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Chapter 9
Genomics of Coffee, One of the World’s Largest
Traded Commodities

Philippe Lashermes, Alan Carvalho Andrade, and Hervé Etienne

Abstract Coffee is one of the world’s most valuable agricultural export commodi-
ties. In particular, coffee is a key export and cash crop in numerous tropical and
subtropical countries having a generally favorable impact on the social and physical
environment. While coffee species belong to the Rubiaceae family, one of the largest
tropical angiosperm families, commercial production relies mainly on two species,
Coffea arabica L. and Coffea canephora Pierre, known as Robusta. Although a con-
siderable genetic diversity is potentially available, coffee breeding is still a long
and difficult process. Nevertheless, genomic approaches offer feasible strategies to
decipher the genetic and molecular bases of important biological traits in coffee tree
species that are relevant to the growers, processors, and consumers. This knowledge
is fundamental to allow efficient use and preservation of coffee genetic resources for
the development of improved cultivars in terms of quality and reduced economic and
environmental costs. This review focuses on the recent progress of coffee genomics
in relation to crop improvement.

9.1 Introduction

Coffee species belong to the Rubiaceae family, one of the largest tropical an-
giosperm families. Variations in cpDNA classified the Coffeeae tribe into the
Ixoroideae monophyletic subfamily, close to Gardenieae, Pavetteae and Vanguerieae
(Bremer and Jansen 1991). Two genera, Coffea L. and Psilanthus Hook. f., were
distinguished on the basis of flowering and flower criteria (Bridson 1982). Each
genus was divided into two subgenera based on growth habit (monopodial vs. sym-
podial development) and type of inflorescence (axillary vs. terminal flowers). More
than one hundred coffee species have been identified and new taxa are still being
discovered (Bridson and Verdcourt 1988; Davis et al. 2006; Stoffelen et al. 2007).
All species are perennial woody bushes or trees in inter-tropical forests of Africa
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and Madagascar for the Coffea genus, and Africa, Southeast Asia, and Oceania for
the Psilanthus genus. Plants of the two genera differ greatly in morphology, size,
and ecological adaptations. Some species, such as C. canephora and C. liberica
Hiern, are widely distributed from Guinea to Uganda. Other species display specific
adaptations, e.g., C. congensis Froehner to seasonally flooded areas in the Zaire
basin and C. racemosa Lour. to very dry areas in the coastal region of Mozam-
bique. Molecular phylogeny of Coffea species has been established based on DNA
sequence data (Lashermes et al. 1997; Cros et al. 1998). The results suggest a radial
mode of speciation and a recent origin in Africa for the genus Coffea. Several major
clades were identified, which present a strong geographical correspondence (i.e.,
West Africa, Central Africa, East Africa, and Madagascar).

Commercial production relies mainly on two species, C. arabica L. and
C. canephora Pierre, known as robusta. The cup quality (low caffeine content and
fine aroma) of C. arabica makes it by far the most important species, representing
65% of the world production. Another species, C. liberica (liberica coffee) stands
third with a share of less than one per cent of world coffee production.

C. arabica has its primary center of genetic diversity in the highlands of South-
west Ethiopia and the Boma Plateau of Sudan. Wild populations of C. arabica
also have been reported in Mount Imatong (Sudan) and Mount Marsabit (Kenya)
(Thomas 1942; Anthony et al. 1987). Cultivation of C. arabica started in Southwest
Ethiopia about 1,500 years ago (Wellman 1961). Modern coffee cultivars are derived
from two base populations of C. arabica, known as Typica and Bourbon, that were
spread worldwide in the 18th century (Krug et al. 1939). Historical data indicate
that these populations were composed of progenies of very few plants, i.e., only one
for the Typica population (Chevalier and Dagron 1928) and the few plants that were
introduced to the Bourbon Island (now Réunion) in 1715 and 1718 for the Bourbon
population (Haarer 1956).

During the 18th and 19th centuries, only Arabica was produced. However, this
species appeared to be very sensitive to parasitic threats, especially orange rust.
That is why, in Africa, during the 19th century, the spontaneous forms of other
species of coffee, especially C. canephora, were cultivated locally. In particular,
coffee plants from local forest populations of the Belgian Congo (now the Demo-
cratic Republic of Congo) and Uganda were transferred to Java, a major breeding
center from 1900 to 1930. At the same time, in Africa, the diversity of mate-
rial cultivated was extended with the use of local spontaneous forms: Kouilou
in Côte d’Ivoire, Niaouli in Togo and Benin, and Nana in the Central African
Republic. The material selected in Java was reintroduced in the Belgian Congo
around 1916 at INEAC (Institut National pour l’Etude Agronomique au Congo)
research center which was the major breeding center of C. canephora from 1930
to 1960. Selected plant materials were largely distributed worldwide. Although
the overall performance of cultivated trees has increased noticeably after a few
breeding cycles, the cultivars nonetheless have remained genetically very close
to individuals of the original natural populations (Dussert et al. 2003). Further-
more, the considerable genetic diversity observed in C. canephora is still largely
unexploited.
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Arabica production is constrained by numerous diseases and pests like leaf rust
(Hemileia vastatrix Berk & Br.), coffee berry disease (Colletotrichum kahawae), cof-
fee berry borer (Hypothenemus hampei), stem borer (Xylotrechus quadripes Chevr.),
andnematodes(Meloidogynespp.andPratylenchusspp.). Incontrast,Robusta ismore
tolerant to these diseases and pests. Hence, transfer of desirable genes, in particular
for disease resistance, from coffee species into Arabica cultivars without affecting
quality traits has been the main objective of Arabica breeding (Carvalho 1988; Van
der Vossen 2001). To date, C. canephora provides the main source of disease and
pest resistance traits not found in C. arabica, including coffee leaf rust (H. vas-
tatrix), coffee berry disease (C. kahawae), and root-knot nematode (Meloidogyne
spp.). Likewise, other coffee species are of considerable interest in this respect. For
instance, C. liberica has been used as source of resistance to leaf rust (Srinivasan
and Narasimhaswamy 1975), while C. racemosa constitutes a promising source of
resistance to the coffee leaf miner (Guerreiro Filho et al. 1999). Exploitation of such
genetic resources has so far relied on conventional procedures in which a hybrid is
produced between an outstanding variety and a donor genotype carrying the trait of
interest, and the progeny is backcrossed to the recurrent parent. Undesirable genes
from the donor parent are gradually eliminated by selection. In so doing, conventional
coffee breeding methodology faces considerable difficulties. In particular, strong lim-
itations are due to the long generation time of a coffee tree (5 years), the high cost of
field trials, and the lack of accuracy of current strategy. A minimum of 25 years after
hybridization is required to restore the genetic background of the recipient cultivar
and thereby ensure good quality of the improved variety.

9.1.1 Economic and Societal Importance of Coffee

Coffee is one of the world’s most valuable agricultural export commodities. In
particular, coffee represents one of the key export and cash crops in tropical and
subtropical countries with generally a favorable impact on the social and physical
environment (International Coffee Organization, http://www.ico.org/). About 125
million people depend on coffee for their livelihoods in Latin America, Africa,
and Asia. Coffee is produced in more than 68 countries between 22◦ N and 24◦ S
latitudes, on a total of about 10.6 million ha. Total world production for the year
2005/06 was 6.6 million t green coffee beans, with an estimated market value of
$12.2 billion. World coffee production over the last 5 years has fluctuated from 6.3
to 7.4 million t green beans.

Arabica coffee is cultivated in relatively cool mountain climates, at 1,000-
2,000 m altitudes in equatorial regions and at 400 -1,200 m altitudes further from the
equator. Robusta coffee requires the warm and humid climates of tropical lowlands
and foothills. About 63% of the world coffees in 2004/05 were produced in Latin
America, 24% in Asia, and 13% in Africa. Brazil (80% arabica) alone produced
35%, Vietnam (97% robusta) 12%, Colombia (100% arabica) 10%, and Ethiopia
(100% arabica) 4% of all coffee. Smallholders (< 5 ha) account for about 70% of
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world coffee production. However, medium to large coffee plantations (30-3,000ha
per estate) can be found in countries like Brazil, El Salvador, Guatemala, India,
Indonesia, Vietnam, Kenya, Tanzania, and Ivory Coast.

World coffee consumption was 6.9 million t for 2004/05 (6.7 million t the previ-
ous year), of which about 1.8 million t (26%) is consumed domestically in coffee-
exporting countries. Brazil, Mexico, and Ethiopia are large coffee exporters with
notably high domestic coffee consumption (>40% of production). The European
Community, Norway, Switzerland, the United States, and Japan consume about 80%
of the coffee exported from producing countries. The demand for coffee has been
growing steadily at 1.2% per year, but world production regularly exceeds demand
by 0.3-0.6 million t per year. All these factors contribute to a high volatility of price
on the main world coffee markets.

9.1.2 Coffea as an Experimental Organism

The coffee plant is an evergreen shrub or small tree, which, under free growth, may
become 4-6 m tall for C. arabica and 8-12 m for C. canephora. In cultivation, both
species are pruned to manageable heights of less than 2-3 m with one or more stems.
The growth of the coffee plant is dimorphic. The main stems (orthotropic axes)
grow vertically and the branches (plagiotropic axes) grow horizontally. Horticultural
propagation is relatively easy. The plant may flower once or twice a year after a
rainfall of at least 10 mm, which follows a period of water stress. Fruits mature in
7-9 (C. arabica) to 9-11 (C. canephora) months from date of flowering depending
on the variety and environment. The coffee seeds do not behave in an orthodox
manner when dehydrated or stored at low temperature. For instance, the viability
of seeds of C. arabica decreases rapidly after 4-6 months at ambient temperature.
However, short term storage (up to 3 years) is possible using adapted and controlled
storage conditions (Eira et al. 2006).

All coffee species are diploid (2n=2x=22) and generally self-incompatible, ex-
cept for C. arabica Linne which is tetraploid (2n=4x=44) and self-fertile. Molec-
ular analyses (Lashermes et al. 1999) have indicated that C. arabica is an am-
phidiploid formed from the hybridization between two closely related diploid species
(i.e., C. canephora and C. eugenioides). The evidence suggests recent speciation and
low divergence between the two constitutive genomes of C. arabica and those of its
progenitor species. The analysis of segregating molecular markers has confirmed
earlier genetic and cytogenetic evidence that C. arabica is a functional diploid.
Furthermore, homoeologous chromosomes do not pair in C. arabica, not as a con-
sequence of structural differentiation, but because of the functioning of pairing reg-
ulating factors (Lashermes et al. 2000a).

The nuclear DNA content of several coffee species has been estimated by flow
cytometry (Cros et al. 1995). The DNA amount (2C values) varies between diploid
coffee species from 0.95 to 1.8 pg. In comparison to other angiosperms (Bennett
and Leitch 1995), the genomes of coffee species appear to be of rather low size (i.e.,
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810 Mb for C. canephora and 1,300 Mb for C. arabica). These variations in DNA
amount, other than variation due to ploidy level (e.g. C. arabica), are probably due
almost entirely to variation in the copy number of repeated DNA sequences. Differ-
ences may correspond to genomic evolution correlated with an ecological adaptation
process. Furthermore, reduced fertility of certain interspecific F1 hybrids appears
to be associated with significant differences in nuclear content of parental species
(Barre et al. 1998).

9.2 Genetic Mapping and Tagging in Coffee

9.2.1 Marker Diversity

In coffee, a whole range of techniques has been used to detect polymorphism at
the DNA level, including randomly amplified polymorphic DNA (RAPD) (Orozco-
Castilho et al. 1994; Lashermes et al. 1996a; Anthony et al. 2001; Aga et al. 2003),
cleaved amplified polymorphisms (CAP) (Lashermes et al. 1996b; Orozco-Castilho
et al. 1996), restriction fragment length polymorphisms (RFLP) (Paillard et al. 1996;
Dussert et al. 2003; Lashermes et al. 1999), amplified fragment length polymorphism
(AFLP) (Lashermes et al. 2000b; Anthony et al. 2002; Prakash et al. 2005), inverse
sequence-tagged repeat (ISR) (Aga and Bryngelsson 2006), and simple sequence
repeats or microsatellites (SSR) (Mettulio et al. 1999; Combes et al. 2000; Baruah
et al. 2003; Moncada and McCouch 2004; Poncet et al. 2004). During the last few
years, the number of co-dominant markers has been considerably increased by SSR
mining in coffee expressed sequence tag (EST) databases (Bhat et al. 2005; Poncet
et al. 2006; Aggarwal et al. 2007) offering new possibilities for genetic analysis.

9.2.2 Linkage Mapping

Several genetic maps have been constructed. The low polymorphism has been a
major drawback for developing genetic maps of the C. arabica genome. Hence, the
works reported so far are often restricted to alien DNA introgressed fragments into
C. arabica (Prakash et al. 2004). Nevertheless, Pearl et al. (2004) recently obtained
a genetic map from a cross between Catimor and Mokka cultivars of C. arabica.
Furthermore, to overcome the limitation of low polymorphism, efforts were directed
to the development of genetic maps in C. canephora or interspecific crosses.

The earliest attempt to develop a linkage map was based on Canephora doubled
haploid (DH) segregating populations (Paillard et al. 1996; Lashermes et al. 2001).
C. canephora is a strictly allogamous species consisting of polymorphic popula-
tions and of strongly heterozygous individuals. Conventional segregating popula-
tions are therefore somewhat difficult to generate and analyze. However, the ability
to produce DH populations in C. canephora offers an attractive alternative approach.
The method of DH production is based on the rescue of haploid embryos of maternal
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origin occurring spontaneously in association with polyembryony (Couturon 1982).
Two complementary segregating plant populations of C. canephora were produced
from the same genotype. One population comprised 92 doubled haploids derived
from female gametes, while the other population was a test-cross consisting of 44
individuals derived from male gametes. A genetic linkage map of C. canephora was
constructed spanning 1,041 cM of the genome (Lashermes et al. 2001). This genetic
linkage map comprised more than 40 specific STS markers, either single-copy RFLP
probes or SSRs that are distributed on the eleven linkage groups. These markers
constituted an initial set of standard landmarks of the coffee genome which have
been used as anchor points for map comparison (Herrera et al. 2002) and coverage
analysis of bacterial artificial chromosome (BAC) libraries (Leroy et al. 2005, Noir
et al. 2004). Furthermore, the recombination frequencies in both populations were
found to be almost indistinguishable. These results offer evidence in favor of the
lack of significant sex differences in recombination of C. canephora.

More recently, Crouzillat et al. (2004) reported the development of a Canephora
consensus genetic map based on a segregating population of 93 individuals from the
cross of two highly heterozygous parents. Backcross genetic maps were established
for each parent (i.e., elite clones BP409 and Q121) and then a consensus map was
elaborated. More than 453 molecular markers such as RFLP and SSRs were mapped
covering a genome of 1,258 cM. Recently, this map was used to map COS (i.e. Con-
served Orthologous sequence) markers and perform comparative mapping between
coffee and tomato (Wu et al. 2006).

In parallel several diploid interspecific maps were built. Those maps are based on
either an F1 hybrid population resulting from a cross between coffee diploid species
(López and Moncada 2006) or progenies obtained by backcrossing of hybrid plants
to one of the parental species (Ky et al. 2000; Coulibaly et al. 2003).

9.3 Molecular Cytogenetics and BAC Cloning

9.3.1 Fluorescence in situ Hybridization

The basic chromosome number for the genus Coffea is considered to be n = 11,
which is typical for most genera of the family Rubiaceae. Coffee somatic chromo-
somes are relatively small (1.5 to 3 �m) and morphologically similar to each other
(Krug and Mendes 1940; Bouharmont 1959). Observations at the meiotic pachytene
phase provided a significantly better chromosomal characterization and allowed
the identification of most bivalents of C. arabica (Pinto-Maglio and Cruz 1998).
Characterization of the longitudinal differentiation of the mitotic chromosomes of
coffee has progressed using other techniques such as fluorescent banding (Lombello
and Pinto-Maglio 2004). In addition, the fluorescence in situ hybridization (FISH)
method that opened up new perspectives. In particular, genomic in situ hybridization
(GISH) was successfully applied for characterization of genomes and chromo-
somes in polyploid, hybrid plants, and recombinant breeding lines. The genome
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organization of C. arabica was confirmed by GISH using simultaneously labeled
total genomic DNA from the two putative genome donor species as probes (Raina
et al. 1998; Lashermes et al. 1999). Furthermore, FISH was used to study the pres-
ence of alien chromatin in interspecific hybrids and plants derived from interspecific
hybrids between coffee species (Barre et al. 1998; Herrera et al. 2007). More re-
cently, the BAC-FISH procedure was used to rapidly localize a given introgression
on a specific chromosome (Herrera et al. 2007).

9.3.2 Development of BAC Libraries

BAC libraries have been reported for both cultivated coffee species, C. arabica and
C. canephora.

An Arabica BAC library using the cultivar IAPAR 59 was successfully con-
structed and validated (Noir et al. 2004). This introgressed variety, derived from
the Timor Hybrid, was selected for resistance to leaf rust and root-knot nematodes,
and it is widely distributed in Latin America. The library contains 88,813 clones
with an average insert size of 130 kb and represents approximately 8 C. arabica
dihaploid genome equivalents.

A Canephora BAC library was developed on a relatively good cup quality geno-
type (i.e., clone 126). The library contains 55,296 clones, with an average insert size
of 135 kb, representing almost nine haploid genome equivalents. This resource was
used to analyze the genome organization (copy number) of sucrose-metabolizing en-
zymes (mainly sucrose synthase and invertases) in the C. canephora genome (Leroy
et al. 2005).

9.3.3 BAC Physical Mapping

Although the integration of physical and genetic mapping information would be
particularly useful in coffee genome research, only few activities have been reported
so far. Regional physical maps based on BAC contigs corresponding to agronom-
ical important disease resistance genes were developed (Lashermes et al. 2004).
Recently, a BAC contig linked to the SH 3 leaf rust resistance gene was used to as-
sess microsynteny between coffee (C. arabica L.) and Arabidopsis thaliana (Mahé
et al. 2007). Microsynteny was revealed and the matching counterparts to C. arabica
contigs were seen to be scattered throughout four different syntenic segments of
Arabidopsis on chromosomes (Ath) I, III, IV, and V.

9.4 EST Resources and Transcriptome Analysis

Large-scale sequencing of cDNAs to produce ESTs followed by comparisons of the
resulting sequences with public databases has become the method of choice for the
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rapid and cost-effective generation of data, becoming the fastest growing segment
of public DNA databases. Hence, ESTs, DNA arrays, large-scale gene expression
(transcriptome) profiling and associated bioinformatics are becoming routine in the
plant sciences. However, only recently have efforts been dedicated to coffee.

9.4.1 Coffee EST Resources

Currently, there are nearly 43 million ESTs (dbEST release 031607, March 2007) in
the NCBI public collection (http://www.ncbi.nlm.nih.gov/dbEST/) and the largest
set of plant ESTs comes from the model species Arabidopsis thaliana and Oryza
sativa. Nevertheless, a large variety of EST sequences from other plant species in-
cluding coffee have been deposited in the dbEST database. Recently, a large set of
ESTs (46,914) with a special focus on developing seeds of C. canephora has also
been released (Lin et al. 2005). In addition, two other C. canephora EST sequence
sets were developed from mRNA isolated from leaves and fruits at different devel-
opment and maturation stages with 8,778 valid EST sequences (Poncet et al. 2006).
All together, a significant set of 55,692 ESTs, mainly from fruits, is already publicly
available for C. canephora (Table 9.1). Regarding C. arabica, public accessibility
to EST collections is limited to 1,226 ESTs, comprising a suppression subtractive
hybridization library of 618 EST sequences selected upon infection by H. vastatrix
(Fernandez et al. 2004), 139 EST sequences identified as a differential response
of C. arabica leaves and roots to chemically induced systemic acquired resistance
(De Nardi et al. 2006), and 469 other ESTs from leaves (Cristancho et al. 2006;
Joet et al. 2006). In total, there are fewer than 60 thousand entries of coffee ESTs,
publicly available, deposited at the dbEST database.

However, other research groups involved in molecular genetics and genomics of
Coffea sp. have also generated EST data that will become available to the coffee sci-
entific community in the near future (Table 9.1). The Brazilian Coffee EST Project
is such an example, which generated single-pass sequences of a total of 214,964
randomly picked clones from 37 cDNA libraries of C. arabica, C. canephora, and
C. racemosa, representing specific stages of cells and plant development that after
trimming resulted in 130,792, 12,805, and 10,510 good quality sequences for each
species, respectively (Vieira et al. 2006). The ESTs assembled into 17,982 clus-
ters and 32,155 singletons. Blast analysis of these sequences revealed that 22% had
no significant matches to sequences in the NCBI database. Manually annotated se-
quencing results have been stored in two online databases (Vieira et al. 2006). Coffee
EST resources have also been developed by the Cenicafe research group in Colom-
bia, which have in their database, to date, 32,000 coffee EST sequences from 22
libraries organized in 9,257 C. arabica and 1,239 C. liberica unigenes (Cristancho
et al. 2006). In addition, the Cenicafe database contains 6,000 Beauveria bassiana
and 4,000 H. hampei (coffee berry borer) EST sequences. Aiming at the develop-
ment of EST-SSR markers for coffee, an Indian research group reported an interim
set of 2,092 ESTs of coffee generated at CCMB (Center for Cellular & Molecular
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Biology), Hyderabad, India (Aggarwal et al. 2007). EST sequences of two cDNA
libraries from leaves and embryonic roots of C. arabica were also produced by
an Italian group to develop a cDNA microarray based on 1,587 non-redundant se-
quences (De Nardi et al. 2006).

With these efforts in progress on EST sequencing, the number of coffee ESTs in
the public domain will continue to increase as can be seen from data presented in
Table 9.1. In fact, the reports compiled here, from different research groups working
worldwide, indicate that around 250,000 good quality ESTs from at least four dif-
ferent coffee species, have already been produced. The novelty and complementary
nature of these upcoming data can be estimated from a clustering performed with
the available coffee EST data at the dbEST database (NCBI) and the ESTs produced
in Brazil (Fig. 9.1). The results indicate that only 13% of the unigenes is redundant.
These results are expected in view of the different coffee species and tissues sampled
to generate the ESTs.

Table 9.1 Available EST collections of Coffea species

Coffea
species

Tissue/developmental stage Number
of valid ESTs

Reference

C. canephora Leaves, young 8, 942 Lin et al. 2005
Pericarp, all developmental stages 8, 956 Lin et al. 2005
Whole cherries, 18 and 22 week after pollination 9, 843 Lin et al. 2005
Endosperm and perisperm of seeds, 30 week

after pollination
10, 077 Lin et al. 2005

Endosperm and perisperm of seeds, 42 and 46
week after pollination

9, 096 Lin et al. 2005

Embryogenic calli 7, 062 Vieira et al. 2006
Leaves from water-deficit stressed plants 5, 743 Vieira et al. 2006
Whole cherries of different developmental stages 5, 086 Poncet et al. 2006
Leaves, young 3, 692 Poncet et al. 2006

C. arabica Plantlets and leaves treated with araquidonic acid 4, 098 Vieira et al. 2006
Suspension cells treated with

acibenzolar-S-methyl
5, 605 Vieira et al. 2006

Suspension cells treated with
acibenzolar-S-methyl and brassinoesteroids

8, 252 Vieira et al. 2006

Hypocotyls treated with acibenzolar-S-methyl 9, 882 Vieira et al. 2006
Suspension cells treated with NaCl 7, 656 Vieira et al. 2006
Embryogenic calli 7, 599 Vieira et al. 2006
Zygotic embryo (immature fruits) 106 Vieira et al. 2006
Germinating seeds (whole seeds and zygotic

embryos)
8, 001 Vieira et al. 2006

Flower buds in different developmental stages 15, 833 Vieira et al. 2006
Flower buds + pinhead fruits + fruits at different

stages
9, 451 Vieira et al. 2006

Non embryogenic calli with and without 2,4 D 8, 558 Vieira et al. 2006
Young leaves from orthotropic branch 9, 939 Vieira et al. 2006
Mature leaves from plagiotropic branches 10, 319 Vieira et al. 2006
Roots infected with nematodes 302 Vieira et al. 2006
Primary embryogenic calli 2, 042 Vieira et al. 2006
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Table 9.1 (continued)

Coffea species Tissue/developmental stage Number
of valid ESTs

Reference

Leaves infected with leaf miner and coffee
leaf rust

3, 072 Vieira et al. 2006

Roots 149 Vieira et al. 2006
Roots with acibenzolar-S-methyl 1, 051 Vieira et al. 2006
Suspension cells stressed with aluminum 4, 981 Vieira et al. 2006
Stems infected with Xylella spp. 8, 045 Vieira et al. 2006
Water-deficit stressed field plants (pool of

tissues)
5, 743 Vieira et al. 2006

Well-watered field plants (pool of tissues) 798 Vieira et al. 2006
SSH - young coffee leaves 618 Fernandez

et al. 2004
Young coffee leaves 448 Cristiancho

et al. 2006
SSH-young coffee leaves 16 Joet et al. 2006
Embryonic roots and leaves 2, 016 De Nardi et al. 2006
17 cDNA libraries (not described) 30, 000 Cristiancho

et al. 2006
C. racemosa Fruits (Coffea racemosa) 5, 041 Vieira et al. 2006

Fruits, stages 1,2 and 3 (Coffea racemosa) 5, 469 Vieira et al. 2006
C. liberica 4 cDNA libraries (not described) 2, 000 Cristiancho

et al. 2006
Coffea sp. cDNA libraries not described 2, 092 Aggarwal et al. 2007

Total Coffea sp. ESTs 246,541

% of Unigene 

12%

75%

13%

dbEST Brazil-ESTs Common

Fig. 9.1 Origin distribution of unigenes from ESTs present on two databases (Brazil-ESTs - 75%
of total unigenes are only represented on this database; dbEST – 13 % of total unigenes are only
represented on this database; Common- 12 % of total unigenes are represented on both databases)
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9.4.2 Coffee EST Exploitation

As sequence and annotation data continue to accumulate, computer-based tools for
systematic collection, organization, storage, access, analysis, and visualization of
these data will become increasingly valuable to the plant science community. Ad-
vances in computational molecular biology and biostatistics will make it possible to
analyze large EST datasets more precisely and efficiently producing more reliable
digital expression profiling data, taking into account the methodological limitations
of constructing cDNA libraries (Alba et al. 2004).

Table 9.2 presents a list of several databases containing coffee data with a di-
versity of bioinformatics resources. The Solanaceae Genomics Network (SGN;
http://sgn.cornell.edu/), serves well as an example of these on-line resources. SGN
is dedicated to the biology of Solanaceae species, including tomato, potato, tobacco,
eggplant, pepper, petunia, and coffee. This database contains sequence data derived
from nearly 300,000 ESTs coming from different plant species, extensive mapping
data for the tomato genome, in addition to mapping data for the genomes of potato
and eggplant, which can facilitate cross-species homology relationships (via com-
parative genome analysis) among solanaceus and related species (Wu et al. 2006).

The inventory of the available resources on coffee ESTs provided in this section
indicates that considerable information has been generated the last few years. These
data are valuable tools for discovering genes (a large number of unknown genes
already identified), developing EST-SSR markers, providing the basis for mapping
and the establishment of breeding programs based on marker-assisted selection
(MAS), and providing the foundation for the development of novel tools such as
microarrays. Initiatives for the generation of these arrays have already begun and
some results have started to appear (De Nardi et al. 2006). Microarrays and real-
time reverse transcription polymerase chain reaction (qRT-PCR) will allow compre-
hensive transcriptome analysis making it possible to identify and dissect complex
genetic networks that underlie important biological processes critical to physiology,

Table 9.2 Bioinformatics resources and databases containing coffee ESTs

Databases URL Valid
ESTs

Reference

SGN-USA http://sgn.cornell.edu/ 46, 914 Lin et al. 2005
IRD-France http://www.mpl.ird.fr/bioinfo/ 9, 412 Fernandez et al. 2004

Poncet et al. 2006
Joet et al. 2006

CoffeeDNA-Trieste http://www.coffeedna.net/ 5, 391 De Nardi et al. 2006
CCMB-India http://www.ccmb.res.in/ 2, 092 Aggarwal et al. 2007
CBP&D-Café http://www.lge.ibi.unicamp.br/cafe/ 154, 107 Vieira et al. 2006
Brazil http://www.cenargen.embrapa.br/biotec/

genomacafe/
Cenicafe-Colombia http://bioinformatics.cenicafe.org/ 32, 000 Cristancho et al. 2006
NCBI http://www.ncbi.nlm.nih.gov/dbEST/ 56, 918 Fernandez et al. 2004

Lin et al. 2005
Poncet et al. 2006
De Nardi et al. 2006
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development, quality, and responses to abiotic and biotic stresses in coffee. Re-
cently, the early molecular resistance responses of coffee (C. arabica L.) to the rust
fungus (H. vastatrix) have been monitored using real-time quantitative qRT-PCR
(Ganesh et al. 2006). Similarly, several studies of particular biosynthetic pathways
in relation with the ripening and development of coffee fruit were reported (Geromel
et al. 2006; Hinniger et al. 2006; Simkin et al. 2006; Bustamante et al. 2007; Le-
pelley et al. 2007). Further characterization of gene networks in coffee plants will
help us to identify new targets for manipulation of physiological, biochemical, and
developmental processes of this very important crop species.

Moreover, modern biology is facing a new momentum. Recent advances in high-
throughput methodologies and equipment allowed researchers from different disci-
plines to attempt to combine large-scale DNA sequence, gene expression, protein,
metabolite, genotype, and/or phenotype data to develop resourceful and integrated
databases for a better understanding of biological processes (Alba et al. 2005). These
combined tools through integrated efforts of genomics research and breeding will
certainly be essential to quickly overcome practical problems faced by the coffee
agribusiness such as control of pre- and post-harvest physiological factors involved
in quality, disease, and pest control and management of plant responses to environ-
mental changes (e.g., limited water availability and adverse temperatures). Finally,
integrated coffee genomic research may result in increased beverage consumption
through new value-added products derived from coffee (e.g., nutraceuticals, oils,
and flavors), ensuring the sustainability of the coffee production chain.

9.5 Genetic Transformation

Coffee genetic engineering emerged during the last decade as a tool to elucidate
the function, regulation, and interaction of agronomically interesting genes through
functional genomics approach. Genetic transformation became available only after
the establishment of protocols for in vitro regeneration through somatic embryogen-
esis for the two principal commercial species (Berthouly and Etienne 2000; Etienne
2005). Nowadays, genetic transformation of coffee plants has been successfully
achieved by several research groups. However, despite significant advances over
the last 15 years, coffee transformation is still very laborious, with bottlenecks in
the methodology that make it far from a routine laboratory technique. Up to now,
only a few genes have been transferred into coffee genotypes. However, the recent
development of coffee genomics has led to the identification of numerous genes
involved in agronomically important biological processes and which have potential
for transformation.

9.5.1 Direct Gene Transfer

Barton et al. (1991) reported a transformation method of coffee embryos by elec-
troporation using the nptII (i.e. kanamycin resistance) gene. This method remained
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little noticed until the recent works of Fernandez-Da Silva and Menéndez-Yuffá
(2003) that described improved conditions to regenerate transformed C. arabica
somatic embryos expressing the GUS and bar genes. The biolistic delivery method
has been improved considerably since the first report of GUS transient expression in
coffee using a gunpowder driven device by van Boxtel et al. (1995). Using a helium
gun device, Rosillo et al. (2003) determined that a short endosperm pre-treatment
with two osmotic preconditioning agents (i.e., mannitol and sorbitol) increased the
number of cells expressing GUS. Ribas et al. (2005a) described a protocol for trans-
formation of C . canephora embryogenic callus and somatic embryos using a helium
gun, associated with sub-culturing onto medium containing mannitol before and
after bombardment. Their protocol allowed 12.5% of transformed callus expressing
GUS-positive reaction to histochemical assay.

9.5.2 Indirect Gene Transfer

Hatanaka et al. (1999) achieved the first successful A. tumefaciens-mediated
transformation of C. canephora plants exhibiting strong GUS stable expression.
Leroy et al. (2000) also reported efficient regeneration of A. tumefaciens-transformed
coffee plants of both Coffea sp. expressing the uidA and cry1Ac genes. The use
of embryogenic callus is often preferred to somatic embryos and becomes the
most common way for coffee transformation (Fig. 9.2). From this callus, only
30% (C. canephora) and 10% (C. arabica) developed somatic embryos, and from
these, only 50% regenerated into plantlets. Ribas et al. (2006) transformed C.
canephora explants submitted to sonification during immersion in a suspension
of an A. tumefaciens strain encoding uidA and bar genes and regenerated trans-
formed plants. Canche-Moo et al. (2004) transformed leaf explants through

Fig. 9.2 Expression of the 35S-GFP reporter gene on C. arabica transformed embryogenic callus
three weeks after Agrobacterium tumefaciens-mediated transformation
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A. tumefaciens-mediated transformation involving a vacuum infiltration protocol in
a bacterial suspension. A. tumefaciens-mediated transformation has also served to
induce stable gene silencing through RNA interference (RNAi) technology of genes
encoding theobromine synthase (Ogita et al. 2004) and N-methyl transferase, re-
spectively (Kumar et al. 2004), both genes involved in caffeine biosynthesis, in both
cultivated species. Ogita et al. (2003) showed that leaves of 1-year-old transformed
trees exhibited reduced theobromine and caffeine content (30 to 50% compared with
the control). Ribas et al. (2005b) achieved inhibition of ethylene burst in C . arabica
by introducing the ACC-oxidase gene in antisense orientation.

Agrobacterium rhizogenes-mediated transformation in both C. canephora and C.
arabica species was first reported by Spiral et al. (1993) and Sugiyama et al. (1995),
respectively. However in these studies the regeneration protocol was laborious and
plants frequently showed a “hairy” phenotype with short internodes and stunted
growth. Such abnormal phenotype is stable as demonstrated by Perthuis et al. (2005),
who showed that four out of the nine independently transformed C . canephora
clones obtained with A. rhizogenes were still displaying this phenotype in field con-
ditions; furthermore all these plants died within few months after planting. Kumar
et al. (2006) described an adapted method for A. rhizogenes sonification-assisted
embryos transformation. The percentage of plantlets with aberrant phenotypes was
significantly low compared with the results previously described by Sugiyama
et al. (1995). Alpizar et al. (2006a) developed an A. rhizogenes-mediated transfor-
mation protocol (Fig. 9.3) that enables efficient and rapid regeneration of trans-
formed roots from hypocotyls of zygotic embryos and subsequent production of
composite plants (i.e., transformed roots induced on non-transformed shoots). This
methodology was specifically developed for functional analysis of genes involved

Fig. 9.3 Regeneration of transformed roots on the hypocotyl of zygotic embryo following
Agrobacterium rhizogenes-mediated transformation protocol. Emergence of a transformed root at
the wound site 4-8 weeks after the end of the co-cultivation with A4 RS strain. The transformed
zygotic embryo is subcultured every 4 weeks on MS germination medium containing decreasing
cefotaxime concentrations (Alpizar et al. 2006a)
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Fig. 9.4 Inoculation of nematodes on transformed roots of Coffea arabica cv. Caturra composite
plants to evaluate the resistance:susceptibility to the root-knot nematode Meloidogyne exigua. The
Caturra cv. is susceptible to M. exigua. Composite plants were generated after 12 weeks by in-
ducing transformed roots on non-transformed shoots. One month after acclimatization to ex vitro
conditions, they were ready to be inoculated with M. exigua nematode individuals. Gall symptoms
caused by M. exigua on transgenic roots will be visible three months after nematode inoculation
(Alpizar et al. 2006a)

in resistance to root specific pathogens like nematodes and/or in plant morphology
and development. The authors demonstrated that the Meloidogyne exigua root-knot
nematode could normally proliferate in transgenic roots and that consequently this
transformation methodology could efficiently be applied for the functional analysis
of the Mex-1 resistance gene (Fig. 9.4).

9.5.3 Selection of Transformed Tissue

The first studies in coffee transformation were done using antibiotics and particu-
larly kanamycin. However, kanamycin has exhibited contradictory results as a po-
tential selection agent for transformed coffee embryos. Barton et al. (1991) and
Spiral et al. (1993) concluded that kanamycin possesses poor selective capacity
since non-transformed somatic embryos could develop even at high concentration
(400 mg/L). Nevertheless, kanamycin was recently used successfully at 400 mg/L
by Cunha et al. (2004) and at 100 mg/L by Canche-Moo et al. (2006). Hatanaka
et al. (1999), Naveen et al. (2002), and Ogita et al. (2004) observed that hygromycin
at 50-100 mg/L allowed an acceptable regeneration of A. tumefaciens-mediated
transformed somatic embryos. Because of the low selection efficiency of antibiotics
in coffee, along with biosafety issues, other types of selection markers including
herbicide selection or positive selection were used.

Van Boxtel et al. (1997) and Fernandez-Da Silva and Menéndez-Yuffá (2004)
showed that low concentration (6 mg/L) of the herbicide ammonium glufosinate
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was sufficient to inhibit non-transformed callus growth. Subsequently, research by
Ribas et al. (2005a, 2006) confirmed the reliability of the bar gene as a selection
marker in both C. canephora and C. arabica. Leroy et al. (2000) successfully used
selectable marker gene csr1-1 from A. thaliana that allowed selection with the her-
bicide chlorsulfuron at a concentration of 80 �g/L in the two cultivated species.
Cruz et al. (2004) also succeeded in regenerating transformed plantlets containing
the ppt gene, which confers resistance to phosphinothricine, on selective medium
containing 10 �M of the herbicide. Samson et al. (2004) demonstrated the poten-
tial use of xylose isomerase (XylA) gene as a positive selection marker in coffee
transformation.

Visual markers have been used to replace those based on herbicide selection.
Ogita et al. (2004) and Canche-Moo et al. (2006) used gfp, the gene encoding for
green fluorescent protein (Chalfie et al. 1994), and DsRFP, the gene encoding for
red fluorescent protein (Gallie et al. 1989) as reporter genes for visual selection
of somatic embryos of C. canephora following A. tumefaciens-mediated transfor-
mation. The first complete selection of coffee transformed tissues without using
any marker gene was achieved by Alpizar et al. (2006a, 2006b), after selection of
putative A. rhizogenes transformed roots using uidA and gfp genes through histo-
chemical GUS assay or GFP epifluorescence.

9.5.4 Testing Transgenic Coffee Plants

Ribas et al. (2006) regenerated coffee somatic embryos transformed with the bar
gene on selective medium containing ammonium glufosinate. Regenerated plants
supported up to eight times the herbicide doses recommended for field applications.
Leroy et al. (2000) described C. canephora plants transformed with cry1Ac gene
from Bacillus thuringiensis expressing resistance against the coffee leaf miner (Per-
ileucoptera coffeella) in green-house conditions. Perthuis et al. (2005) reported that
this resistance was stable and effective after six releases of a natural population
of P. coffeella during four years of field assessments. In addition, production of
transformed coffee plants with resistance to coffee berry borer (Hypothenemus ham-
pei) was attempted by Cruz et al. (2004) using the α-Al1gene from common bean
encoding for an inhibitor of alfa-amylase (Powers and Culbertson, 1983). The au-
thors achieved transformation with this gene and bioassays with the insect are under
way to confirm functional activity in coffee. Following recent achievements in other
crops, gene pyramiding can be envisaged in coffee to introduce a larger number of
genes for resistance to diverse races of a particular pathogen or a combination of
different pathogens.

Ribas et al. (2005b) achieved inhibition of the ethylene burst by introducing the
ACC oxidase gene in antisense orientation; this technique would permit the under-
standing of genes involved in fruit maturation and ethylene production.
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9.5.5 Identification of Coffee Promoters

Availability of tissue-specific and inducible promoters would be helpful for success-
ful development of coffee functional analysis and transgenically improved coffee.
With few exceptions, the 35S promoter derived from the cauliflower mosaic virus,
has been the most common component of transgenic constructs used. However,
Rosillo et al. (2003) comparing pCaMV35S with two coffee promoters (�-tubulin
and �-arabicin) showed that they all resulted in similar transient expression of the
uidA gene. Marraccini et al. (1999) cloned a complete coffee 11S seed storage pro-
tein gene and carried out promoter analysis in transgenic tobacco plants. Acuňa
et al. (1999) also reported the cloning of a bean (endosperm)-specific promoter
partially corresponding to the sequence of Marraccini et al. (1999). However, no
functional analysis (test in a heterologous plant) of their sequence was performed.
In another work, Marraccini et al. (2003) reported the cloning of the rubisco small
subunit (CaRBCS1) promoter of C. arabica that was tested in transgenic tobacco
and shown to be leaf-specific. Satyanarayana et al. (2005) reported the cloning of
the promoter of N-methyl transferase (NMT) gene involved in caffeine biosynthesis
pathway. The promoter region was tested in tobacco, exhibiting expression of the
GUS reporter gene in leaves. The authors mentioned that current efforts are focused
on the use of this promoter sequence for down-regulation of NMT gene through
transcriptional gene silencing. This cloning of the first promoter of a gene involved
in caffeine biosynthesis together with the near identification of genes involved in su-
crose and drought tolerance metabolism opens up the possibility for coffee transfor-
mation to validate and study the molecular mechanisms that regulate the production
of these important targets for Coffea sp. cultivation.

Even without functional analysis in transgenic plants, other coffee promoters
were also cloned and described in several publications, some of them recently and
directly deduced from the use of EST sequencing: promoter of a protein homologous
to the yeast translation initiation factor SUI1 (Gaborit et al. 2003), promoter oleosin
CcOLE-1 (Simkin et al. 2006), promoter dehydrin CcDH2a (Hinninger et al. 2006).
A number of highly expressed genes that showed high specificity for different stages
of seed development, as well as for the pericarp tissue that surrounds the seed, have
been identified (Lin et al. 2005). These genes could lead to promoters which can
potentially be used to drive gene expression in specific stages/tissues of the cof-
fee plant. Many of these genes are important for insect/pathogen resistance and
determining the quality of the coffee bean. It is proposed to create a collection of
promoters in the International Coffee Genomics Network (ICGN) as a resource for
functional analysis of coffee genes.

9.6 Perspectives

In the last decade, overproduction has resulted in historically low coffee prices that
have had devastating effects on coffee producers. Farmers have survived with great
difficulties or have abandoned coffee culture and switched to alternative crops.
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Consequently, bean quality may be lowered and supply become less stable to ad-
versely affect the coffee market of consumer countries. Furthermore, in the light
of climate changes and increasing awareness of the negative impacts of the non-
sustainable use of natural resources, coffee production will have to evolve. This is
particularly relevant for perennial plants such as coffee whose productive life is very
long and for which rapid genetic gains are tedious to obtain.

In the twentieth century, coffee production benefited from the selection of sponta-
neous Arabica mutants (e.g., the compact cultivar Caturra), natural hybrids between
species (e.g., the Timor hybrid), highly productive Canephora clones, and new cul-
tural practices (e.g., open sun monoculture). Coffee germplasm was collected, but
little has been done at the molecular level to exploit biodiversity in coffee species as
well as their genomic resources.

The recent development of high-capacity methods for analyzing the structure
and function of genes, which is collectively termed “genomics,” represents a new
paradigm with broad implications. The advent of large-scale molecular genomics for
plant species such as C. arabica and C. canephora will provide access to previously
inaccessible sources of genetic variation which could be exploited in breeding pro-
grams. Anticipated outcomes in current and future coffee breeding include (1) rapid
characterization and managing of germplasm resources, (2) enhanced understanding
of the genetic control of priority traits, (3) identification of candidate genes or tightly
linked genomic regions underlying important traits, and (4) identification of acces-
sions in genetic collections with variants of genomic regions or alleles of candidate
genes having a favorable impact on priority traits. In this way, the recent efforts to
set up an international commitment (ICGN, http://www.coffeegenome.org) to work
jointly for the development of common sets of genomic tools, plant populations, and
concepts would be extremely useful.
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