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The sustainability of global coffee supply is threatened by production challenges worsening with every decade since the turn of the 21st century. Coffee is among the most popular beverages in the world, and its production supports livelihoods of millions of people, mostly smallholder farmers. With a global market value exceeding US$130 billion, the coffee industry is a source of export revenue for producing countries, the majority of which are developing nations in the Global South. Climate change, pests, and diseases continue to hamper productivity, profitability, and countries’ competitiveness in the global market. At the same time, the global demand for coffee continues to rise. A crucial pillar to safeguarding the future of coffee is continuously developing improved varieties suitable for the changing environment, and that address the needs of farmers and the industry. Yet, most national breeding programs are grossly out of touch with climate change reality and market dynamics. Working in isolation, these programs are constrained by unstable funding, limited sources of genetic variability, and inaccessibility of modern technologies necessary to accelerate the breeding process. We review here key production challenges, status of genetic diversity, and breeding approaches. Additionally, we explore opportunities in leveraging a pre-competitive collaborative breeding approach encompassing sharing of germplasm, and cross-border multi-environment trials in developing next-generation cultivars. We argue that breeding efforts should be informed by the needs of all the stakeholders in the supply chain including researchers, smallholder farmers, small and medium-sized enterprises investing in coffee processing and roasting, and consumers. Using emerging and reviving producers in Southeast Asia and Eastern Africa as a model, we explore how a paradigm shift in coffee breeding from the historically nation-centric approach to a more forward-looking collaborative model could improve the efficiency of variety improvement in face of climate change and growing market demand.
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1 Introduction

Coffee is an economically important agricultural commodity cultivated across more than 11 million hectares in about 80 countries (Krishnan, 2017). The genus Coffea L. comprises 130 species (Davis and Rakotonasolo, 2021), with Coffea arabica L. (Arabica) and Coffea canephora Pierre ex A. Froehner (Robusta/Conilon) accounting for 55.9 and 44.1% of the total global coffee production, respectively (International Coffee Organization, 2023). A gradual re-emergence of Coffea liberica W.Bull (Liberica or Liberian coffee) has been reported in Africa and Asia, likely as a response to the recent Arabica and Robusta supply chain disruptions (Davis et al., 2022). Over 90% of coffee cultivated in the world is localized in developing countries (Ponte, 2002). Production involves at least 25 million smallholder farmers who produce 70–80% of the total beans, with the industry estimated to support the livelihoods of 125 million people worldwide (Barreto Peixoto et al., 2023).

Coffee ranks as the world’s second most consumed beverage (Salvador et al., 2024), and the most extensively traded tropical commodity. In most producing countries, the coffee trade contributes significantly to the Gross Domestic Product (GDP) through export revenue. During the 2022–2023 period, global coffee production was 168.2 million 60-kg bags, with the top five producers being, i.e., Brazil, Vietnam, Indonesia, Colombia, and Ethiopia, accounting for 74.39% of the total production. India, Honduras, Uganda, Mexico and Peru completed the list of the top 10 coffee-producing countries (Figure 1; International Coffee Organization, 2023). In total, the top ten producing countries accounted for 89.37% of all the coffee produced in the 2022–2023 year (Table 1; International Coffee Organization, 2023). This dominant production share effectively channels the majority of coffee export revenue to a limited number of growers in the major producing countries.
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FIGURE 1
 Major coffee-producing countries in the world. The top 10 producers as of 2022/2023 production year are shaded in brown, while other significant producers are shown in green (International Coffee Organization, 2023). Created with mapchart.net.




TABLE 1 Top 10 coffee producing countries and their contribution shares to global production during the 2022–2023 period (International Coffee Organization, 2023).
[image: Table1]

Despite the socioeconomic importance of coffee, the industry is increasingly facing challenges in every step along the product supply chain (Figure 2). To sustainably deliver quality coffee to global consumers, a complex web of actors and processes are involved in the value chain, from production, processing and distribution, to marketing. Presently, the production stage is hampered by several factors including climate change events, pests and diseases, labor shortages, rising cost of production, and the continued slow pace of improving varieties suitable for the changing environment and the global market (Mishra, 2019; Vegro and de Almeida, 2020). Post-production, the coffee product chain also faces sector-specific challenges majorly related to institutional framework constraints, volatility in global market prices, and fair-trade concerns (Ponte, 2002; Utting, 2009).
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FIGURE 2
 Major challenges in the coffee global commodity supply chain.


This review examines the major coffee production challenges, the status of genetic diversity, conventional and modern breeding approaches, and the role of collaborative breeding in future variety improvement. Particularly, we explore the potential of leveraging on a synergistic, pre-competitive breeding approach that encompasses stakeholder engagement, sharing of germplasm, and cross-border multi-location trials in addressing the dynamic and region-specific needs of actors in the coffee supply chain. To demonstrate the potential of this approach, we examine how selected emerging and reviving coffee producers in southeast Asia and East Africa stand to gain from the proposed paradigm shift in coffee breeding, considering the need for sustainability, profitability, and global market competitiveness in the face of climate change and the growing demand for high quality coffee.


1.1 Climate change, diseases, and pests

Climate variability in coffee production areas around the world continues to impact both the quantity and quality of beans. The main climatic factors affecting yield and bean quality are drought, extreme temperatures, excessive rainfall, and disease outbreaks (DaMatta and Ramalho, 2006; Läderach et al., 2017; Venancio et al., 2020; Bilen et al., 2022). For instance, during the austral winter of 2021, Brazil’s primary coffee-producing regions in the south and southeast endured heavy frost which led to a 30% fall in output. Coupled with other global market factors, this supply chain disruption in the world’s largest coffee producer and exporter contributed to a rise in global prices to above US$2/lb (Marengo et al., 2023).

Indirectly, climate variability affects coffee production through increased infestation, severity, and spread of diseases and pests including the notorious fungal pathogens Hemileia vastatrix Berkeley and Broome [coffee leaf rust (CLR)], Colletotrichum kahawae Bridge and Waller [coffee berry disease (CBD)], the destructive pests Hypothenemus hampei Ferrari [coffee berry borer], Leucoptera coffeela Guérin-Meneville [coffee leaf miner], Xylotrechus quadripes Chevlorat (Coleoptera: Cerambycidae) [coffee white stem borer], and Meloidogyne spp. [nematodes] (Ghini et al., 2008; Schroth et al., 2009; Bramel et al., 2017; Pham et al., 2019). For instance, a 30% increase in CLR disease incidence and severity was recorded in Colombia between 2008 and 2011 due to excess rainfall (Cristancho et al., 2012). We review in detail (section 2), the impacts of climate change, major diseases, and pests on global coffee production. In a business-as-usual scenario, these impacts are expected to worsen in the next decades, further threatening the sustainability of global coffee supply.



1.2 Labor shortages

In addition to difficulties brought on by climate change, diseases, and pests, producing coffee requires intensive labor, including experienced personnel to implement specialized operations along the commodity chain. A successful coffee commodity chain entails growing and propagating seedlings, managing nurseries, planting, pruning, controlling pests and diseases, harvesting, processing, sorting, grading, and roasting. Over the past decades, the industry has increasingly experienced labor shortages in several production regions at certain times of the year. In the affected regions, primarily in Latin America and Asia, the situation is further aggravated by changes in international border regulations, political dynamics, national immigration policies, aging farm workers, and labor force competition by other industries (Roseberry et al., 1995; Winkels, 2008; Griffith et al., 2017; Rhiney et al., 2021; Santos et al., 2022). Migrant labor has been particularly crucial in many coffee-producing countries, especially during the harvest seasons (Rhiney et al., 2021). Recently, a period of labor shortage was experienced in several producing countries due to travel and movement restrictions caused by the COVID-19 pandemic (Guido et al., 2020; Rhiney et al., 2021), further demonstrating vulnerability of the coffee sector to external shocks.



1.3 Rising cost of production

A fast-growing challenge facing the coffee sector in recent years is the increasing cost of production. At the farm level, this is majorly attributed to high input prices (fertilizers, pesticides, transportation et cetera.), and the rising cost of hired labor (Krishnan, 2017). This situation is worsened by unpredictable rainfall patterns caused by climate variability, as well as the frequent outbreaks of coffee pests and diseases in growing areas, necessitating additional expenses for irrigation and pesticides. In most cases, coffee farmers are compelled to make a price trade-off based on the prevailing selling prices. Usually, the global market price of coffee is influenced by several factors including supply and demand dynamics, weather conditions, commodity chain logistics, economic conditions, as well as political and social events in key market shareholder regions (Ponte, 2002; Lewin et al., 2004). The prevailing market volatility presents a complex price trade-off issue to growers from around the world, especially resource-limited smallholder farmers who lack bargaining power and access to alternative markets. When the market price disregards the true cost of production, and in the absence of structured fair-trade considerations, farmers are unable to earn a sustainable income from producing coffee, oftentimes forcing a switch to alternative crops with higher returns on farm investment (Gemech and Struthers, 2007; Millard, 2017; Guido et al., 2020).



1.4 Slow pace of breeding improved varieties

Perhaps the most urgent challenge in securing the future of coffee is the slow pace of developing improved varieties to match the effects of climate variability and the increasing demand for quality coffee. Presently, it is not uncommon to find farmers from around the world cultivating varieties selected several decades ago. For C. arabica, these are mainly selections of Typica and Bourbon ancestral lines and introgressed varieties related to Catimor and Sarchimor, while C. canephora varieties mostly being cultivated include groups selected from Uganda, Congo, Guinea, Guinea x Congo, and Guinea x Coffea congensis A. Froehner (World Coffee Research, 2024a).

The past three decades have demonstrated that the challenges of coffee production are ever evolving, and so are the buyer and consumer preferences. In the next three to five decades, the coffee sector is expected to experience significant changes in both the production environment and market demands. It takes at least 25 years to develop and release a new pure-line variety to farmers (McCook and Montero-Mora, 2024), and even longer to achieve widespread adoption. Hence, there is an urgent need to continually develop and introduce improved varieties that effectively meet the needs of both the farmers and the industry.



1.5 Limited sources of genetic variability

Coffea arabica is characterized by an extremely low level of genetic diversity. This is majorly attributed to its origin, a single hybridization event between the diploid progenitor parents C. canephora and Coffea eugenoides S. Moore (Scalabrin et al., 2020), and the self-pollinating reproductive nature of this allopolyploid species (Anthony et al., 2002). This is aggravated by the fact that most commercial varieties being cultivated around the world originate from a few cultivars, resulting in a significantly narrow genetic base (Silvestrini et al., 2007; da Silva et al., 2019). Limited access to sources of agronomic and genetic variability is a key challenge that continues to impede breeding efforts aimed at developing durable resilience against biotic and abiotic stresses, while keeping up with the growing consumer demand for high quality coffee.

In a business and usual scenario, this challenge is expected to impact the future productivity of Arabica coffee more than that of Robusta coffee, owing to C. arabica’s higher vulnerability to pests, diseases and climate variability as compared to that of the more resilient C. canephora. As such, there is an urgent need for breeding programs to exploit novel sources of agronomic and genetic variability for use in C. arabica variety improvement, including sourcing from the two diploid progenitors and wild species (Van der Vossen, 2018; Scalabrin et al., 2020).



1.6 A systemic bottleneck in national coffee breeding programs

In most producing countries, coffee breeding programs are anchored within national research institutes mandated by the state to conduct research and provide farmers with solutions to country-specific challenges. Ideally, this should entail continuous variety improvement for climate resilience and adaptation, productivity, profitability, and keeping pace with market demands including strategic alignment with the industry’s quality needs. However, most in-country programs face systemic hurdles such as inadequate funding, lack of specialized facilities, expertise, and field trial sites across multiple locations, limited access to diverse genetic resources and modern breeding technologies. Moreover, lack of cross-border collaboration with other regional and international coffee industry stakeholders means that most national breeding programs operate in isolation, with little or no sharing of knowledge, resources, and genetic materials. This creates a bottleneck in the breeding programs, leaving farmers with limited access to improved varieties suited for the changing production environment and market needs.



1.7 The need for a paradigm shift in breeding future varieties

Most national breeding programs are grossly out of touch with the urgency to continuously improve varieties that meet the needs of farmers and industry. Considering the need for industry sustainability in the face of a rapidly changing climate and consumer preferences, coffee breeding programs could be revamped to encompass a strategic, pre-competitive collaborative approach that allows for co-development of future cultivars by incorporating inputs of the stakeholders along the value chain. That way, the sector reduces supply chain disruptions brought about by climate change events, diseases, and pests, while meeting the needs of farmers, industry players and consumers alike.

A vital starting point would be ensuring that coffee improvement programs constitute clear need-based breeding objectives, diverse germplasm collection, effective breeding tools, collaborative cross-border multi-environment trials, seedling production, dissemination, and intellectual property management. After highlighting the major production challenges, status of genetic diversity, and breeding approaches, this review explores key opportunities in leveraging shared genetic resources and pre-competitive collaborative breeding aimed at continuous variety improvement and its contribution in securing the future of global coffee supply.




2 Key coffee production challenges


2.1 Climate change

Climate change has a significant impact on the production of both C. arabica and C. canephora (Bunn et al., 2015a). This is primarily as a result of the associated climatic stresses including recurring drought events, extreme temperatures, erratic precipitation patterns, and hurricanes in coffee-growing areas (Krishnan, 2022). The effects of these shocks on coffee production range from reduction in yield and bean quality, increased severity and spread of pests and diseases, to loss of land suitable for coffee cultivation (Schroth et al., 2009; Laderach et al., 2011; Bramel et al., 2017; Moreira et al., 2021).

Extreme temperatures and inadequate water retard coffee plant growth, flowering, and berry development, resulting in suboptimal quantity and quality of yield (Schroth et al., 2009; Zullo et al., 2011). This negatively impacts the productivity and profitability of coffee farm ventures. For instance, during dry years, some marginalized areas have recorded coffee yield reductions of up to 80% in the absence of irrigation (DaMatta and Ramalho, 2006). In recent years, the impacts of climate change on coffee growers across the world have worsened, especially on smallholder farmers who depend on the crop for income and household livelihood.

In Kenya, for instance, the year 2022 recorded long spells of drought conditions resulting in drying up of trees in smallholder farms that have no access to irrigation. In the following year, most farmers were not only forced to invest in irrigation, but also to replace the dried-up trees that left empty gaps in their farms. Without proper mitigation and adaptive measures in place, the increasingly worsening effects of climate change spell a bleak future for such smallholders around the world who cultivate 70–80% of the coffee produced globally (Barreto Peixoto et al., 2023).

Climate change is also expected to impact both geographical distribution and the amount of land suitable for growing coffee in intertropical regions. Under the representative concentration pathways (RCP) adopted in the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC), future projections models predict a geographical upward shift of the lower altitude limit, and up to 50% reduction in areas suitable for C. arabica cultivation by 2050 (Bunn et al., 2015b; Ovalle-Rivera et al., 2015). Under similar climatic projections, however, the area suitable for cultivating the hardier, more climate-resilient C. canephora species is expected to increase. There are concerns that the upward shift in lower altitude limit and shrinking of land area suitable for C. arabica cultivation will fundamentally trigger forest clearance to match the growing global demand for Arabica coffee, as this presents a threat to forest biodiversity in producing countries (Magrach and Ghazoul, 2015).



2.2 Diseases

Coffee is vulnerable to several diseases that impact both crop productivity and bean quality. These include the fungal pathogens H. vastatrix, C. kahawae, Fusarium xylarioides R. Heim and Saccas [coffee wilt disease (CWD)], Mycena citricolor (Berkeley and Curtis) Saccardo [American leaf spot disease (ALSD)], Fusarium sp. [root rot disease], Cercospora coffeicola Berkeley and Cooke [brown eye spot (BES)], and the bacterial pathogens Pseudomonas syringae pv. garcae [bacterial halo blight (BHB)], Pseudomonas syringae pv. tabaci [bacterial leaf spot (BLS)], Pseudomonas chicorii [bacterial leaf blight (BLB)], and Xylella fastidiosa subsp. pauca [coffee leaf scorch (CLS)] (Table 2; Waller et al., 2007; Van der Vossen et al., 2015; Krishnan, 2017, 2022; Avelino et al., 2018; Badel and Zambolim, 2019).



TABLE 2 Major diseases of coffee, affected regions, and past losses.
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2.2.1 Coffee leaf rust—Hemileia vastatrix

Coffee leaf rust, caused by the fungal pathogen H. vastatrix, has been the most devastating biotic stress to C. arabica around the world. The effect of CLR on the world’s production of C. arabica has been projected to result in annual crop losses of 20–25%, or US$ 1–2 billion (Van der Vossen, 2001). Without proper control measures, crop losses of up to 70% have been reported in heavy CLR infestation of susceptible C. arabica cultivars (Prakash et al., 2004).

The worst recorded case of CLR infestation occurred in Central America between 2012 and 2013 when an outbreak swept through coffee farms across Guatemala, Nicaragua, El Salvador, Honduras, and Costa Rica (International Coffee Organization, 2013). Other affected countries included Panama, Jamaica, and the Dominican Republic. A total of 593,037 ha representing 55% of the total coffee growing area in Central America was severely affected. This infestation resulted in a yield loss of 2,706, 454 (60-kg bags) worth USD 499.4 million, with serious economic implications in the affected areas. Furthermore, the outbreak is estimated to have resulted in a loss of 374,000 jobs (International Coffee Organization, 2013), further exacerbating the negative socioeconomic implications across the region.

In Kenya, coffee farmers majorly cultivating CLR-susceptible C. arabica varieties such as SL28 and SL34 are required to apply copper-based fungicides regularly to control the disease. When left untreated, the fungal pathogen multiplies rapidly on the underside of infected leaves through the characteristic orange lesions (Figure 3A). Each lesion can produce up to 400,000 spores in 3–5 months, which are easily spread by wind across and between farms (Kawabata and Nakamoto, 2021). Starting from lower and spreading upwards toward the higher leaves (Figure 3B), the fungus causes extensive defoliation of the infected trees (Figure 3C), and ultimately severe yield loss.

[image: Figure 3]

FIGURE 3
 Coffee leaf rust H. vastatrix and Coffee berry disease C. kahawae infecting C. arabica SL28 in Kenya. (A) CLR orange lesions on the underside of infected leaves. (B) CLR infestation spreading from the lower to upper leaves of an infected tree. (C) Extensive defoliation of heavily CLR-infected trees. (D) CBD infection on developing coffee berries. (Photograph credit: Godfrey Ngure).




2.2.2 Coffee berry disease—Colletotrichum kahawae

Coffee berry disease, caused by the hemibiotrophic fungus C. kahawae, is an economically significant disease affecting coffee production. Unlike CLR, CBD is only found in African countries that grow C. arabica, having originated from Kenya and later spreading to other East, Central, and South African coffee-growing regions in the period between 1922 and 1985 (Waller et al., 1993; Hindorf and Omondi, 2011).

Primarily affecting developing green berries, CBD starts off as small water-soaked lesions that quickly sunken, turns dark brown to black, and expands engulfing the whole berry (Figure 3D). Infected berries eventually dry out and fall off the branch prematurely. Without proper control measures, CBD infestation can cause yield losses of up to 80% (Silva et al., 2006; Van der Vossen and Walyaro, 2009). This is exacerbated by the pathogen’s ability to spread rapidly under favorable conditions and persist in fields for years, making control and eradication challenging.

It is estimated that crop loss and the cost of chemical control of CBD have a US$300–500 million annual economic impact on C. arabica production in Africa (Van der Vossen and Walyaro, 2009). As such, an integrated disease management strategy comprising good cultural practices, chemical application, and use of CBD-resistant varieties is recommended to keep the pathogen under control.



2.2.3 Coffee wilt disease—Fusarium xylarioides

Coffee wilt disease is a vascular wilt disease caused by the fungal pathogen F. xylarioides (anamorph: Gibberella xylarioides R. Heim and Saccas), endemic to East and Central Africa (Rutherford, 2006; Hindorf and Omondi, 2011; Zhang et al., 2023; Peck and Boa, 2024). It was first observed infecting Coffea excelsa A. Chev (now C. liberica) in 1927 in the present-day Central African Republic (CAR) (Figueres, 1940). From CAR, the pathogen subsequently spread to C. liberica and C. canephora plantations in the neighboring countries including the Democratic Republic of the Congo (DRC, formerly Zaire), Cameroon, Côte d’Ivoire (formerly Ivory Coast) and Guinea (Peck and Boa, 2024).

All developmental phases of wild and cultivated Coffea species are susceptible to CWD, which manifests as wilting, defoliation, necrosis in the wood beneath the bark, and eventually death of infected trees (Flood, 2021). Infestation can result in production losses of up to 80%, with its localized infection of the host’s vascular system making it difficult to employ chemical control (Hakiza et al., 2010; Alemu, 2012; Flood, 2021).

The first major outbreak of CWD in 1940s and 1950s in Central and West Africa had such a devastating effect on coffee farming in the region, that it essentially decimated C. liberica from commercial production (Rutherford, 2006; Peck and Boa, 2024). A separate outbreak infecting C. arabica was recorded in Ethiopia in 1957 (Kranz and Mogk, 1973). In DRC, Guinea, and Côte d’Ivoire, losses of up to 50% were incurred from the outbreak (Rutherford, 2006; Peck and Boa, 2024). To manage the disease, the affected countries adopted phytosanitary practices of disinfecting farm tools, systematic uprooting and burning of infected trees, providing farmers with clean planting materials, relocating production to new areas, and exploring long-term breeding for host resistance (Rutherford, 2006; Peck and Boa, 2024).

The widescale phytosanitary response effectively controlled the outbreak, leading to a gradual recovery of C. canephora production in the affected regions. However, the pathogen continued to spread silently in abandoned plantations in the DRC, and in the 1970s, the disease resurfaced in a second major outbreak (Flood, 2021). By 1995, the disease had spread to the neighboring countries Uganda and Tanzania (Phiri and Baker, 2009). In Uganda, the outbreak destroyed 14.5 million C. canephora trees across the country, with yield losses of up to 77% being reported in some affected Robusta-growing districts (Hakiza et al., 2010; Flood, 2021).

Presently, the pathogen exists in two host-specific populations, one targeting C. arabica in Ethiopia, and the other targeting C. canephora in Uganda, Tanzania, and the DRC (Rutherford, 2006; Alemu, 2012; Olal et al., 2018). Since there are no CWD-resistant varieties available to coffee farmers, control is limited to phyto-sanitation and pathogen containment to prevent introduction to new areas. This necessitates concerted breeding efforts to identify novel sources of resistance for introgression in farmer-preferred varieties as a safeguard against future disease outbreaks.




2.3 Pests

Coffee is a host to several insect pests with varying degrees of significance based on the severity of the damage, ease of control, persistence in farms, and overall impact on the health of trees, crop yield, and bean quality. Whereas minor coffee pest species are usually confined in their respective endemic regions, major pests are widespread across larger growing regions comprising multiple countries. The latter include H. hampei, L. coffeela, X. quadripes, Pseodococcidae spp. [coffee root mealybugs], Meloidogyne spp. and Antestiopsis thunbergii Gmelin (Hemiptera: Pentatomidae) [antestia bug] (Table 3; Barrera, 2008; Vega et al., 2015; Ahmed et al., 2016; Krishnan, 2017; Carvalho et al., 2019).



TABLE 3 Major pests of coffee, affected regions, and past losses.
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The coffee berry borer continues to be the pest with the greatest economic impact worldwide (Jaramillo et al., 2006; Vega et al., 2015). Endemic to Africa, the pest was inadvertently distributed around the world through infested seeds and has now been reported in all coffee-producing countries except Nepal and Papua New Guinea (Vega et al., 2015). Without proper control measures, crop losses from heavy coffee berry borer infestation can be significant, ranging from 50 to 100% of the affected berries. Moreover, chemical control is challenging owing to the pest’s characteristic life cycle inside the infested berries—where it spends most of its life (Le Pelley, 1968). None of the commercially cultivated C. arabica and C. canephora varieties exhibit resistance to coffee berry borer. As such, integrated pest management comprising both cultural measures and chemical control is practiced by most farmers to reduce infestation (Duque and Baker, 2003; Crowe, 2009). Attempts to use natural enemies as biological control have only attained modest, unsustainable gains (Jaramillo et al., 2006), necessitating the exploration of novel sources of durable resistance to the pest.

Coffee leaf miner is a moth of African origin, now considered the second most significant insect pest of coffee. Its larvae feed on the parenchyma tissues of coffee leaves, creating meandering tunnels or “mines” as they consume the leaf tissue. Infested leaves fall prematurely, and resultant crop losses ranging between 50 and 80% have been reported in African and Neotropical countries (Crowe, 2009; Carvalho et al., 2019). While pesticide use has proven to be successful in managing the coffee leaf miner, it has an implication on the cost of production due to the additional expenses of procuring and applying chemicals, and potential environmental repercussions. Again, this calls for further breeding research to provide farmers with high-yielding varieties resistant to the pest.

Other significant pests of coffee have been reported to cause considerable crop losses with socio-economic impacts in different parts of the world (Table 3). For instance, the coffee white stem borer is the most serious pest of coffee in Nepal, responsible for up to 70% of crop loss (Pandey et al., 2022). In East Africa, yield losses of up to 45% due to severe antestia bug infestation have been reported (Ahmed et al., 2016; Bigirimana et al., 2019). In Espírito Santo, Brazil, root-knot nematodes are increasingly becoming a serious concern for C. canephora growers (Barros et al., 2014), while in Colombia, root mealybugs are regarded as the second most significant pest of coffee after coffee berry borer (Gil et al., 2016; Acevedo et al., 2019).




3 Coffee genetic diversity

About 350,000–610,000 years ago, two diploid coffee species C. canephora and C. eugenoides underwent a single polyploidization event, giving rise to the allotetraploid C. arabica (Salojärvi et al., 2024). This event occurred spontaneously in the highlands of Southwestern Ethiopia, the primary center of origin and diversity of C. arabica where the species was discovered in AD 850 (Smith, 1985; Anthony et al., 2002; Herrera and Lambot, 2017; Scalabrin et al., 2020). The rise of C. arabica species from a single individual post-polyploidization resulted in a weak population structure, and an extremely low level of genetic diversity in the present cultivated germplasm (Lashermes et al., 2014; Scalabrin et al., 2020). This is further perpetuated by the species’ self-fertile reproductive biology (i.e., autogamy) and the fact that most commercial varieties originated from a few cultivars, majorly from Typica and Bourbon genetic base (Lashermes et al., 2000). Moreover, allelic variation between cultivated C. arabica vis-à-vis the diploid progenitor parents further supports the hypothesis that present diversity arose post-polyploidization. This has consistently been confirmed by various studies employing different molecular markers to assess genetic variability within and between commercially cultivated C. arabica varieties, the progenitor diploid parents, and wild accessions from the primary center of origin (Lashermes et al., 1996; Anthony et al., 2002; Steiger et al., 2002; Maluf et al., 2005; Silvestrini et al., 2007; da Silva et al., 2019).

Genomic analyses of C. arabica continue to yield further insights into its evolutionary history, genetic diversity, population structure, and breeding potential, enhancing our understanding of this economically important crop species. Using chromosome-level assemblies, Salojärvi et al. (2024) reported largely conserved genome structures between the progenitor diploid parents and descendant subgenomes, with no clear dominance of one subgenome over the other. Importantly, the study further demonstrated that genetic variation among C. arabica wild accessions was already significantly low due to multiple pre-domestication bottlenecks. By resequencing 90 accessions from Choche germplasm bank in Ethiopia, Mekbib et al. (2022) identified 9.74 million single nucleotide polymorphisms (SNPs) and 1.34 million insertions/deletions (InDels). Phylogenetic analysis using the SNPs revealed distinct genetic groups with a strong geographical pattern, indicating population differentiation. Updating and expanding such genomic information is particularly crucial for breeding programs focused on germplasm conservation and genomics-based breeding of improved varieties with desirable traits. Crop wild relatives typically exhibit higher genetic variability and are important reservoirs of genes for adaptation to changing environments and resistance to pests and diseases (Tobón-Niedfeldt et al., 2022). Evidence indicate that this is more so true for coffee. For instance, compared to C. arabica, the wild relative Coffea racemosa Lour in Mozambique displayed higher levels of genetic diversity and heterozygosity, suggesting a greater capacity for adaptation and resilience. Moreover, SNP analysis of functional pathways indicated that stress signaling in C. racemosa is more robust, further underscoring its potential as a more resilient species against environmental challenges (Tapaça et al., 2023).

To date, many C. arabica coffee farmers around the world still cultivate varieties selected and released over three decades ago. For instance, farmers in Kenya, Uganda, Malawi, and Zimbabwe still cultivate the bourbon derived SL28 developed in Kenya by the Scott Agricultural Laboratories in the 1930s. Although SL28 is famous for its high yield, exceptional cup quality, and drought tolerance, it is highly susceptible to CLR, CBD, and nematodes. In Latin America, Caturra, Catuai, and Mundo Novo first selected and distributed to farmers in 1937, 1949, and 1952, respectively, are still popular with farmers due to good yield potential and cup quality. Given the worsening effects of climate change and its consequential impact on the increased severity and prevalence of diseases and pests, alongside the growing worldwide demand for high-quality coffee, there is an ongoing need for constant improvement in C. arabica coffee varieties. Most importantly, coordinated regional collaborations based on the mutual sharing of knowledge and resources are required for the effective conservation of germplasm. This is a crucial pillar in strategic breeding efforts aimed at tackling location-specific production challenges in various C. arabica coffee-growing regions.

On the other hand, while the extent of variability in C. canephora is still being explored, it is widely acknowledged that genetic diversity within this species is substantially greater as compared to C. arabica (Montagnon et al., 1992). The first cultivation of C. canephora has been traced back to the Congo basin in 1870, and its center of origin was mapped in the lowland forests of tropical central and western Africa (Smith, 1985; Charrier and Berthaud, 1990; Gomez et al., 2009; Herrera and Lambot, 2017). Today, Robusta coffee makes up 44.1% of the global coffee production, with the top five producers Vietnam, Brazil, Indonesia, Uganda, and India accounting for 89% of the total Robusta production (International Coffee Organization, 2023).

Since 1986, genetic diversity studies utilizing different molecular markers have successfully categorized C. canephora into three main diversity groups comprising Congolese (originating from the Democratic Republic of Congo), Guinean (originating from Guinea and Côte d’Ivoire—formerly Ivory Coast), and Ugandan genetic groups, with the Congolese-Guinean group further separated into five sub-groups (Montagnon et al., 1992; Gomez et al., 2009; Musoli et al., 2009; Akpertey et al., 2021). Whole genome sequencing of C. canephora revealed extensive expansion of key species-specific gene families including flavonoids and alkaloids enzymes, defense-related genes, and key N-methyltransferases involved in caffeine biosynthesis (Denoeud et al., 2014). This, coupled with the demonstrated genetic variability within the species makes C. canephora a valuable source of desired traits including disease resistance, resilience to climate variability, and ability to grow and produce in lower altitude environments (Carvalho, 1988; Lashermes et al., 2000; Herrera and Lambot, 2017). As such, in addition to in situ conservation measures, prioritizing collaborative efforts for the collection, and ex situ conservation of these valuable genetic resources within sustainable germplasm banks is crucial. This will ensure their availability for utilization in coffee breeding programs for continuous variety improvement of both C. arabica and C. canephora.



4 Coffee breeding


4.1 Conventional breeding approaches

Since the early 1920s, C. arabica has been routinely bred using conventional techniques in different countries (Mishra, 2019). Before the 1990s, the objectives of most breeding programs were majorly geared toward increasing crop productivity and building durable tolerance to coffee leaf rust. Gradually, the focus of these programs expanded to incorporate regional/country-specific goals including cup quality, plant vigor, resistance to insect pests (e.g., coffee berry borer, white stem borer, leaf miner, and nematodes et cetera), and coffee berry disease, drought tolerance, compact growth, and uniform ripening (Mishra, 2019; Krishnan, 2022).

To date, conventionally bred varieties released from the early breeding programs are still cultivated in many countries. An example of this is Ruiru 11, a dwarf, composite hybrid variety released in Kenya in 1985 by the Coffee Research Foundation (now Kenya Agricultural and Livestock Research Organization—Coffee Research Institute, KALRO–CRI). It is known for its high yield, compact growth, tolerance to CLR, and resistance to CBD (Figure 4). Despite being released several decades ago, Ruiru 11 is still cultivated by farmers in Kenya and Tanzania. Batian, a fifth filial (F5) generation of Ruiru 11 released in Kenya in 2010, has recently gained popularity in both countries.
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FIGURE 4
 Coffea arabica Ruiru 11 at the Kenya Agricultural and Livestock Research Organization—Coffee Research Institute (KALRO-CRI) in Ruiru, Kenya. The dwarf, composite F1 hybrid variety is popular with Kenyan farmers due to its compact growth that allows for easy harvesting, high yields, good cup quality, tolerance to CLR, and resistance to CBD. (Photograph credit: Godfrey Ngure).


Various researchers have extensively reviewed the conventional breeding strategies and techniques that have been employed in the development of new and improved coffee varieties since the early 1920s (Carvalho, 1985; Charrier and Berthaud, 1985; Wrigley, 1988; Eskes and Leroy, 2004; Van der Vossen, 2018; Mishra, 2019). These include direct selection of superior plants from existing varieties, intra-and inter-varietal crossing followed by selection of F1 hybrids or pedigree selection, and inter-specific hybridization followed by backcrossing and pedigree selection as summarized in Table 4 (Van der Vossen, 2018; Mishra, 2019; Krishnan, 2022). Selected representative examples of C. arabica varieties released from these approaches in different countries and their distinctive traits are also provided in Table 4.



TABLE 4 Coffea arabica conventional breeding strategies, examples of resultant materials and their distinctive traits.
[image: Table4]



4.2 Modern breeding approaches

Over the past century, conventional breeding has achieved success in developing improved coffee varieties with desirable traits in various countries. However, this process is rather costly, labor-intensive, and time-consuming owing to the crop’s lengthy breeding cycle. Moreover, hybridization-based approaches are limited by linkage drag, and the long time spent back-crossing filial generations to restore the genetic background of the recipient cultivar (Lashermes et al., 2000).

Typically, it takes between 25 and 35 years to develop and release a novel pure-line coffee variety, and even longer for it to be fully adopted by growers. This is further complicated by the imprecision of phenotypic selection, and the extremely limited genetic variability within the currently available coffee gene pool (Scalabrin et al., 2020). The latter limits the introduction of novel traits required to maintain productivity under the 21st century emerging threats including climate change, pests, and diseases. This is in addition to the fast-rising global demand for premium coffee by consumers. Under these circumstances, there is an urgent need for coffee breeding programs to integrate modern breeding approaches that bypass the bottlenecks of conventional methods. This will enable efficient development and timely delivery of improved varieties, meeting the demands of both farmers and consumers.

The turn of the 20th century came with accelerated advancements in plant breeding, with novel innovative technologies now transforming key crop production systems. Particularly, the integration of biotechnology, genomic research, and the utilization of DNA-based genetic markers ushered in a new era in molecular plant breeding, which is now considered the fundamental basis for crop improvement in the 21st century (Moose and Mumm, 2008). This presents crop breeders with an additional set of innovative tools that improve the ease, speed, precision, cost, and generation time of novel varieties with desired traits. Although significant progress has been made in deciphering the coffee genome, and development of molecular breeding tools, coffee breeding programs are yet to fully incorporate these outputs in routine crop improvement strategies.

Whole genome sequences of both C. canephora (Denoeud et al., 2014) and C. arabica (Scalabrin et al., 2020, 2024; Mekbib et al., 2022) have been published, providing molecular breeders with a resource for studying allelic variation in these two commercially relevant species. Moreso, the SNPs markers identified during C. arabica sequencing, and re-sequencing provide useful insights into genetic variation and population divergence within the species and in comparison, with its diploid progenitor parents (Scalabrin et al., 2020; Mekbib et al., 2022). Before this, first-generation DNA-based genetic markers with less resolving power, including Restriction Fragment Length Polymorphism (RFLP), Amplified Fragment Length Polymorphism (AFLP), and Random Amplified Polymorphic DNA (RAPD) had been utilized in coffee genotyping (Orozco-Castillo et al., 1994; Lashermes et al., 1996, 2000; Paillard et al., 1996). With advancements in genotyping technology, a second generation of more informative high throughput markers was later developed and used to evaluate coffee genetic diversity and population structure. These include Simple Sequence Repeats (SSR), Inter-SSR (ISSR), Diversity Arrays Technology (DArT), and genotyping by sequencing (GBS) for large-scale SNP identification (Aga et al., 2005; Missio et al., 2009; Garavito et al., 2016; Spinoso-Castillo et al., 2020). Molecular markers like SSR have a resolving power to estimate genetic distances between plants or clones, measure genetic variability, and identify divergent plants for use as parents in breeding programs. For instance, Sousa et al. (2022) used 21 SSR markers to evaluate the genetic variability in a population of 44 C. canephora and 1 C. arabica genotypes, ultimately recommending specific plants for future crossing to preserve the population’s genetic diversity.

Today, the availability of high throughput genetic markers and whole genome sequences presents an opportunity to transition coffee improvement from the cumbersome conventional approaches to more focused molecular breeding, especially utilizing Marker-Assisted Selection (MAS) and Genomic Selection (GS). Wide adoption of these approaches in coffee breeding will improve the efficiency of identification and selection of both monogenic and polygenic desirable traits, thereby accelerating the breeding process to deliver superior varieties that meet the needs of farmers and the industry alike.

An additional valuable biotechnological tool for enhancing coffee breeding and research is in vitro plant tissue culture, presently being used for the rapid multiplication of elite genotypes, germplasm preservation, and mass propagation of disease-free plants for distribution to farmers. The first case of direct somatic embryogenesis (SE) in Coffea spp. was reported by (Staritsky, 1970) using stem pieces of orthotropic shoots obtained from C. arabica, C. canephora, and C. liberica. Thereafter, Söndahl and Sharp (1977) reported high-frequency somatic embryogenesis (HFSE) and plantlet regeneration from in vitro cultures using leaf explants obtained from plagiotropic shoots of C. arabica. Since then, different SE protocols utilizing different phytohormones and culture conditions have been proposed for in vitro regeneration of C. canephora and C. arabica (Kumar et al., 2006; Santana-Buzzy et al., 2007). Since the early 1990s, SE has been scaled up for commercial propagation of elite C. arabica F1 hybrids in Central America, and multiplication of selected C. arabica and C. canephora genotypes in Asia and Africa (Etienne et al., 2018; Aguilar et al., 2022).

The C. canephora subgenome contributes 21,254 gene models in the C. arabica allotetraploid, with the other 22,888 provided by the C. eugenoides progenitor parent (Scalabrin et al., 2020). Presently, C. canephora remains a crucial source of important traits not available in the C. arabica gene pool. These include resistance to CLR, CBD, and root-knot nematodes (Lashermes et al., 2000). Additionally, Híbrido de Timor (HdT), a natural interspecific hybrid between C. arabica and C. canephora has also been utilized as a source of resistance to CLR, CBD, nematodes, and BHB (Pereira et al., 2005; Silva et al., 2018). As coffee continues to face more production challenges in the 21st century, HdT and diploid species (both cultivated and wild accessions) will play a critical role as genetic sources of agronomic traits required to build resilience in commercially cultivated varieties.

Over the past decade, there has been increasing interest in the synthetic polyploidization of Coffea spp. to develop new germplasms. Polyploids have been effectively produced using chemically-induced polyploidization using anti-tubulin agents, followed by in vitro plant recovery via indirect SE (Sanglard et al., 2017, 2019; Venial et al., 2020). This area of research shows potential in advancing the development and conservation of novel coffee germplasm, potentially expanding sources of genetic variability for use in future breeding initiatives.




5 Coffee variety improvement through collaborative breeding

Since the Green Revolution in the mid-20th century, collaborative research and breeding efforts have proven to be highly effective in advancing agricultural productivity, sustainability, and resilience in the face of increasing production challenges. The success of some major crops including wheat, rice, maize, and potato can majorly be attributed to collaborative breeding efforts between international agricultural research centers (IARCs), national agricultural research systems (NARS), scientists, and local farmers (Evenson and Gollin, 2003). Through collaborative breeding, breeders can synergize efforts with researchers and value chain stakeholders from different regions, to address specific challenges informed by farmers, consumers, and the actors in between. This facilitates sharing of knowledge, expertise, best practices, and resources toward achieving a common overarching goal of sustainable production. Given the production challenges highlighted in this review, a global shortage is projected within the next decade as demand exceeds supply (Krishnan, 2022), and considering the changing dynamics in consumer demand for premium and specialty coffee, breeding programs stand to benefit more from collaborative research aimed at strategic variety improvement. Going forward, sustainability of the coffee industry will be intrinsically linked to how efficiently we can develop and disseminate superior, climate-resilient varieties that meet the demands of farmers in different agroecological regions, processors, roasters, and consumers around the world.


5.1 Collaborative research for coffee variety improvement

Many commercially cultivated C. arabica varieties were selected and released through breeding efforts led by country-based private autonomous institutions, public-private partnerships, and national breeding programs. For instance, the high-yielding, CLR-resistant, and drought-tolerant Anacafe 14 variety was released in 2014 by the National Coffee Association of Guatemala (ANACAFE), a union institution established under the country’s Coffee Law in 1960. Cuscatleco and Parainema varieties resistant to CLR and some Meloidogyne spp. nematodes were selected by the national breeding programs PROCAFE and IHCAFE, in El Salvador and Honduras, respectively.

In Brazil, Instituto Agronomico de Campinas (IAC), the country’s premier agricultural research institution established in 1887, has been instrumental in the selection and development of key Brazilian C. arabica commercial varieties. Some representative examples include Mundo Novo, Caturra, Catuai, Icatu, Tupi, Obata, IAPAR-59, and their derivative cultivars registered individually by the National Register of Cultivars (RNC). Similarly in Kenya, Coffee Research Foundation (now Kenya Agricultural and Livestock Research Organization— Coffee Research Institute, KALRO–CRI) developed and released the commonly cultivated compact (Ruiru 11) and tall (Batian) varieties in 1985 and 2010, respectively. These high-yielding varieties not only produce good cup quality but also exhibit resistance to CBD and tolerance to CLR. Particularly, the development of Ruiru 11 in Kenya was a reaction to a CBD epidemic in 1968, which resulted in a 50% loss in coffee production, threatening to cripple the country’s coffee sector. In India, the Central Coffee Research Institute (CCRI) has released 13 C. arabica selections (Selection-1–13), in targeted breeding efforts to build durable resistance to CLR, anthracnose, and other diseases (International Coffee Organization, 2006).

A few commercial C. arabica varieties have been released through collaborative breeding efforts. For instance, Casiopea, a high-yielding F1 hybrid resulting from a cross between Caturra and an Ethiopian wild accession (ET41) was developed by a consortium comprising of CIRAD, CATIE, and PROMECAFE (ICAFE-IHCAFE-PROCAFE-ANACAFE). H1 Centroamericano, another high-yielding F1 hybrid with resistance to CLR, was also made available to Central American coffee farmers in 2010 by the same consortium (Turreira-García, 2022). Other notable F1 hybrids developed through this consortium include H3 and Milenio. Additionally, CIRAD has collaborated with ECOM Agroindustrial Corp. Ltd., with the public-private partnership resulting in the development of the introgressed variety Marsellesa, and F1 hybrids Mundo Maya, Nayarita, and Starmaya (World Coffee Research, 2024a).

There is consensus that the nature of the coffee crop makes it impractical to centrally develop and globally distribute improved varieties. This essentially necessitates the strengthening of national and regional programs aimed at the breeding and multiplication of novel varieties adapted to local conditions (Krishnan, 2022). However, the success of these programs lies in the availability, access, and utilization of diverse coffee genetic resources, currently harbored in isolated field genebanks around the world, forests, farmers’ fields, and a few protected areas at the origin center of diversity. In a proposed global strategy for the conservation of coffee genetic resources (Bramel et al., 2017) examined the status of existing ex-situ collections and outlined priority actions toward establishing a secure, cost-effective, and sustainable system based on collective responsibility and collaboration. These include securing stable funding, upgrading facilities and capacity of collections, adopting favorable access and benefit sharing (ABS) policies, fostering global collaboration, safety duplication of conserved accessions, and enhancing complementarity of ex-situ and in situ conservation of coffee genetic resources (Bramel et al., 2017).

Over the past decade, there has been a growing interest among coffee value chain stakeholders to synergize efforts in accelerating agricultural innovation for sustainable production. A notable example is the coffee research and development work being led by World Coffee Research (WCR)—an industry-driven organization founded in 2012 by the global coffee industry. With a current membership of over 170 companies representing 29 coffee-growing countries, WCR embodies the partnerships required to safeguard the future of coffee. In its current operational model, WCR has identified 11 focus countries in East Africa (Kenya, Uganda, and Ethiopia), Asia (India, Indonesia, and Papua New Guinea), and in Latin America (Peru, Nicaragua, Honduras, Guatemala, and Mexico) where primary support to improve competitiveness in the global market is being targeted (World Coffee Research, 2024b).

Arguably, the WCR collaboration model is poised for success mostly because it breaks the barriers of isolated country-centric efforts that have dominated coffee breeding in the past, achieving only modest gains. Working together, collaborating coffee-producing countries will have access to a wider pool of breeding populations and modern breeding tools, thereby accelerating the pace of coffee research and development, and delivering to farmers and consumers varieties suited to their needs. By fostering a global network for advancing innovation in coffee, the WCR model demonstrates the importance of collaboration in the conservation of coffee origin diversity and strategic utilization of genetic resources to develop improved varieties that exhibit high yield, exceptional cup quality, adaptability to the changing climate, and durable resistance to pests and diseases.



5.2 International multi-location coffee variety testing

The agronomic performance of coffee is affected not only by genotype, but also by the environmental factors prevailing in the cultivation region, and genotype by environment interaction (GxE). By evaluating 17 C. arabica genotypes in 12 environments across three major coffee-growing agroecological areas in south Ethiopia, Gebreselassie et al. (2023) reported significant variations in yield attributed to the effect of environment and GxE. Similarly, Akpertey et al. (2023) reported the presence of significant effects of environment and GxE on growth and yield traits in 39 C. canephora hybrids evaluated in two agro-ecological zones in Ghana.

Employing a Bayesian approach to model the interaction of coffee genotypes with the environment using a bisegmented regression, Partelli et al. (2022) identified stable and adapted C. canephora genotypes from a pool of 43 genotypes mainly pre-selected by coffee farmers in the state of Espírito Santo, Brazil. From the same genotype pool, Covre et al. (2022) used the Bayesian approach to recommend five most productive genotypes evaluated in two environments in Brazil—south of Bahia and north of Espírito Santo—between the year 2016 and 2019. Such findings underscore the importance of selecting coffee genotypes with broad adaptability, good stability, and high productivity to mitigate the influences of GxE interactions and enhance coffee production in diverse cultivation environments that characterizes the coffee belt. Overall, the Bayesian approach facilitated a more comprehensive understanding of the interaction between coffee genotypes and the environment, leading to valuable insights for coffee breeding and production (Covre et al., 2022; Partelli et al., 2022).

The effect of environment and GxE on trait stability across different agro-ecologies had also previously been reported in C. arabica (Wamatu et al., 2003; Belete et al., 2014; Marie et al., 2020) and C. canephora (Montagnon et al., 2000; Anim-Kwapong et al., 2011). This necessitates multi-environment trials (MET) to determine the extent of GxE on the performance of newly developed materials, genotype stability, and adaptability in diverse agro-ecologies before varieties can be released for commercial cultivation in target locations. This is more so important considering the current and projected reality of climate variability in the major coffee-growing regions (DaMatta et al., 2018).

Establishing and maintaining MET is a costly yet essential step in coffee breeding. Identifying high-performing cultivars adaptable to diverse agro-ecologies is paramount. Farmers need to be provided with varieties tested and proven to perform optimally in their area. Unfortunately, most national breeding programs are not adequately equipped with the facilities and stable funds required to conduct MET on novel genotypes for several years before they can be released. Therefore, there is an urgent need for strengthening MET in coffee breeding programs, primarily through mobilization for stable, long-term resources from governments and research and development partners including the private sector.

In 2015, the WCR initiated an International Multi-location Variety Trial (IMLVT) program to evaluate the performance of selected varieties in various climates across the world. To date, this pioneering initiative has collected 31 high-performing coffee varieties from 11 suppliers worldwide and distributed them for long-term evaluation across 29 research sites in 18 coffee-growing countries (World Coffee Research, 2022). Initial aggregated global performance data on yield, disease resistance, and cup quality has been shared with country partners to identify their top-performing varieties and inform possible new variety introduction. Upon completion, data from the IMLVT is expected to provide crucial insights on GxE effects on variety performance, laying a foundation for future coffee research and breeding for climate resilience (World Coffee Research, 2022). Given the limited capacity of individual national breeding programs working in isolation to generate comprehensive MET data, access to such information and collaboration with similar initiatives to evaluate the performance of both local and global varieties will facilitate the process of delivering to farmers varieties suited to country-specific local conditions.




6 Gains for emerging and reviving coffee-producing regions

Although coffee is cultivated in more than 80 countries, the top five producers contribute 74.39% of the overall global output (International Coffee Organization, 2023). This not only concentrates major benefits of coffee export revenue within a few countries but also presents a threat to the sustainability of global supply. If production and export are hampered in one of the major producers with a large market share, the ripple effects are likely to cascade throughout the entire global market. Furthermore, few sources of globally supplied coffee limit the diversity of unique flavors and profiles available to consumers. There is a need to close this gap by enhancing the competitiveness of more producers across the bean belt. This will not only mitigate risks in the global supply chain but also boost farmer profitability and export revenues for the countries. Emerging and reviving producers in Southeast Asia and Eastern Africa are among the potential primary beneficiaries of accelerated, continuous variety improvement through pre-competitive collaborative breeding.


6.1 Southeast Asia

Southeast Asia has emerged as a significant player in the world coffee market, contributing to both regional economies and the global coffee supply. Output from Southeast Asia contributed a large portion of the Asia and Oceania regional share of world coffee production that closed at 29.6% in the 2022/23 coffee year. Vietnam is the world’s second-largest coffee producer after Brazil, and the largest producer in Asia and Oceania. Moreover, it is the leading global producer of Robusta coffee, contributing 37.5% of the total Robusta production globally during the 2022/23 period. In the same year, Vietnam produced a total of 29.2 million bags, a 9.8% decrease from the previous year, mainly attributed to prolonged rains in the major coffee-producing provinces, limited fertilizer usage and farmers shifting to cultivating more profitable crops. Nonetheless, with favorable climatic conditions, better selling prices and robust government support, Vietnam is expected to maintain and advance its position as a global coffee powerhouse. Coming second in the region is Indonesia which boasts a well-established coffee tradition, and world-renowned unique profiles and flavors from regions such as Sumatra and Java. In the 2022/23 coffee year, Indonesia produced 12.0 million bags, a 2.4% increase from the previous year owing to expansion of area under coffee by net 71,000 ha between 2018 and 2022 (International Coffee Organization, 2023).

Other significant producers in southeast Asia include Malaysia, Laos, Thailand, and the Philippines. During the period between the 2019/20 and 2022/23 coffee years, Malaysia and Thailand averaged a steady output of 1.98 and 0.66 million bags, respectively (United States Department of Agriculture, 2024). Over the last two decades, Laos has recorded a surge in coffee production. The period between 2000/01 and 2018/19 saw the country triple its production, growing at an average of 11.4% per annum, and consequently overtaking Thailand and the Philippines. During the 2022/23 production year, Laos produced 0.8 million bags of coffee, recording an increase from the 0.7 million bags produced in the previous year (International Coffee Organization, 2023). In the Philippines, coffee has been a cultural heritage crop since the 1800s. In the early 1880s, the country was the world’s fourth-largest coffee exporter. However, in 1892, the industry was severely hit by a CLR outbreak sweeping across the Indian Ocean basin and has since struggled to bounce back to its former glory (McCook, 2019). In the period between the 2019/20 and 2022/23 coffee years, the Philippines averaged an output of 0.45 million bags per annum (United States Department of Agriculture, 2024).

Some of the main challenges facing coffee growers in Southeast Asia include the worsening effects of climate change including erratic rainfall and fluctuating temperatures, pests, and diseases, rising cost of production owing to high prices of farm inputs and hired labor, and volatility in market prices. Future projection models based on representative concentration pathways (RCP) predict significant changes in the suitability of important coffee production regions in Southeast Asia. For instance, under RCP 6.0 scenario, the dominant Vietnamese C. canephora production regions lose suitability by the year 2050 owing to the negative impacts of climate change (Bunn et al., 2015a). This calls for expedited development and adoption of climate-resilient varieties to secure the future of region competitiveness, farmer profitability, and commodity supply to the global market. Particularly, there is a need to incorporate strategic stakeholder engagement and needs assessment in breeding programs. This way, farmers, processors, roasters, and consumers have an opportunity to co-develop future varieties that respond to their unique needs.

Coffee-growing countries in Southeast Asia, including up-and-coming (e.g., Thailand and Laos) reviving (e.g., Philippines), and progressive (e.g., Vietnam and Indonesia) producers have an opportunity to boost their productivity and competitiveness in the face of climate variability and the changing consumer preferences. By embracing (a) pre-competitive collaborative breeding for variety improvement—based on the mutual sharing of germplasm, expertise, and modern technologies, (b) user-driven variety development that responds to the needs of both the farmers and the industry’s downstream (researchers, processors, roasters, consumers), and (c) sustainable farming practices, the region could see a continued increase in productivity, farmer profitability, share of the global market, and contribution of coffee export revenue to the regional economies.



6.2 Eastern Africa

Eastern Africa is an important coffee production region and will continue playing a vital role in responding to the current and future dynamics in the global coffee industry. In addition to being host to a rich coffee genetic diversity, the region comprises expansive agroecological zones suitable for the cultivation of both C. arabica and C. canephora. Coffee production in Eastern Africa not only plays a significant role in the preservation of cultural heritage but also supports millions of livelihoods and contributes to economic growth through foreign exchange earnings. Nevertheless, the region’s coffee sector grapples with persistent challenges relating to the impacts of climate change, pests and diseases, aging coffee trees, lack of improved varieties, rising cost of production, land fragmentation, limited infrastructure, and market fluctuations. These challenges are increasingly impacting crop productivity, farmer profitability, and the region’s ability to maintain competitiveness in the global market.

During the 2022/23 coffee year, only two Eastern African countries—Ethiopia and Uganda—made the top 10 global coffee producers, producing 7.73 and 5.6 million bags, respectively. Ethiopia recorded a 1.0% increase in coffee output, reflecting a consistent upward trend in production in recent years. This growth was largely attributed to the expansion of coffee cultivation areas in the country, and increased adoption of good agronomic practices. Conversely, Uganda experienced a 6.8% drop in output, a second consecutive annual decrease in production attributed to drought conditions affecting key coffee-growing areas (International Coffee Organization, 2023). This has a direct socio-economic implication given that coffee is the biggest export commodity in Uganda, cultivated by an estimated one million smallholder farmers (Wang et al., 2015). Trailing farther behind in the region are Tanzania and Kenya, with an output of 1.20 and 0.75 million bags in 2022/23, respectively (United States Department of Agriculture, 2024).

While each of these countries encounters several distinct setbacks unique to their respective coffee sectors, a common overarching challenge is apparent: the slow pace of development and adoption of improved coffee varieties suited for the changing climate and the rising global demand for higher quality coffee. This situation is closely related to weakly supported national coffee breeding programs usually characterized by limited capacity and unstable funding. In the past, limited collaboration, and lack of ABS policies to govern multilateral germplasm sharing have resulted in the programs having little to no access to modern breeding technologies developed elsewhere, and diverse germplasm for use as novel sources of farmer/industry desired traits. Yet, there is a growing common understanding that any efforts to build sustainability of the coffee industry in the region must incorporate efficient development and widespread adoption of improved varieties that address the needs of all the coffee value chain stakeholders.

For instance, Ayele et al. (2021) recommended the use of improved varieties and good agronomic practices, as opposed to increasing the area under coffee to increase and sustain coffee production in Ethiopia. In Uganda, a recent survey of wild coffee species identified three indigenous species, presenting useful genetic resources for utilization in variety improvement for climate adaptation, pest, and disease resistance, better agronomic performance, and market differentiation (Davis et al., 2023). Such wild genetic resources are scattered in forests across Eastern Africa, some of which remain uncharacterized. Their conservation and utilization in breeding efforts hold potential in safeguarding the future of coffee in the region and beyond.

One potential model for achieving sustainability of coffee in Eastern Africa is through adopting pre-competitive collaborative breeding for variety improvement that encompasses mutually beneficial multilateral sharing of germplasm, information on accessions, breeding technologies, and data from multi-location trials. In such a model, participating countries would have access to a pool of diverse genetic sources of traits required to boost productivity in the respective growing environments. Working together, the countries could significantly cut the time required to continually develop and disseminate improved varieties tailored to the unique needs of their farmers and markets. With proper ABS mechanisms, collaborating countries can acquire what they need to enhance their regional and global market competitiveness, while ensuring that benefits from the utilization of imported genetic resources are shared fairly and equitably.




7 Conclusion and future outlook

The sustainability of future global coffee supply is under threat. In the last decade, both production and consumption have been on the rise, with increasingly more years recording annual global deficit than surplus (International Coffee Organization, 2023; United States Department of Agriculture, 2024). Under a business-as-usual scenario, this deficit is expected to grow significantly within the decade as global demand increases while production continues to grapple with recurrent intractable challenges (Krishnan, 2022). As the effects of climate change worsen, output in major production regions will be affected more frequently in the future than we have witnessed in the past. Recurrent droughts, extreme temperatures, and excessive rainfall will continue to affect both yield stability and bean quality. Furthermore, climatic change will trigger increased spread, infestation, and severity of coffee pests and diseases. To aggravate this scenario, coffee farmers are increasingly faced with rising costs of production owing to high prices of fertilizer, pesticides, and hired labor. Additionally, labor shortages present an emerging challenge due to aging farmers, international border regulations, labor force competition by other industries, and unforeseen shocks such as the recent COVID-19 pandemic (Rhiney et al., 2021).

The current breeding strategies in most producing countries are grossly out of touch with the urgency to develop and disseminate improved “climate-change ready” varieties suitable for the changing environment and the global market demand for higher quality. The sustainability of the coffee industry is, now more than ever, intrinsically linked to our ability to anticipate and respond to the changing climate, supply chain disruptions, and market dynamics, effectively addressing the needs of farmers, processors, roasters, and consumers alike. Since coffee has a long breeding cycle, the foundation for breeding-dependent solutions to future challenges must be strategically laid now. Going forward, we believe that coffee-producing countries will significantly benefit from:

I. Embracing pre-competitive collaborative breeding strategy for variety improvement based on mutually beneficial sharing of germplasm sources of variability and novel traits, knowledge, expertise, and breeding tools (Figure 5).

II. Wide adoption of genomics-assisted breeding to accelerate the process of delivering superior varieties that meets the needs of farmers and the post-harvest coffee industry players alike.

III. Participation in cross-border multi-environment trials for local and global varieties, sharing performance data to inform potential introduction of varieties suited to country-specific local conditions (Figure 5).
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FIGURE 5
 (A) Status quo of most national coffee breeding programs and their major challenges. (B) A pre-competitive, collaborative breeding model based on mutual sharing of germplasm, multi-location variety testing, and incorporation of priorities by farmers, roasters, and consumers in the development of future coffee varieties (this figure was designed using icons from flaticon.com).


Emerging and reviving coffee-producing countries in Southeast Asia and Eastern Africa are among the potential primary beneficiaries of a shift in breeding approach from the historically isolated country-centric systems to a more forward-looking collaborative approach. While the former has struggled with limited germplasm and tools only available in the country, the latter promises to break these barriers by availing a wider pool of genetic variability and access to modern breeding tools. The resultant accelerated genetic gains from a more efficient collaborative breeding system will not only enhance productivity and farmer profitability but also increase countries’ foreign exchange earnings and competitiveness in the global market.
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and 40% (combined 81% (2017) in Rwanda | (2007), Ahmed et al. (2016), and Bigirimana et al
affected regions) yield loss (2019)

‘Quantified economic significance undocumented.
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Major Challenges in the Coffee Supply Chain
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