BREEDING FOR COFFEE QUALITY

Christophe Montagnon, Pierre Marraccini & Benoit Bertrand

In line with the focus on specialty coffee, we will concentrate on the
breeding of Coffea arabica. Contrary to what many may believe, breeding
for coffee quality is a relatively new initiative. The challenges and
opportunities that breeders face when selecting varieties for high quality
are discussed.

In the coffee production sector, when talking about varieties, most people
will mention Robusta and Arabica. This confusion between species, Coffea
canephora and C. Arabica respectively, and varieties is typical of a pure
commodity sector where only the largest and most obvious differences are
recognized. According to the International Union for the Protection of New
Varieties of Plants, a variety is “a plant grouping within a single botanical
taxon of the lowest known rank, which grouping” can be: "“i) defined by
the expression of the characteristics resulting from a given genotype
or combination of genotypes, ii) distinguished from any other plant
grouping by the expression of at least one of the said characteristics and
iii) considered as a unit with regard to its suitability for being propagated
unchanged”. One would argue that Bourbon or Tipica are Arabica coffee
varieties and it is true that most coffee people would be able to roughly
describe the phenotype of each. However, referring to the definition of a
variety: exactly what are the characteristics expressed by Bourbon or
Tipica? Are they distinguishable from other Arabica plants? Further adding
to the complexity is the recognition by the International Coffee Organization
(ICO) of three Arabica coffee categories: Colombian Milds, Other Milds
and Brazilian Natural. Historically, the mainstream coffee market has been
based largely on this classification and the reputation of quality coffee
tends to be associated with geographic origin irrespective of the variety or
botanical type.

In this chapter, the concept of coffee variety and its relation to market
demand are discussed. The current knowledge of coffee genetics and
quality are also discussed, along with the gaps in knowledge that still
remain. Breeding strategies are then proposed, stressing the need for new
high throughput phenotyping of selection criteria linked to quality. Finally,
some thoughts are offered about how producers might take advantage of
new advances in genetics and selection methodologies.

89



INTRODUCTION

improved coffee quality. In this chapter, the challenges and opportunities

for breeding Coffea arabica varieties with improved quality traits are
discussed. In line with the scope of this book, which focuses on specialty coffee,
this chapter is limited to improving quality of Coffea arabica. Readers interested
in coffee breeding in general are invited to read Lashermes et al (2009) for
Arabica, Montagnon et al (1998 a&b; to be published) for C. canephora (Robusta)
and the recent review of Lashermes et al, (2008).

Surprisingly, it is only recently that breeders have begun to breed for

The Coffea genus is composed of more than 100 species (Bridson and Verdcourt,
1988). Arabica and Robusta coffees represent 65 % and 35 % respectively of
the coffee produced worldwide. C. arabica is a self compatible amphidiploid
(2n=4x=44), whereas all other Coffea species are diploid (2n=2x=22) and strictly
allogamous. Sometime within the past 100,000 years, C. arabica was formed
from the two closely related species C.canephora and C. eugenioides (Lashermes
et al, 1999).

According to FAO (database : FAOSTAT: http://faostat.fao.org/site/567/default.
aspx#ancor), coffee yield has stagnated since 1960 in all coffee producing
countries except Brazil, Colombia and Vietnam (Figure 1). Vietnam focused
on Robusta in response to government stimuli at a time when the agricultural
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Figure 1: Evolution of Yield (Hg green coffee / Ha) since 1961: Brazil, Colombia, Vietnam
vs others (FAOSTAT database)
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sector was liberalizing and when there were favorable prices in the world market.
Brazil and Colombia both invested consistently and continuously in coffee R&D
for many decades, with breeding of improved varieties as a major part of their
development programs. Plant breeding requires a large long term investment,
but over the long term the returns on investment are extremely high.

Most of the main crops in the world benefit from a strong seed/breeding private
sector, but coffee and several other tropical crops do not. Coffee and several
other tropical crops do not. The main reason is that private breeding companies
do not see the coffee sector as an interesting market for improved varieties.
Nevertheless, several studies indicate that lack of credit is the major bottleneck
that prevents producers purchasing improved coffee varieties. This point of view
is supported by our experience in Central America where producers buy new
F1 coffee hybrids when credit is available (Killian, unpublished data; Haggar,
unpublished data). In the light of the demand for improved coffee varieties and
the high rates of return on investment in plant breeding, we suggest that coffee
breeding and especially breeding for coffee quality should be high on the agenda
of all those who are involved in the quality coffee business.

VARIETIES AND THEIR MARKET-DEMANDED
CHARACTERISTICS

Coffee growers have consciously or unconsciously selected plants with specific
traits for well over one thousand years. As background information the reader
is referred to the genealogy of the main varieties of coffee (Figure 2) and their
characteristics (Table 1). The main characteristics described in Table 1 should
be treated with caution as (i) there is no well-established, internationally
acknowledged description of “coffee” varieties; (ii) the name of the variety is
not always a guarantee that it really is the variety it is stated to be; and (iii) the
expression of varietal traits varies according to environmental conditions such
as altitude.

Varieties in the coffee sector

In the coffee production sector, most people use the terms Robusta and Arabica
to distinguish between varieties, when in reality the term “Robusta” refers to
the species C. canephora and “Arabica” to C. arabica. This confusion between
varieties and species occurs when coffee is treated as a commodity with only
the major and most obvious differences being recognized. The International
Union for the Protection of New Varieties of Plants (UPOV) defines a variety
as “a plant grouping within a single botanical taxon of the lowest known rank,
which grouping........ can be: (i) defined by the expression of the characteristics
resulting from a given genotype or combination of genotypes, (ii) distinguished
from any other plant grouping by the expression of at least one of the said
characteristics and (iii) considered as a unit with regard to its suitability for being
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Figure 2: Schematic representation of the genealogy of the main varieties of Coffea
arabica
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Table 1: General description of the main C. arabica varieties

Variety type Examples Advantages Limitations Market
Varieties with Maragogype Special Quality Low productivity,  Niche markets
special mutations (Maracaturra, disease
related to quality Pacamara), susceptibility

Laurina /

Bourbon Pointu

Classic tall Tipica, Bourbon Reputation for Rather low Upper to niche
varieties quality is standard productivity, markets
to good. Robust disease
varieties susceptibility.
More adapted
to agroforestry
systems.
Java Good quality. Has not yet Upper markets
Robustness, developed a
partial resistance  reputation for
to CBD and rust,  quality. Reputation
well-adapted for quality to
for use by small be constructed.
producers. Rather low
productivity.
Geisha Excellent Highly unstable Upper markets
reputation variety.
for quality. Needs further
breeding.Only
in Agroforestry
systems.
Ethiopian Quality is standard Productivity low Upper markets
landraces to excellent. to regular. Only
Rust or CBD in Agroforestry
resistance in systems.
some accessions.
Improved tall Mundo Novo (tall) Standard quality = Disease Mainstream
varieties and standard susceptibility
productivity.
Adapted to
mechanization.
Ethiopian F1 Good to very Reduced the Mainstream
hybrids good productivity. diversity of

Partial resistance
to CBD and rust
in some hybrids.

Ethiopian quality.
Difficulties of
diffusion. Only

in Ethiopia

Classic dwarf
varieties

Caturra, Catuai

Good productivity.
Quality standard.
Well-adapted to
intensification

Disease
susceptibility

Mainstream to
upper markets
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Table 1: General description of the main C. arabica varieties (continued)

Introgressed Catimors, Standard to good Questionable Mainstream
dwarf varieties Sarchimors productivity. quality. Needs
or derived Partial resistance  further breeding
to CBD or for quality

nematodes in
some accessions
rust resistance.

Improved dwarf Centro America Excellent Quality reputation Mainstream
F1 hybrids (Central America), productivity. to be constructed. to upper/
Diamond Coffee Partial resistance  Production niche markets,

to CBD and rust capacities to be depending on the
resistance in some increased to meet F1 hybrid variety
hybrids. Good to  producers demand

excellent quality.

propagated unchanged”. In other words, a variety can be precisely described,
distinguished from any other variety and be reproduced in such manner that the
varietal identity is unchanged. In the same way that a trade mark protects the
inventors intellectual property rights, the name of a variety, when in accordance
with the UPOV regulations and used by a well-organized seed sector, ensures
that the purchaser does not get an unpleasant surprise. Some would argue that
Bourbon and Tipica are Arabica coffee varieties and it is true that many coffee
producers will be able to describe the phenotype of each. However, if we ask:

e Can the precise characteristics of Bourbon or Tipica be described? The answer
is “yes”. A solid botanical description was performed in the 40’s.

e Are they distinguishable from any other Arabica plants? The answer is “yes”
based on this solid description

e Are they propagated unchanged? Here is the real difficulty. With some
exceptions, the lack of control along the chain of dissemination of these
varieties, often by producers themselves, makes it difficult to be sure what
the real genetic status of a cultivated variety is.

More generally, beyond the Typica and Bourbon situation, most coffee “varieties”
have duly been described during the process of breeding. Nevertheless, it is
questionable whether this description holds true as these “varieties” are often
propagated and passed from one producer or country to another, or from one
country to another with no guarantee of true-to-type replication of the original
variety.
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Since the 1980’s breeding efforts have emphasized disease resistance due to the
threat of coffee leaf rust and coffee berry disease. Resistant selections are based
ontheintrogression of resistant C. canephora genes, using the natural interspecific
(C. arabica x C. canephora) Timor Hybrid as the source for introgression. These
new coffees are named Catimors or Sarchimors. The best known of these are
CR95 in Costa Rica, Ruiru 11 in Kenya, IAPAR59 and other derivative cultivars in
Brazil, Colombia in Colombia and Oro Azteca in Mexico. These populations are the
closest to what might be called a variety, with Oro Azteca being the only variety,
to our knowledge, that has been registered with UPOV. Nevertheless, when
the seed production system gets away from the control of the National Coffee
Institute, plots that are supposedly producing these varieties are, in reality,
highly heterogeneous and lacking in acceptable genetic quality (Montagnon and
Bertrand, personal observation in Meso-America).

Thus, we conclude that in the coffee sector, even if “varieties” are generally well-
described as part of the breeding process, seed production and dissemination
systems do not always maintain the varietal purity of the populations distributed
to growers. Hence, referring to coffee types as Bourbon, Tipica, Mundo Novo
and Caturra frequently does not always provide the grower with credible
information on the type of coffee they possess. It is worth mentioning that
some countries like Brazil, Colombia and Costa Rica do have a seed production
chain that ensures genetic conformity, but a lot more effort is required in other
countries.

Vagueness concerning what can be described as a variety in no way invalidates
the empirical knowledge of producers and roasters concerning characteristics
of coffee types. Thus, for example, planting Bourbon or Tipica will generally
ensure a good cup quality. At the same time, we note that the coffee sectors in
many countries do not have the capacity and organization required to ensure
dissemination of true-to-type varieties. However, the situation is changing with
the new generation of F1 hybrids becoming more popular as the sector moves
towards an era of true coffee varieties.

Characteristics demanded by an evolving market

The International Coffee Organization (ICO) recognizes three Arabica coffee
categories: Colombian Milds, Other Milds and Brazilian Natural. The mainstream
coffee market is largely based on this classification and the reputation for coffee
quality depends more on the geographic origin than on the variety or botanical
type. The geographic source may be associated with a particular type of coffee
grown in that country or region; however, in the market these associations are
not clear. Thus, roughly speaking, in the mainstream markets the demand for
specific varieties is extremely limited. The main concern of the market is for a
consistent quality that is expected from the particular country or region: the
roaster expects specific quality traits when he purchases coffee from a particular
origin. The roasters are suspicious of any modification of the quality that they
have come to expect from a particular producer (Bertrand et al., 2006a).
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Nevertheless, the situation has changed rapidly with double digit growth in the
specialty coffee market over the past ten years (see Giovannucci et al, 2008 for a
detailed review). The specialty market is often described as a "decommoditization”
of the coffee market (Daviron and Ponte, 2005) with growing consumer demand
for differentiated and high quality coffees. The rise of the specialty high quality
market has led to opposing perceptions of the quality of coffee “varieties”. On
the one hand, several producer countries have argued that the Catimor types do
not have a negative impact on quality (see for example, Van der Vossen, 2009),
while, on the other, roasters have been virulent critics of the coffee produced
by the Catimor types. The roasters and the market seem to have the final say,
and there is renewed interest in the variety as a key factor in determining coffee
quality. This perception has stimulated a renewed awareness of the importance
of coffee varieties as key factors for quality.

In parallel with the increased market share for specialty coffee, there is a growing
fear among roasters of a shortage of good quality coffee in the mainstream
volume market. This fear is compounded by likely effects of climate change on
coffee production and quality (see Chapter 1.3 of this book). The coffee sector
is becoming increasingly aware of the need to increase both productivity and
quality. Low productivity of coffee is associated with high production costs and
is increasingly seen as the main reason for shortages of high quality coffee.
Low productivity levels lead directly to low overall production and shortages of
coffee as growers switch to more profitable options. Hence, after many years
of indifference, the coffee sector now realizes that appropriate varieties are
required so as to produce sufficient volumes of high quality coffee to meet market
demand. Several research institutions, including CIRAD and its partners, have
identified this need for a new generation of varieties that combine quality and
productivity (Bertrand et al, 2011) as part of an overall “Ecologically Intensive
Agriculture” axis of research (www.cirad.fr). This has been further conceptualized
by Nespresso with the neologism: qualitivity™.

Table 2: Composition of C. arabica and C. canephora for the main precursors of aroma
(after Leroy et al, 2006)

Compound (% dry matter) C. arabica C. canephora
Total lipids 13 -17 72-11
Caffein 0.7-2.2 1.5-2.8
Chlorogenic acids 4.80 - 6.14 5.34-6.41
Trigonelline 1-1.2 0.6-1.7
Oligosaccharide 6-8 5-7
Total Polysaccharides 50 - 55 37 - 47
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The breeder’s perspective

During the years of what we have called “indifference” to quality, breeders made
productivity the main criteria for selection, with disease resistance a major
means of maintaining productivity. Leaf rust was emphasized on a worldwide
basis and Coffee Berry Disease in East and Central Africa. Investment in breeding
was greatest in countries like Brazil, which adopted intensive coffee production
systems with full exposure to the sun rather than shade. These breeding programs
produced Catimor-type varieties, which are productive, resistant or tolerant to
the main diseases and well-adapted to intensive full sun systems. However, their
quality has been repeatedly questioned by the market, as well as their poor
adaptation to agro-forestry systems, which favor good quality and are frequently
associated with ecological sustainability. Finally, this generation of Catimor-like
varieties did not widely replace the traditional varieties.

The biological cycle of coffee is 5-10 years, and once a grower plants a tree he
may wish to keep it for a further twenty years or more. Breeders may therefore
face uncertainty about what the market will be demanding when they finally
release a variety. This partly explains the disillusion with the Catimor-type
varieties: quality was not such a major concern when breeding programs started
in the 80’s and it was only some years later that their deficiencies in terms of
quality were perceived to be a problem.

Some breeders anticipated the demand for new varieties that combine quality and
productivity by some 10-15 years. Their varieties are now becoming available to
meet today’s market demand. However, the market demand still lacks clarity (see
section 3.4). Breeders have two strategic options (Table 3). The first is to improve
productivity while maintaining commonly recognized high quality standards. We
call this strategy Standard Quality Conservative Selection. The second option,
which we call Quality Innovative Selection, focuses on simultaneously improving
both productivity and quality. Quality improvement may emphasize innovative
quality characteristics that are a distinctive feature of a particular variety that
might qualify it for trade as an exclusive product.

It is still not clear to breeders which strategy to choose or how much weight to
give to each strategy. Standard Quality Conservative Selection would likely aim
at large volumes in a mainstream quality market, whereas Quality Innovative
Selection would target roasters looking for exclusivity in what we might call a
hyper-specialty market. The strategy options have implications for breeding and
selection methodologies which are highlighted in the following sections.

CURRENT KNOWLEDGE ON COFFEE GENETICS AND
QUALITY

The creation of new varieties requires knowledge about the factors (and their
genetics) that define coffee quality.
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Table 3: Synthetic view and description of possible coffee breeding strategies for quality

Breeding Objective Market Type of Methodology Urgent need
strategy material
Standard New high All quality Introgressed Screening Sound, valid,
Quality yielding coffee varieties introgressed cheap and rapid
Conservation varieties markets varieties prediction /
Selection with no loss phenotyping
of quality Genome-wide of quality
Selection
F1 hybrids Screen unused
Arabica diversity
for parent
selection
Quality New Need to be Pure Arabica Screen unused
Innovative varieties with integrated lines (likely Arabica diversity
Selection a special in a well- Ethiopian) for specific
/specific defined qualities /
quality value chain mutations

Mutagenesis

Selection criteria for quality and phenotyping

The prerequisite for evaluating the genetic basis, and hence the opportunity
of breeding, for Coffee Cup Quality (CCQ) is to be able to measure/evaluate it.
CCQ is determined by sensory evaluation known as cupping. Each player in the
industry has his own way of cupping. There has been an attempt to standardize
cupping, especially for the specialty coffee market (see for example SCAA, 2009).
However, rules of standardization have not been applied or tested in a research
context to establish statistical differences or similarities between varieties or other
factors. Researchers have tried to establish some quantitative methodologies
that allow statistical analysis (Moschetto et al, 1996; Puerta, 2000; Muschler et
al, 2001; Bertrand et al, 2006b; Perriot et al, 2006; Vaast et al, 2006; Leroy et
al, 2010). However, to our knowledge, the evaluation methods were never tested
for repeatability and statistical power, as is the case for several other products,
including wine (O’Mahony and Odbert, 1985; O'Mahony and Goldstein, 1986;
Murray et al, 2001). Furthermore, we have not found any specific comparison
of CCQ evaluations carried out by the coffee industry and by researchers: there
is no well-established and validated cupping method available for research. The
SCAA cupping method may be suitable for research and statistical differentiation
between varieties, but this remains to be tested. There is a need to integrate
the activities of the breeders with those of the coffee industry so as to develop
a standardized means of evaluating cupping quality. We are quite optimistic that
new initiatives, like the Global Coffee Quality Research Initiative (GCQRI), will
provide a good framework to achieve this integration.
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Sensory evaluation is often a time consuming and costly process. For this
reason, chemical predictors or indicators of CCQ quality have been sought. The
predictor (or “bio-marker”) is often a chemical storage (SC) or volatile compound
(VOC) (see Wishart, 2008 for review). Ribeiro et al (2009) provide an excellent
synthesis of the known precursors of coffee aroma and the corresponding volatile
compounds (Figure 3).

The major storage compounds of mature C. arabica beans are cell wall
polysaccharides (CWP, 48-60% Dry Matter (DM)), mainly galactomannans and
arabinogalactan-proteins, lipids (13-17% DM), proteins (11-15% DM), sucrose
(7-11% DM) and chlorogenic acids (CGA, 5-8% DM) (for a review see De Castro
and Marraccini, 2006). Recently the metabolic processes that occur in the course
of coffee bean development were described in detail (Joét et al, 2009). Each
of these major storage compounds plays several crucial roles in the complex
chemistry of roasting (Flament, 2002; Ribeiro et a/, 2009). For example, proteins
and amino acids are essential for the conversion of reducing sugars into aroma
precursors through Maillard reactions. Reducing sugars themselves results from
the degradation of sucrose and CWP. In addition, triacylglycerols are the major
carriers of aroma in the roasted bean. Their fatty acid (FA) composition determines
the generation of thermally-induced oxidation products, in particular aldehydes,
which react readily with Maillard intermediates, giving rise to additional aroma
compounds. CGA and caffeine are responsible for bitterness. However, caffeine
has never been clearly related to coffee cup quality (Montagnon et al, 1998; Joét
et al, 2010).

Numerous factors influence the basic chemical composition of the coffee bean:
soil-climatic conditions (Bertrand et al, 2006b), agricultural practices (Vaast et
al, 2006; Geromel et al, 2008) and post-harvest processes (Selmar et al, 2006).
It is generally accepted that altitude and shade improve coffee quality (Avelino et
al, 2005; Decazy et al, 2003; Guyot et al, 1996), although at very high altitudes
shade can lower quality (Bosselman et al, 2009). Low temperatures have been
suggested to slow down the ripening process, which in turn leads to greater
accumulation of aroma precursors (Vaast et al, 2006). Joét et al (2010) proved
that air temperature (linked to altitude and shade) has a major impact on the
chemical composition of coffee beans.

C. arabica produces a better CCQ than C. canephora. The species differ in the
content of the main precursors of aroma (Table 2., Ky et al, 2001a; Leroy et
al, 2006). Differences between the species led to the hypothesis that a higher
content of lipids, trigonelline and sugars coupled with a lower content of GCA
might be linked to better CCQ. During the last decades, much research has been
devoted to the confirmation of this hypothesis.

Total lipid content was reported to either decrease (Guyot et al, 1996), be stable
(Avelino et al, 2005; Joét et al, 2010) or increase (Decazy et al, 2003; Bertrand
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Figure 3: Main precursors of aroma in the coffee bean (Ribeiro et al, 2009)

et al, 2006b) with increasing altitude. Bertrand et al/ (2006b) recently showed
that the composition of fatty acids rather than total lipid content might be related
to CCQ. The composition of fatty acids was shown to be highly influenced by
environment (Villarreal et al, 2008), suggesting the need for further studies on
the relationship between fatty acids and CCQ.

GCAs were reported in one study to accumulate with an increase in altitude
(Avelino et al, 2005), but to remain stable in another (Guyot et al, 1996). 5-CQA,
rather than total GCA, was shown to increase with altitude (Bertrand et al,
2006b). Farah et al (2006) found a significant positive correlation between 3,4-
DCQA levels in green beans and cup tasting results with Brazilian natural coffees.
Here again, the fine composition of GCA rather than its total content seems to
be of interest.
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Farah et al (2006) found a significant positive correlation between trigonelline
levels in green beans and cup tasting results for Brazilian natural coffees.

Sugars were reported to increase (Guyot et al, 1996) or be stable (Bertrand et
al, 2006b; Joét et al, 2009) with higher altitude. Sugars also increased (Vaast
et al, 2006) or decreased (Geromel et al, 2008) with increasing shade. Joét et al
(2010) showed that different classes of sugars react differently to decreasing air
temperature.

The chemical composition of wet- and dry-processed beans may differ
significantly, as observed for free amino acids, organic acids, and non-structural
carbohydrates (Bytof et al, 2005; Knopp et al, 2006). Dry-processed coffees are
generally characterized as having more body, whereas in most terroirs, wet-
processed coffees have a better aroma, generally resulting in higher acceptance
(Selmar et al, 2002). In both treatments, the freshly processed coffee beans
remain viable and exhibit active metabolic processes (Bytof et al, 2007).

Green coffee and roasted coffee display 300 and 850 volatile compounds
respectively (Grosch, 2001; Flament, 2002). Studies on the relation between CCQ
and volatile compounds are often specifically concerned with the identification
of off-notes in roasted coffee or brew (see for example, Mateus et al, 2007;
Tranchida et al, 2009; Lindinger et al, 2009). Studying 58 Arabica varieties,
Ribeiro et al (2009) could predict CCQ from the volatile composition of roasted
coffee.

Studies on volatile compounds of green coffee related to cup quality also
addressed strong cup defects such as stinking beans (Guyot et al, 1982) and
mouldy/earthy defect (Cantergiani et al/, 1999). However, through aroma extract
dilution analysis (AEDA) and gas chromatography/olfactometry (GCO), up to 28
potent odorants were identified in green coffee (Grosch, 2001). However, it is
only recently that studies have determined a relationship between the volatile
compound composition of green coffee and the evolution of CCQ during storage
(Scheidig et al, 2007) or to specifically low CCQ (Mancha Agresti et al, 2008;
Toci and Farah, 2008). Furthermore, Gonzalez-Rios et al (2007) were able to
characterize and observe the difference in volatile compositions of green coffee
according to four different post-harvest techniques.

In conclusion, even if some trends relate CCQ to aroma precursors, a reliable
methodology would, by definition, be based on solid data that can be used to
predict CQQ from aroma precursor profiles. There are some indications that CCQ
may be related to the fine composition of lipids or GCA and the volatile composition
of green coffee. Several other precursors like proteins and carotenoids have
never been studied. The evolving technologies enabling fast and wide cost-
effective screening of both SCs and VOs open the way to the identification of solid
predictors of CCQ that might serve for high-throughput germplasm phenotyping.
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Coffee genetics and quality

There are several approaches to studying the genetic basis of CCQ, including the
examination of statistical differences between varieties, determination of genetic
correlations between quality and molecular markers linked to Quantitative Trait
Loci (QTLs) and identification of specific genes associated with quality.

Introgression, new F1 crosses and quality

In the 1980s, the Timor Hybrid (TH) was crossed with traditional Arabica coffees.
TH is a natural hybrid of Arabica and Robusta found in Timor Island (see also
Chapter 2.5). The amount of introgressed genome from Robusta represents 8-27
% of the TH genome (Lashermes et al 2000a, Mahé et a.,2007). Several cultivar
lines (i.e. cv. ‘Costa Rica 95’, cv. ‘Obata’, cv. 'IAPAR59’) have been fixed after
several generations of pedigree selection. However, inevitably, the introgression
process has not been restricted to resistance traits and Robusta genes implicated
in quality are present in the genome of the introgressed lines. Though most
breeders’ were positive about the quality of the fixed introgressed lines (Fazuoli et
al, 1977; Owuor, 1988; Moreno et al, 1995; Puerta, 2000; Van der Vossen, 2009),
most coffee buyers claimed that the quality of the new introgressed varieties was
below standard. Bertrand et a/ (2003) confirmed that, on average, introgressed
lines were disappointing in terms of beverage acidity and preference. However,
the same study indicated that some introgressed lines were similar to the control
and that furthermore, cup quality was not related to the amount of introgressed
Robusta genome. This strongly suggests that it is possible to obtain good quality
traits in introgressed lines, and also that Marker Assisted Selection (MAS) can
be an effective means to avoid undesirable introgressed fragments suspected of
having a negative effect on CCQ (Lashermes et al/, 2000b).

Since the late 90's, CIRAD and partners have developed a new generation of
varieties called F1. These varieties are the result of crosses between traditional
varieties (both introgressed and non-introgressed) and Ethiopian genotypes.
They exhibit hybrid vigor or heterosis with up to 50% superiority for yield as
compared to the best parent (Bertrand et a/, 2005). Furthermore, the cup quality
of several of these F1 varieties was equal or superior to the traditional varieties
(Bertrand et al, 2006b). These varieties also perform well in coffee agroforestry
systems (Bertrand et al., 2011)

To our knowledge, no study of quantitative genetic parameters has been made
on C. arabica quality. C. canephora (Montagnon et al, 1998) and interspecific
crosses (Barre et al, 1998; Ky et al, 1999; Ky et al, 2001b) have been studied, but
the findings are not necessarily applicable to C. arabica.
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Quantitative Trait Loci and candidate genes

C. arabica is an amphipolyploid species, which makes it difficult to use standard
methodologies to identify Quantitative Trait Loci (QTLs?). There is no published
information on QTLs linked to quality in C. arabica. The first work identifying QTLs
linked to quality (cup quality and chemical composition) dealt with C. canephor
(Leroy et al, submitted). However, as the species in the Coffea genus are closely
related (Lashermes et al, 1997; Cubry et al, 2008), it may be possible to identify
quality genes in any of the diploid species and look for the homologous genes
in C. arabica. This approach may explain the existence of studies that identify
genes associated with quality in several of the diploid species (for a detailed
review, see Joét et al, 2011).

Two genes involved in the fruiting time (Akaffou et al, 2003) and maturation
(Bustamente-Porras et al, 2006) of the coffee fruit were identified in interspecific
crosses. More recently, genes of bean expansion that could be implicated in
the control of bean size were reported (Budzinski et al, 2011). Finally, genes
directly involved in the metabolism of sucrose (Geromel et al., 2006; Privat et
al., 2008; Joét et al., 2009) and polysaccharides, (mainly the galactomannans)
were identified (Marraccini et al., 2005, 2011; Pré et al., 2008; Joét et al., 2009;
Figueiredo et al, 2011).

The “"Omics” Cascade

What can happen | GENOME |

=

What appears to be happening | TRANSCRIPTOME |

=

What makes it happen | PROTEOME |

=

What has happened and
is happening | METABOLOME |

-

PHENOTYPE

Figure 4: The “"Omics” cascade (Dettmers et al, 2007)

1 QTL stands for Quantitative Trait Loci: a QTL is a region of the genome associated
with the expression of a quantitative trait.
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Genes involved in the metabolism of caffeine have been widely studied and
described (Ogawa et al., 2001; Ogita et al., 2003 and 2004; Ashihara et al.,
2006; Uefuji et al., 2003; Salmona et al, 2008). A natural caffeine-free mutation
(called “caffeine-free”) in a C. arabica plant (Silvarolla et al, 2004) has a
nucleotide mutation in the CADXMT1 gene (Maluf et al, 2009) coding for an
N-méthyltransferase enzyme.

The chlorogenic acids form a family of esters from trans-cinnamic acids and
quinic acids. The 5-O-caffeoylquinic acid (5-CQA) accounts for the major part
(70%) of GCAs (Hanson, 1965). The identification and expression of several
genes involved in 5-CQA metabolism have been described (Mahesh et al., 2007;
Lepelley et al., 2007; Koshiro et al., 2007; Joét et al., 2009 an 2010).

Other genes have been described for oleosin (Simkin et al, 2006) and carotenoid
(Simkin et al, 2008) pathways.

Gene discovery is of great interest as it may help to decipher the metabolism of
compounds involved in quality. However, the use of this knowledge in classical
breeding is still not clear. The discovery of genes usually opens the way to
genetically modified varieties through genetic engineering. Today, GM coffees
are not formally considered for commercial purposes?.

BREEDING STRATEGIES FOR COFFEE QUALITY

One of the most important features of any breeding progam is the development
of screening techniques.

High throughput phenotyping of coffee quality

An efficient breeding strategy relies on sound selection criteria. The only inviolate
selection criterion for cup quality is cup quality evaluation per se: there are no
reliable indirect selection techniques that serve as cheap and rapid predictors
of coffee quality (see Chapter 2.1). More research is needed to establish clear
and robust sensory evaluations that can be statistically analyzed. However,
even if such techniques were available they would likely be too costly and time
consuming to be routinely applied in a breeding program to screen a large number
of genotypes.

The objective of screening is to identify traits or components of the coffee bean
that are associated or correlated with particular quality traits. In the following
paragraphs we describe some of the promising new techniques that could be

2 This is a formal decision of the Common Code for the Coffee Community
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developed to assist breeders in the selection process. Some, like transcriptomics,
are probably not useful for coffee quality as a large portion of the transcripts is
not translated, but stored as mRNA until germination (Joét et al, 2009).

Major non-protein storage compounds (lipids, sugars, alkaloids, chlorogenic
acids and carotenoids and the different forms of these families) can be
analysed with high pressure liquid chromatography (HPLC) combined with
mass spectrometry (MS) (Gelpi, 2002). This setup allows the separation,
identification and quantification of hundreds of metabolites in a single
analysis.

Simultaneous chemical and sensory analyses (mdGC-MS-Olfactometry =
mdGC-MS-0) can be used to rank and identify specific volatile and semi-volatile
compounds responsible for specific aromas and defects. Specific volatiles
can be associated with both specific aroma defects and desired aromas.
The method starts with solid-phase microextraction (SPME) with extracts
passing through mdGC-MS-0O. There are several advantages of combining
SPME and mdGC-MS-0, especially lower detection thresholds and increased
chromatographic separations (see for example Koziel et al, 2001a&b; Koziel
et al, 2006).

Near Infrared Spectrophotometry (NIRS) is a rapid low cost technique for
characterizing samples after the calibration curves or equations have been
developed. NIRS is already used to predict the total content of the main family
of precursors: lipids, chlorogenic acids, sugars, trigonelline, and caffeine
(Montagnon et al, 1998; Bertrand et al, 2006; Kathurima et al, 2010). Ribeiro
et al (2010) suggest that integrated use of the NIRS technology is effective for
quality prediction in roasted coffee. However, further work is needed to develop
the technique and develop calibration curves for the precursors of quality in
green coffee.

While coffee breeders anxiously await the development of these techniques and
their incorporation into selection schemes, they are limited to only the technology
that is currently available.

Standard Quality Conservative Selection: productivity
and disease resistance without loss of quality

Standard Quality Conservative Selection aims to produce highly productive and
disease resistant varieties without losing quality. The selection schemes are
based on incorporation of previously unused genetic variation in introgressed
and F1 hybrid varieties.
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There are two main sources of genetic variability for coffee quality: Ethiopian
germplasm and introgressed genotypes. The traditional cultivated lines of C.
arabica have a very narrow genetic base because of the small humber of trees
from which they all originated in the 18th century (Berthaud and Charrier, 1998).
This narrow genetic base limits their potential use in breeding programs. On the
other hand, the Ethiopian germplasm is much more diverse and has a much broader
genetic variability (Anthony et al, 2002; Alemayehu et al, 2010). Selections made
directly from the wild Ethiopian germplasm have not been widely cultivated as their
agronomic performance is poor when compared to traditional varieties. However,
in light of their contribution to the new generation of F1 hybrids (Bertrand et al,
2005) as well as the growing need for high quality coffees, breeders are showing
renewed interest in incorporating them into selective breeding programs as they
undoubtedly present a great opportunity for breeding improved quality coffee
varieties. The second source of genetic diversity is the wide range of introgressed
genotypes. As already stated, most introgressed selected varieties did not satisfy
the market’ criteria for high quality coffee, but they were not selected for their
quality. Bertrand et al, (2003) reevaluated the pool of introgressed varieties and
discovered much genetic variability for quality. Thus, with adequate evaluation
methods (including molecular markers), an efficient breeding process could lead
to the identification of introgressed, disease-resistant varieties with excellent
quality (Lashermes et a/, 2000b). It is worth noting that well-chosen introgressed
lines might be used as one parent of F1 hybrids.

Quality specific selection: Specific quality

Quality specific selection aims at selecting a particular exceptional cup quality.
This breeding strategy must be integrated into a well-defined coffee value chain.
Indeed, breeding for a particular quality only makes sense if a coffee roaster is
able to take advantage of the added value obtained from a distinct quality profile.
Selection for an extraordinary quality profile will almost certainly carry a tradeoff
in terms of lower productivity or the need for more intensive management.
Hence, a premium price is required for the particular quality trait in order to
balance higher costs of production. The Geisha variety in Panama illustrates how
a price premium can compensate for low natural productivity and specialized
crop management.

We suggest that Quality Specific Selection should only be embarked upon when
there is a close partnership between one or several producers and a limited
number of coffee roasters: the coffee roasters will almost certainly look for
exclusivity as part of their marketing strategy.

Quality Specific Selection will depend on the exploitation of currently unused
genetic diversity. It is unlikely that selection from within populations of currently
available introgressed varieties will produce a distinctive and exceptional high
quality coffee. Initial screening should focus on the pure Arabicas, mainly the
Ethiopian lines, to identify genotypes that are sources of exceptional quality, but
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also unlikely to have high levels of productivity. Crosses between these exceptional
quality lines and materials with better agronomic characteristics and disease
resistance should then provide the basis for selection of exceptional quality
materials with acceptable levels of productivity and agronomic characteristics.

Breeding and climate change?

Any quality coffee selection program has to take into account the fact that
varieties selected from crosses made today will still be in commercial production
thirty years hence. Consequently, breeders have to face the challenge of climate
change and its likely impact on quality (Baker and Haggar, 2007; Laderach et al,
2009; Vinecky et al, 2010). When breeders address climate change they must
integrate their efforts with those of the whole sector. There are various possible
responses to climate change by coffee growers. One is to continue growing
coffee at the current location, modify production practices and select varieties
well-adapted to the new climatic conditions. An alternative is to move crops
to regions or sites with climatic conditions similar to those where high quality
coffee is currently produced. This latter option may be quite limited as increased
temperatures would mean moving to higher altitudes in most regions, where
potential areas for coffee production is reduced (see Chapter 1.3 climate change).
Furthermore, temperatures are certain to rise in areas where coffee is currently
grown and drought is also more likely. Consequently, it is likely that growers will
increasingly require varieties of coffee that produce high quality coffee under
warmer and dryer/wetter conditions. There is little doubt that climate change
will alter rainfall patterns, but it is not clear whether the high quality coffee
growing areas will be drier, wetter or the same in twenty or thirty years from
now. This suggests that breeders will need to provide the coffee industry with
varieties that are capable of producing high quality coffee (i) under conditions
that may be up to 4°C warmer than the current conditions and (ii) that are
well-adapted to a wider range of rainfall conditions. Breeders may assist the
coffee industry in addressing these problems principally by (i) selecting varieties
adapted to coffee growing systems designed to buffer variation in rainfall and
warmer temperatures and (ii) selecting stress tolerant varieties that per se that
are well-adapted to both drought and excess rainfall and warmer temperatures.
The selection of varieties adapted to Coffee Agroforestry Systems, such as F1
hybrids, will likely lead to varieties adapted to systems that buffer the effects
of climate change (Bertrand et al, 2011). The selection of abiotic stress tolerant
varieties will rely on identifying abiotic stress tolerant germplasm and selection
in extensive multilocation trials.

While basic Genotype x Environment interaction (GxE) studies have been
neglected in the era of molecular biology, practical varietal improvement for
specific conditions is likely to be most effectively achieved by selection under
conditions that are as similar as possible to those encountered in commercial
plantations. This means selecting a series of sites for trials that encompass
the range of conditions to be experienced in the future by high quality coffee
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growers. This suggests that GxE trials are an efficient tool to address issues
related to climate change (Braun et al, 2010). The few studies that explicitly
explore GxE for coffee quality conclude that the best variety in one environment
remains the best in others even if the overall quality varies with environments
(Moschetto et al, 1996; Bertrand et al, 2006b), and that although there may be
some statistically significant interactions for chemical compounds, they are small
and probably of little commercial significance (Villarreal et al, 2008). This mirrors
common empirical knowledge in the coffee production sector. Air temperature
(correlated with altitude) is one of the main factors influencing green coffee
composition: an increase of temperature due to climate change would damage
quality if no action is taken to mitigate the effect (Joét et al, 2010). A direct
consequence of the reduction in quality at higher temperatures is the need to
carefully interpret the results of GxE trials. Lack of a G x E interaction does not
necessarily mean that all is well. The fact that there is no G x E interaction for
temperature and coffee quality may simply indicate that all varieties react in a
similar manner to higher temperatures and that at higher temperatures quality
is not as good as at lower temperatures. If this is the case, then the lack of a G
x E interaction indicates that none of the varieties are well-adapted (in terms of
quality) to higher temperatures. However, those varieties that produce better
quality coffee under today’s conditions will also produce better quality under the
conditions of the future. Thus, just to maintain quality under higher temperature
conditions in the future, in the absence of G x E, new improved quality varieties
will be needed. Thus, to combat rising temperature and its negative effects on
coffee quality breeding for quality under today’s climate may provide varieties
with better quality under the likely conditions of the future.

To develop improved quality varieties adapted to warmer conditions and varied
rainfall patterns, early greenhouse screening of different varieties submitted
to varying water regimes and temperatures may provide data similar to that
obtained from multilocation trials at a much lower cost. Similarly, the use of
controlled water regimes through sophisticated irrigation systems in one site in
an arid region may provide variation in water regimes similar to that obtained
from a large number of multilocation trials. Marraccini et a/ (2011) used both
types of experiments (controlled stress in greenhouse and in irrigated fields) to
evaluate drought resistant C. canephora and C. arabica accessions. Single site
trials with controlled variation in stress should discriminate between tolerant and
susceptible varieties: this view is supported by single site trials that revealed
massive variation in drought resistance of C. canephora (Montagnon and Leroy,
1993).

Identifying abiotic stress tolerant germplasm might be achieved through a genetic
background that is less sensitive to environmental variation. Heterosis in plants
is generally associated with a more stable, homeostatic response to changes
in the environment (Gallais 2009). Bertrand et al/ (2006b) confirmed that the
lipid content of F1 hybrid varieties is less influenced by environmental changes
than that of traditional varieties. Furthemore, Bertrand et al/ (2011) showed
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that the superiority of F1 hybrids over traditional varieties was even greater at
lower altitudes with higher temperatures; thus, the higher the temperatures, the
greater the advantage of F1 hybrids. On the other hand, Marraccini et a/ (2011)
suggested that introgressed Arabica varieties are more tolerant to drought.

In their efforts to produce varieties well-adapted to the changing environment,
breeders will also draw on basic physiological and molecular studies that identify
markers for tolerance of variable rainfall patterns and warmer conditions.
Identifying molecular mechanisms involved in abiotic stress tolerance will shed
light on the possible metabolic connections with quality pathways. Recent
pioneering work is paving the way for this new research area (Bardil et a/, 2011)
at the C. arabica genome level and at the Rubisco level (Marranccini et al/, 2011).

THE ROLE OF THE PRIVATE SECTOR IN COFFEE BREEDING

The coffee industry as an active player in coffee
breeding

The coffee industry should play an important role in coffee breeding. This does
not mean that every roasting company should have a breeding department, but
the coffee industry should provide guidelines to the breeding sector on what
types of varieties are needed and also provide financial support, either bilaterally
or multilaterally3. This might take the form of either a common industry platform
fostering breeding projects or bilateral agreements whereby a given company
specifically requests that a breeding company provides a variety with a given set
of characteristics. Knowing the characteristics of the desired end product (the
ideotype) is essential to breeders. If they are not provided with guidelines, they
are likely to be either very conservative or follow their own whims, which may
not be in accordance with the needs of the growers and roasters. The risk of not
producing varieties with the desired traits is particularly serious in perennial
crops like coffee, which take a long time to improve and then are maintained for
long periods in the field.

The specific issue of mass production and diffusion of
varieties

Once new varieties have been selected, a system must exist to mass produce
and distribute them to producers. This is a very important issue in the case of
C. arabica, an autogamous plant for which hand-pollination for massive seed
production is not economically viable. Until recently, only homozygous lines
were produced in isolated seed gardens. With this system it not possible to

3 Itis worth mentioning here the Global Coffee Quality Research Initiative (www.gcqgri.org)
which is a coffee industry R&D initiative that, inter alia, fosters breeding and provides
guidance to breeders

109



distribute F1 hybrid varieties or unfixed, but interesting, introgressed lines.
Cirad and partners have developed a somatic embryogenesis method of clonal
propagation adapted to coffee (Etienne, 2005) that was recently scaled up to an
industrial level through a partnership between Cirad and the Ecom Group with a
potential production of 5-10 millions embryos/year (Etienne et al, 2010). This has
established the first system that offers heterozygous varieties of C. arabica on a
worldwide basis, and provides growers with the chance to fully benefit from high
quality genetically improved plants (Menendez-Yuffa et al, 2010a&b).

It is unlikely that such activities need to be replicated. The main private players
will not necessarily be from the coffee sector, they may also be seed companies
that extend their activities to coffee.

CONCLUSION

Although growers have selected for quality for more quality for more than one
thousand years, modern selective breeding methods have only been applied to
coffee in the past two decades. Breeders still face many challenges in their
efforts to improve quality. A major impediment to their efforts is the lack of sound
well-established selection criteria for high quality coffee varieties. The coffee
community simply cannot ignore this knowledge gap and should invest time and
money for an ambitious research program to develop criteria and methodologies
for selection. The Specialty Coffee Industry, aware of the risk of doing nothing,
should support the efforts through private-public partnerships. Furthermore, the
coffee industry must face the challenge of meeting the need for an increased
volume of high quality coffee not only under present conditions but also under
the varied scenarios presented by the very real threat of climate change.

The challenges are great but the opportunities are also immense: through
the exploration of key metabolic pathways, unused genetic diversity, powerful
techniques of multiplication, and involvement of the private sector in breeding
and varietial dissemination. At the launch of the Global Coffee Quality Research
Initiative, it was clearly stated that “the cost of doing nothing in R&D is just too
high”.

The future of coffee breeding for productivity and quality in coffee producing
countries depends on the emergence of public-private partnerships where
private companies invest in innovation that is likely to be based on findings from
public research (see Etienne et al., 2010; Bertrand et al., 2011). Indeed, without
investment by the private sector, progress in breeding new coffee varieties is
unlikely to proceed rapidly. Coffee producers desperately need a professional
private-public sector partnership dedicated to the development of a true catalog
of new varieties.
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