBQ10, GAPDH, ACT, and elf-4A were suitable as reference genes under multiple stress conditions. Thus, providing additional reference genes for genomic studies in Coffea spp.
Studies have also been performed to identify suitable reference genes under future environmental conditions of elevated atmospheric CO2 and warming (Martins et al. 2017). A total of 10 genes (actin -ACT, GAPDH, eukaryotic initiation factor 4α-Elf4A, elongation factor 1α-EF1A, cyclophilin -CYCL, MDH, 40S ribosomal protein subunit 15A-S15, DNAJ-like-DNAJ, ubiquitin-conjugating enzyme E2-UBQ2, an alpha tubulin- a-TUB) were identified as suitable reference genes. UBQ2 was most indicated for temperature, while Elf4A and ACT were most stable under multiple stress conditions (Martins et al. 2017).
It is worth mentioning that the expression patterns of genes encoding for key enzymes involved in reactive oxygen species (ROS) scavenging were recently studied, including APX for H2O2 scavenging [(APXc (cytosolic), APXm (membrane-bound), and APXt+s (stromatic)], for energy dissipation in the photosystems through the synthesis of ZEA by violaxanthin de-epoxidase, VDE (VDE2), and one class III peroxidase (PX4) (Ramalho et al. 2018b). These findings highlight the key role of the antioxidative system in response to drought, and cold stress in Coffea spp. Drought mostly promoted enzyme activity, whereas cold enhanced the complementary synthesis of both enzyme and non-enzyme antioxidants, with the latter probably relying more on non-enzyme molecules under cold, when enzyme reactions would be repressed.
Considering the importance of the potential impact of abiotic stresses on coffee plants, these studies are crucial with regard to the small contribution of the optimal reference genes that should be used in treatment-specific studies.

 
8. Epigenetics Insights into Abiotic Stresses in the Coffea Genus
Epigenetic changes are influenced by abiotic and/or biotic factors, resulting in plant acclimation to different environmental conditions. These modifications provide a basis for a stress memory, which apart from preparing the progenies against future stress events, allows plants to respond efficiently to a recurrent stressful condition. A known mechanism that modulates gene expression during abiotic stresses is the transcriptional memory, which can be defined as any structural, genetic, or biochemical modification resulting from a stress condition that allows the plant to "remember" the stress it was affected with in subsequent conditions (Kinoshita and Seki 2014). In the field, the occurrence of repeated drought spells is common, which can modify plant response and induce acclimation (Galle et al. 2011; Fleta-Soriano and Munné-Bosch 2016).
Recent research has shown that coffee plants exposed repeatedly to drought events adapt better to water restriction than those exposed to drought stress a single time (Menezes-Silva et al. 2017). Two C. canephora clones, one drought-tolerant (120) and drought-sensitive (109), were subjected to one and three periods of water stress. Transcriptome analysis of leaves detected 826 responsive genes in the tolerant and 135 genes in the sensitive clone, which contained a higher amount of secondary antioxidant compounds (Guedes et al. 2018). In the same study, it was discovered that miRNAs and MYB modulated drought responses and that the transcriptional memory of water deficit in the drought-tolerant clone was linked to abscisic acid (ABA)-related genes. The transcriptional memory observed in clone 120, enabled the plant to acclimatize to adverse conditions by triggering stress-related genes. However, when clone 109, with only one “memory” event, was exposed to the third stress event, the programmed cell death mechanism was activated (Guedes et al. 2018).
Epigenetic diversity can thus be exploited as a new source of phenotypic variation to improve the plants ability to cope with the changing environments, thus ensuring high crop yield and quality (Gallusci et al. 2017). In other crops, similar approaches and tools have been developed to assess and quantify the effects of epigenetic variations on the responses to environmental constraints (Baulcombe and Dean 2014), as well as for respiration, yield components, and quality (Hauben et al. 2009; Long et al. 2011; Chen and Zhou 2013), offering practical perspectives for breeders. In Coffea, epigenetic studies on drought and heat tolerance are still in the developmental stages.
 

9. Current and Future Challenges of Genetic Engineered Coffee Plants
Abiotic stresses cause morphological, physiological, biochemical, and molecular changes in plants, and consequently lead to yield losses (Osakabe et al. 2011). Owing to the low genetic diversity of C. arabica, traditional breeding for abiotic stress tolerance is difficult (Scalabrin et al. 2020). Genes for abiotic stress tolerance, including heat, cold, drought, and salinity tolerance, are frequently polygenically inherited quantitative traits that require a prolonged period for successful transmission through conventional breeding (van der Vossen et al. 2015). To this end, the use of genetic engineering tools will be necessary for the rapid development of abiotic stress-tolerant coffee varieties.
In the last ten years, efforts have been made to improve genetic transformation in coffee plants, and several research groups were successful in producing transgenic plants. Pro-embryogenic cell induced from leaves were the preferential explant for Agrobacterium-mediated transformation in C. arabica (Ribas et al. 2011; Alves et al. 2017) and C. canephora (Breitler et al. 2018; Pérez-Pascual et al. 2018), as well as for the biolistic delivery system in C. arabica (Albuquerque et al. 2009, 2015; Barbosa et al. 2010; Valencia-Lozano et al. 2019). In all the cases, transgenic coffee plants were regenerated by somatic embryogenesis. Most of the protocols developed thus far have focused on optimizing the process of coffee transformation or in a few cases, allowed for functional gene validation. Although several publications have reported that coffee transformation is feasible, owing to the lack of public and private interests, public concerns regarding transgenics, and the high costs involved in the regulatory approval for commercialization of transgenic plants, coffee transgenic plants are yet to be commercialized.
To identify candidate genes for the development of transgenic coffee plants, contrasting genotypes related to drought tolerance have been evaluated under water limitation. CcDREB1B, CcRAP2.4, CcERF027, CcDREB1D, and CcTINY were upregulated in leaves of drought-tolerant C. canephora plants, while CcERF016, CcRAP2.4, and CcDREB2F were upregulated in the roots of drought-sensitive varieties (Torres et al. 2019). Aquaporin genes, including CcPIP2;3, CcTIP1;2, and CcTIP2;1, were highly expressed in the leaves of drought-tolerant C. canephora clones subjected to water stress (Yaguinuma et al. 2021). Therefore, such genes are suitable candidates for the engineering of drought-tolerant coffee plants.
The promoter regions from the DREB1D transcription factor were functionally validated in transgenic coffee (Aquino et al. 2018). The promoters were cloned from drought-tolerant and susceptible C. canephora varieties and three haplotypes, including HP15, HP16, and HP17, were merged with the uidA gene and used for generating transgenic C. arabica plants using Agrobacterium tumefaciens-mediated gene transfer. Among the haplotypes, the expression of HP16 increased under water stress (Alves et al. 2017). GUS expression was also higher in pHP16-transgenic plants under low humidity, high irradiance, and ABA stress than in the other two haplotypes (Torres et al. 2019). Abiotic stresses also upregulated the expression of endogenous genes, such as CaERF017 (low temperature and relative humidity), CaERF053 (low humidity), and CaERF014 (high temperatures) (Torres et al. 2019). However, when these constructs were used to transform tobacco, the expression of HP17 instead of HP16 increased when the transgenic plants were subjected to water stress and heat shock treatments (Aquino et al. 2018). These results confirm that it is necessary to test these genes and promoters for functional validation in homologous rather than in heterologous systems. The functional validation of promoters by transgenesis is important to identify suitable promoters for the development of abiotic stress-tolerant transgenic coffee varieties.
Novel breeding technologies, such as genome editing, are promising in the development of genetically engineered coffee plants. Genetically edited plants are considered non-GE plants in several countries, including Brazil (since 2018 in Brazil). This could facilitate the acceptance of new biotechnological varieties and reduce the cost of production.
Different site-directed nucleases for genome editing have already been tested. However, greater success was achieved using CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR-associated protein) owing to its simplicity, efficiency, reduced cost, and flexibility, making this technology a powerful tool for the generation of genetically engineered plants (Vats et al. 2019; Zhang 2019). CRISPR/Cas9 technology is based on the type II prokaryotic adaptive immune system from bacteria or archaea that prevent invasion by phages. The most used CRISPR/Cas9 system is derived from Streptococcus pyogenes, which includes a precursor CRISPR RNA (pre-crRNA), trans-activating crRNA (tracrRNA), and Cas9 nuclease (reviewed by Vats et al. 2019).
Genome editing in coffee using CRISPR/Cas9, was first achieved in the diploid (2n = 2x = 22) self-sterile C. canephora (Breitler et al. 2018). In this study, the disruption of the phytoene desaturase gene (CcPDS) was targeted and the edited lines were obtained by co-cultivating pro-embryogenic cells with Agrobacterium tumefaciens. The PDS gene has been frequently used in several species, including trees, as a proof of concept in the CRISPR editing system due to an easy recognition phenotype whose mutation disrupts chlorophyll biosynthesis, allowing for visual identification (Bewg et al. 2018). The disruption of PDS gene in coffee resulted in plants with small lanceolate internodes in leaves with abnormal organization and pigmentation, and rosette-like phenotype. The efficiency of gene editing was approximately 30.4 %, with 22.8 % heterozygous and 7.6 % homozygous mutants (Breitler et al. 2018).
Genome editing in polyploid plants, such as C. arabica could be difficult since more than two copies are present on any targeted locus. Hence, for polyploid plants, several lines will have to be screened and phenotyped after the GE experiment to identify the edited lines (Aglawe et al. 2018). CRISPR technology can also be used to induce mutations in allelic series in multigenic families to investigate functional redundancy and the allele dosage (Bewg et al. 2018). For woody perennials plants, such as coffee, long-term stability edited lines can be generated through the vegetative propagation of T0 transformants (Bewg et al. 2018). The clonal propagation by somatic embryogenesis is a well-established technique for coffee (Campos et al. 2017; Etienne et al. 2018). Cloning T0 edited lines is necessary to maintain somatic mutations and to accelerate the process of obtaining new varieties in coffee.
In summary, in recent years, much progress has been made in tissue culture procedures, transformation methods, and the availability of genomic tools for C. arabica and C. canephora, thus providing numerous opportunities for the development of abiotic stress-tolerant coffee varieties.

10. Final Remarks
The studies reviewed herein have shown that molecular genetic analyses have contributed in the identification of traits and genes related to abiotic stress tolerance and resistance in coffee. However, most of the studies were focused on the two mainly cultivated species C. arabica and C. canephora. In recent years, advances in sequencing technology have facilitated complete sequencing of the genomes of C. arabica, C. eugenioides, and C. canephora, and high-throughput genotyping of hundreds of species. Moreover, such large data sets could be used in breeding programs for the introgression of genes of interest.
Selective breeding in coffee trees is a time-consuming process, and the development of a new variety can take as long as 20 years of research. However, the use of alternative methods, such as gene editing, should be considered in the future, as this will reduce the effort and time required in developing stress-tolerant varieties. Molecular breeding for abiotic stress tolerance is particularly important for the exploitation and conservation of untapped genetic resources. Wild accessions of C. arabica and C. canephora are important, as they may possess stress tolerance genes. In addition to C. canephora and C. arabica, several closely related species have been cultivated in the past and show useful traits against abiotic stresses. For example, C. racemosa, which originated from East Africa, was resistant to drought and cold, and able to grow on sandy soils (Carvalho et al. 2017). Coffea stenophylla and C. affinis, which originated from West Africa, and cultivated in Upper West Africa at relatively low elevations, are potentially drought-tolerant (Davis et al. 2020). These species will be critical for the improvement and development of stress-tolerant coffee varieties. Unfortunately, several wild genetic resources, mostly originating from sub-Saharan Africa, are at a high risk of extinction due to human activities, and inefficient in situ and ex situ conservation of the species (Davis et al. 2019). Currently, when considerable focus is directed toward addressing food security, it is of utmost importance to conserve the genetic resources of wild coffee species to ensure sustainable coffee production in the future.
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