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In the last 15 years, considerable advances were made in coffee genetic transformation. Different research groups in the world 
have been able to transform coffee with genes for insect resistance, decaffeinated coffee, herbicide resistance and control of 
fruit maturation.  Although the majority of the research is still limited to laboratory and greenhouse studies, initial field tests 
with transformed coffee are beginning to appear in the literature. In this review we provide an update on the state of coffee 
genetic transformation, presenting technical aspects related to tissue culture systems, strategies for selection and transformation 
with particle bombardment, as well as the use of Agrobacterium tumefaciens. We also discuss the potential applications of this 
technology, taking into consideration the benefits, the possible environmental risks, as well as market and consumer issues. 
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Transformação genética de café: Nos últimos 15 anos, vários avanços foram obtidos na transformação genética de café. 
Diferentes grupos de pesquisa no mundo obtiveram plantas de café transformadas com genes para resistência a insetos, café 
descafeinado, resistência a herbicidas e controle da maturação de frutos. Apesar da maioria dos trabalhos ainda estar restrito 
a laboratórios e casas de vegetação, os primeiros dados de café em testes de campo começaram a surgir. Nesta revisão, os 
principais e mais recentes trabalhos em transformação do cafeeiro são apresentados, principalmente os aspectos técnicos de 
cultura de tecidos, estratégias de seleção e transformação via bombardeamento de partículas e via Agrobacterium tumefaciens. 
As aplicações potenciais desta tecnologia considerando possíveis riscos e benefícios assim como aspectos de mercado e 
consumo são também discutidos.
Palavras-chave: Agrobacterium, Coffea, biobalística, engenharia genética, transgênico.

INTRODUCTION
Plant genetic transformation permits an increase in 

the amplitude of the gene pool generally available in 
conventional breeding systems, allowing gene transfer 
across species. It is particularly important in perennial crops 
and tree species in which development of new cultivars is 
often difficult due to their long generation time. Thus, it 
can be a short cut to introduce a new trait and to develop 
new cultivars without losing the genetic background of the 
original transformed cultivar. Genetic transformation has 
been changing plant science and agriculture around the globe. 
Ten years after the release of the first commercial genetically 
modified plant, transgenic crop production is reaching the 
90 million hectare production mark (James, 2005). Besides 
the direct application in breeding programs for commercial 

purposes, plant transformation is a powerful instrument in 
plant science research. It can be used to knock out genes or 
to over-express them. This tool has been of great value and 
applicable in several research areas such as plant physiology, 
plant biochemistry and phytopathology, among others.

Conventional breeding efforts have been able to fulfill 
the majority of agricultural needs for coffee production, with 
remarkable success in selecting and producing cultivars for 
rust resistance, for changes in the maturation period and 
in plant architecture. However, the introduction of a new 
trait into a coffee elite variety, using conventional breeding 
techniques, is a lengthy process, which could take 20 to 35 
years before the release of a new cultivar. The use of genetic 
engineering to introduce new traits into elite coffee genotypes 
can reduce the necessary time for obtaining new cultivars 
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with desirable traits, such as disease resistance and improved 
quality. Furthermore, plant transformation opens a window of 
opportunity to introduce traits from different species, adding 
characteristics which would be difficult or even impossible to 
acquire using traditional breeding techniques, such as insect 
resistance, herbicide resistance, cup quality and tolerance to 
abiotic stress like drought or frost. 

Genetically modified (GM) coffee plants have been 
produced by different research groups in the world (Hatanaka 
et al., 1999; Spiral et al., 1999; Leroy et al., 2000; Ribas et 
al., 2005a,b). Despite significant advances over the last 15 
years, coffee transformation is still very laborious, with 
bottlenecks in the methodology that makes it far from a 
routine laboratory technique. 

The objective of this review is to provide an update on 
coffee transformation, bringing together the relevant scientific 
information and discussing the technical constraints. The 
potential use of coffee transformation, its perspectives 
and the potential benefits and risks are addressed, as well 
as considerations on market and consumer acceptance of 
genetically modified coffee products. 

Technical Issues in Coffee Transformation 
As for any other work involving plant genetic 

engineering, an efficient tissue culture protocol, a reliable 
selective system and the transformation method are critical 
parameters in coffee transformation. The combinations of 
these parameters, i.e., the timing of initiating the selection 
process according to the transformation system used, are also 
important issues to be considered and are presented below.

Tissue Culture 
The ideal tissue culture system for use in a plant trans-

formation protocol should provide the efficient regeneration 
of the cultivars or species. Unfortunately, plant regeneration 
in coffee is strictly dependent on the germoplasm. Of the two 
most economically important coffee species, C. canephora 
shows a faster and easier response for tissue culture work 
than C. arabica. However, both species have a remarkable 
variability for tissue culture response among different culti-
vars from the same species. In a study involving C. arabica, 
the capacity of embryogenic regeneration was evaluated in 
15 breeding lines (Molina et al., 2002). Leaf explants were 
collected from F3, F4 and F5 plants of the cross between Cof-
fea arabica cv. Caturra and the Timor Hybrid throughout 
the year over 3 years to ascertain the effect of the collection 
period. It was verified that embryogenic capacity in coffee 

depends on the genotype and this character is fixed in the 
early generations F3 or F4. No relation was found between 
embryogenic response in the months evaluated and climatic 
elements such as: precipitation, temperature, relative humidi-
ty and solar brightness. However, the observed differences in 
the embryogenic responses of the genotypes also depended 
on the time of the year in which the leaf explants were taken 
and on the growing conditions of the donor plants. Berthouly 
and Michaux-Ferrière (1996) also demonstrated the vari-
ability of embryogenesis response among genotypes of C. 
canephora.

Several techniques, such as somatic embryogenesis, 
meristem and axillary bud culture, induction of adventitious 
buds, androgenesis and protoplast culture, have been 
reported for plant regeneration and propagation using 
different types of tissue and coffee species (reviewed by 
Carneiro, 1997). Embryogenic tissues or somatic embryos 
have been the target tissues for most of the work in coffee 
transformation (table 1). In fact, after overcoming the initial 
barriers to produce embryogenic tissue and somatic embryos, 
these tissues have a remarkable capacity for production of 
secondary embryos, which makes them an ideal source of 
explant for transformation and micropopagation. Torpedo-
shaped embryos have been considered the best tissue 
for coffee transformation due to their high potential for 
secondary somatic embryogenesis, favoring the regeneration 
of transgenic plants (Spiral et al., 1993; Leroy et al., 2000).

Hatanaka et al. (1999) used two tissue culture systems 
for regenerating transgenic plants: indirect somatic 
embryogenesis for C. arabica using a modified half-strength 
MS medium (Murashige & Skoog, 1962) containing a 
combination of 1μM N-(2-chloro-4 pyridyl)- N’- phenylurea 
(4-CPPU) and 5μM 2,4D, and a direct method for both 
C. arabica and C. canephora in a half-strength MS plus 
20μM 2iP with fresh medium subcultures made at 3-week 
intervals.

As an alternative method, Mishra and Sreenath (2004) 
used hypocotyl explants for transformation. The hypocotyl 
segments were co-cultivated with Agrobacterium before the 
production of embryogenic tissue also using half-strength 
MS medium plus IAA, KIN and the appropriated selective 
agent.

Selective agent
Another requirement for successful recovery of trans-

genic plants is the choice of a suitable selective agent, its 
optimal concentration and the timing of selection. During 
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Table 1. Summary of Coffee sp transformation studies.*

Coffea species Explant used Transformation  method Results Reference

C. arabica Protoplast A. tumefaciens Transient GUS expression Spiral and Pétiard (1991)
Somatic embryos, cotyledons A. tumefaciens Kanamycin integration, no 

regeneration
Feng et al. (1992)

Protoplasts Eletroporation Kanamycin integration, no 
regeneration

Barton et al. (1991)

Somatic embryos - arabica 
and arabusta

A. rhizogenes GUS integration, plant regeneration Spiral and Pétiard (1993)

Somatic embryos   A.rhizogenes,
  A. tumefaciens

Putative transformed callus, T-DNA 
amplification 

Freire et al. (1994)

Somatic embryos, leaves Biolistic, plasmidial DNA Transient GUS expression Van Boxtel et al. (1995)
Cotyledons, leaves A. rhizogenes Hairy-root plant regeneration Sugiyama et al. (1995)
Somatic embryos A. tumefaciens Cry1Ac, csr1-1 integration, plant 

regeneration
Leroy et al. (2000)

Leaves, embryogenic tissue Biolistic delivery GUS expression Rosillo et al. (2003)
Embryogenic tissue, somatic 
embryo

Electroporation GUS expression, secondary embryo 
formation

Da Silva & Yuffá, (2003)

Embryogenic tissue, somatic 
embryos

A. tumefaciens GFP expression, CaMxMT1 
integration, transformed embryogenic 
tissue plant 

Ogita et al. (2004)

Embryogenic tissue Biolistic delivery GUS and BAR gene integration, plant 
regeneration

Cunha et al., (2004)

Embryogenic tissue A. tumefaciens Antisense ACC and BAR gene 
integration, plant regeneration

Ribas et al. (2006)

C. canephora Somatic embryos A. rhizogenes GUS integration, plant regeneration Spiral et al. (1993)
Somatic embryos A. rhizogenes GUS integration, plant regeneration Spiral and Pétiard (1993)
Somatic embryos A. tumefaciens Bt. integration, plant regeneration Leroy et al. (1997)
Embryogenic tissue A. tumefaciens GUS and HPT integration, plant 

regeneration
Hatanaka et al. (1999)

Somatic embryos A. tumefaciens Cry1Ac, csr1-1 integration, plant 
regeneration, field tests

Leroy et al. (2000), Perthuis 
et al. (2005)

Embryogenic tissue, somatic 
embryos

A. tumefaciens GFP expression, CaMxMT1 
integration, 
plant regeneration 

Ogita et al. (2004)

Embryogenic tissue A. tumefaciens GUS and BAR gene integration Cruz et al., 2004
Hypocotyl A. tumefaciens GUS and HPT integration, plant 

regeneration
Mishra and Sreenath (2004)

Embryogenic tissue Biolistic delivery GUS and BAR gene integration, plant 
regeneration

Ribas et al., (2001, 2005a)

Embryogenic tissue A. tumefaciens GUS and BAR gene integration, plant 
regeneration

Ribas et al., (2003, 2006)

Leaf explants, embryogenic 
tissue

A. tumefaciens DsRFP and NPTII  gene integration, 
plant regeneration

Canche-Moo et al., (2006)

* Updated from Spiral et al. (1999).

transformation, the selective agents must allow the prolifera-
tion of the transformed cells without the toxicity effects of 
polyphenolic oxidation from surrounding stressed or dying 
tissues. Thus, timing, concentration and the type of the se-
lective agent, with special consideration of their activity and 
translocation in the tissue, are factors that should be consid-
ered for a successful transformation protocol. Van Boxtel et 
al. (1997) assayed five selective agents (chlorsulfuron, glu-
fosinate, glyphosate, hygromycin and kanamycin) for coffee 
transformation. In embryogenic cells and suspensions only 
kanamycin at a concentration of 100mg.L-1 for C. canephora 

and glufosinate at 3mg.L-1 for both C. canephora and Con-
gusta were capable of inhibiting growth of embryogenic 
suspensions. Glyphosate at concentrations up to 90 mg.L-1 
was not sufficient for inhibiting growth and both chlorsul-
furon and hygromycin provoked severe necrosis in callus. 
The authors concluded that ammonium glufosinate showed 
the most effective inhibition of callus formation with leaves 
of C. arabica, Arabusta and C. canephora without causing 
early tissue necrosis. The sensitivity to selective agents was 
also genotype dependent. The clone 197 of C. canephora was 
the most sensitive to all selective agents and Arabusta was 
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the most vigorous being moderately inhibited by the action 
of the chemicals. 

The first transformed coffee plants used NPTII genes 
and kanamycin as selective agent (Spiral et al., 1993), 
but difficulties of screening transformation events in C. 
canephora with this antibiotic were reported. Hygromycin 
is another antibiotic successfully used as a selective agent 
(Hatanaka et al., 1999; Ogita et al., 2004; Mishra and 
Sreenath, 2004). A double selection approach was used 
by Hatanaka et al. (1999), where putative transgenic calli 
were initially selected under an increasing hygromycin 
concentration and the small plantlets were finally selected in 
a medium containing kanamycin. 

Since there are market and consumer issues concerning 
the use of antibiotic resistant markers on transformed plants, 
the use of herbicide resistant genes or positive selection 
marker genes is recommended, where commercial use of the 
transgenic plant is sought. The herbicide chlorsulfuron has 
been successful used as selective agent on embryogenic tissue 
transformed with a csrl-1 gene (Leroy et al., 2000). Ribas et 
al. (2005a,b) used glufosinate as selective agent to produce 
transformed C. canephora with the BAR gene. Glufosinate 
was very effective to select transformed tissue, using either 
particle bombardment or Agrobacterium tumefaciens as the 
transformation system. 

Positive selection systems are an alternative to the use 
of antibiotics for selection (Penna et al., 2002). Samson et 
al. (2004) evaluated the response of somatic embryos to 
formation using mannose and xylose as a positive selection 
in a glucose-free medium. Testing four species of Coffea, 
they demonstrated that the explants were able to grow in 
the presence of mannose as carbohydrate source, but not in 
different concentrations of xylose. This indicates the potential 
use of xylose isomerase genes as a positive selection marker 
in coffee transformation.

Transformation system
Despite the complexities to achieve a reliable tissue 

culture and selective system for transformation, few 
research groups have been able to transform Coffea using 
Agrobacterium, biolistic or electroporation methods. Full-
grown plants were only obtained using the two first methods, 
for both C. canephora and C. arabica.

Electroporation: Transformed somatic embryos of C. 
arabica were first reported by Barton et al. (1991) using 
electroporation to integrate foreign DNA in the protoplast. 

Regeneration of transformed embryos and plantlets resistant 
to kanamycin were obtained but the plantlets did not survive 
due their feeble root system. 

The conditions for the transformation of coffee somatic 
embryos by electroporation were evaluated by transient 
expression of the β–glucuronidase gene (GUS) (Da Silva & 
Menéndez-Yuffá, 2003). Optimal conditions were determined 
for use prior to electroporation of the torpedo-shaped somatic 
embryos with the pCambia 3201 plasmid.  The best results 
were achieved when the embryos were pretreated for one hour 
in an enzymatic solution (2% cellulase and 1% macerozyme 
in 5 mM MES, 0.5 M mannitol and 25 mM CaCl2 at pH5.8), 
incubated in potassium aspartate buffer pH 5.8 (70 mM 
aspartic acid, 5 mM calcium gluconate, 5 mM MES and 0.4 
mM mannitol) at 28° C for three hours with changes every 
hour, and finally electroporated at 900 μF, 375 V/cm. The 
electroporated tissues were then cultured in liquid medium 
containing 1⁄2 strength MS salts, 100 mg.L-1 myo-inositol, 35 
mg.L-1 cysteine, 10 mg.L-1 thiamine, 30 g.L-1 sucrose and 8 
mg.L-1 benzyladenine in order to induce secondary somatic 
embryogenesis. They obtained regenerated plantlets showing 
GUS expression and confirmed the presence of GUS and 
BAR genes in two out of eight regenerated plantlets (Da Silva 
& Menéndez-Yuffá, 2003). 

Biolistic delivery: Direct gene transfer via particle bombard-
ment offers some advantages in relation to transformation 
using Agrobacterium, mainly in the use of simple vector 
constructions and less demanding transformation protocols, 
since the complex plant/bacterium interrelationship is elimi-
nated (Gray and Finer 1993).

Van Boxtel et al. (1995) were the first to describe the 
transient expression of the GUS marker gene following 
biolistic delivery of foreign DNA into coffee tissues. Testing 
several kinds of explants, including callus, suspension 
cultures, somatic embryos and leaves, they also observed 
light bluish staining after X-gluc incubation in control 
treatments, indicative of endogenous GUS expression. The 
effect of antioxidants to suppress tissue browning during X-
gluc incubation was also tested but none of these (caffeine, 
PVP-10 or sodium metabisulfite) had a positive effect on 
preventing oxidative browning and GUS-staining intensity. 
They concluded that suspension cultures and somatic 
embryos were less appropriate for transient expression 
studies because these tissues are more difficult to handle 
during the bombardment phase and also because endogenous 
blue staining was observed for both somatic embryos and 
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controls. Leaves from in vitro microcuttings showed the 
highest levels of transient expression, which might be related 
to the juvenile character of this tissue compared to leaves of 
greenhouse-grown plants that present a higher tendency for 
necrosis. The best results were obtained using the EF1α-A1 
promoter from Arabidopsis thaliana which increased GUS 
expression in coffee leaves by 2 to 5 fold in comparison to 
the CaMV35S promoter.

Rosillo et al. (2003) evaluated interactions between 
osmotic pre-conditioning of cells and physical parameters 
for bombardment of C. arabica var. Colombia line BK620. 
Using the vector pCambia2301, the highest transient GUS 
expression was obtained using either 900 psi with 9 cm 
or 1550 psi with 12 cm as target distance. Four hours of 
treatment of the cells with mannitol and sorbitol prior to 
bombardment increased up to ten-fold the number of cells 
showing GUS transient expression. 

The first report of successful regeneration of transgenic 
coffee plants (C. canephora) using the biolistic transformation 
system was recently published by Ribas et al. (2001, 2005a). 
Using the pCambia3301 plasmid containing GUS report 
gene and BAR gene that confer resistance to ammonium 
glufosinate as selectable marker, they demonstrated that 
the BAR gene was suitable for selecting transformed tissue 
in vitro and herbicide screening can be applied for in vivo 
identification of transgenic coffee plants.  Cunha et al. (2004) 
described a methodology for transformation of C. arabica 
using biolistics, where embyogenic callus was transformed 
with nptII and GUS genes. The regenerated plants showed 
expression of the GUS gene whose presence was also 
detected by PCR.

Gene transfer by Agrobacterium tumefaciens has 
become the most frequently used method for transferring 
foreign genes into plant cells (De La Riva et al., 1998). 
The natural Agrobacterium preference for interaction with 
dicotyledonous plants together with the amount and diversity 
of phenolic compounds in coffee are certainly important 
factors for this method of transformation being the most 
frequently reported in Coffea. Transformed tissues have 
been obtained with both A. rhyzogenesis  and A. tumefaciens, 
but only the later has consistently led to regeneration of 
transformed plants. Different strains of A. tumefaciens have 
been used, namely LBA4404, C58, EHA101 and 105, all of 
them successful in transforming coffee tissues. 

Ocampo and Manzanera (1991) were the first to 
demonstrate that C. arabica tissues could be infected by 
wild strains of A. tumefaciens. They used different kinds of 

tissues for transformation and although they were capable of 
infecting hypocotyls of in vitro germinated coffee seeds, no 
regenerated plants were reported.

Another initial report on genetic transformation of coffee 
involved the co-cultivation of protoplasts with different 
strains of Agrobacterium tumefaciens carrying NPTII and β-
glucoronidase markers (Spiral and Pètiard, 1991). Transient 
expression was demonstrated by a GUS histochemical 
assay on callus derived form treated protoplasts but plant 
regeneration was again not obtained. Following this work, 
Spiral et al. (1993) used A. rhizogenes with a binary plasmid 
p35S-GUS-INT carrying GUS and NPTII genes to transform 
torpedo-shaped somatic embryos of C. canephora  that 
were scapel wounded before inoculation. They regenerated 
plantlets that after assay for GUS activity showed the 
presence of the transformed genes by PCR analysis. At the 
time of these experiments, they had no reliable selective 
system for transformation, thus the A. rhizogenes vector was 
used for the phenotypic detection of the transformed tissue 
based on the production of hairy roots (Spiral et al., 1999). 
Coffee transformation with A. rhizogenes was very efficient 
and led to the regeneration of transgenic plants without using 
antibiotic or herbicide selection. However, some transformed 
plants of C. canephora showed some undesirable phenotypes 
such as short internodes and crinkled leaves, while C arabica 
exhibited a more conventional phenotype, but still had short 
internodes and a specific shape expressed as an erect form.

Leroy et al. (1997, 2000) transformed somatic embryos 
of C. canephora and C. arabica with A. rhizogenes A4 and/
or A. tumefaciens LBA4404. The T-DNA region contained 
the CRY1Ac gene from Bacillus thuringiensis designed 
for providing insect resistance, plus the CSR1-1 gene that 
confers resistance to the herbicide chlorsulfuron herbicide 
and the GUS reporter gene. They demonstrated that 30 to 
80% of calli that developed in selective medium showed a 
deep blue color characteristic of GUS-transformed tissue. 
Molecular assays confirmed the presence of these genes in 
the plant genome. Coffee plants transformed with disarmed 
A. tumefaciens showed normal phenotype while plants 
transformed with armed A. rhizogenes showed a modified 
phenotype named “hairy root’ that was not agronomically 
desirable. The plants were tested both in the greenhouse and 
in the field for resistance to leaf miner, as reviewed below. 

Hatanaka et al. (1999) transformed C. canephora 
embryogenic calli by co-cultivating with A. tumefaciens 
EHA101 carrying the plasmid pIG121-Hm containing 
GUS, hygromycin phosphotransferase (HPT) and neomycin 
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phosphotransferase II (NPTII) genes in the T-DNA region. 
The genes GUS and HPT were detected by PCR in transgenic 
plants. Ogita et al. (2004) also used the strain EHA101 but 
with the pBIH1-IG modified vector which contained a GFP 
gene. Expression of GPF could be detected in regenerated 
somatic embryos and also in whole regenerated plants. 

The methodology for genetic transformation of Coffea 
using Agrobacterium was described in detail by Leroy and 
Dufour (2004). They were able to transform 20 different 
genotypes of either C. arabica or C. canephora by co-
cultivation of embryogenic calli with A. tumefaciens. Two 
genes were transferred to the coffee plants, CSRl-1 which 
codes for tolerance to the herbicide chlorsulforon, and the 
CRY1-AC gene, a Bacillus thurigiensis gene which codes for 
resistance to coffee leaf miner. Using a similar methodology, 
Ribas et al. (2005b) were able to transform C. canephora 
plants using A. tumefaciens EHA105 with the BAR gene 
producing plants tolerant to the herbicide ammonium 
glufosinate. 

The Agrobacterium transformation conditions such as 
concentration of bacterium suspension and the time used for 
co-cultivation were variable. The most frequent concentration 
of Agrobacterium (OD600 nm) used was around 0.5 (Leroy 
& Dufour, 2004) ranging from 0.2 (Ribas et al., 2005b) 
to 0.6 (Hatanaka et al., 1999). The time of co-cultivation 
varies from 10 min (Ogita et al., 2004) to four days (Mishra 
and Sreenath, 2004). Other practices have also been used 
to improve Agrobacterium infection, such as incubation 
in the dark, use of acetosyringone during co-cultivation, 
sonication (Ribas et al., 2005b), wounding of explants prior 
to co-cultivation (Leroy et al., 2000) and vacuum infiltration 
(Chance-Moo et al., 2006).

Applications 
Insect resistance: Production of coffee plants resistant to 
insects has been a long sought objective of many breeding 
programs. The insects responsible for the main problems 
affecting coffee production are coffee berry borer (CBB, 
Hypothenemus hampei) and leaf miner (Perileucoptera cof-
feella). The potential use of genes from Bacillus thuringien-
sis (Bt) to protect against leaf miner has been demonstrated 
by Guerreiro Filho et al. (1998) through the selection of three 
proteins, CryIA(c), CryIB and CryIE, with toxicity towards 
Perileucoptera sp. 

Coffee transgenic plants carrying a synthetic version of 
the cry1Ac gene have been produced (Leroy et al. 2000). 
Transformed plants highly resistant to leaf miner under 

greenhouse conditions were tested under field conditions in 
French Guyana during 4 years for field resistance (Perthuis et 
al., 2005) in an experiment with 54 different transformation 
events. Approximately 70% of the events tested were resistant 
to leaf miner. They also observed that the transformed plants 
presented similar growth and development compared 
to control plants. It was the first time that an important 
agronomic trait was introduced into a coffee plant and also 
field tested. Unfortunately, the field trial was vandalized and 
the experiment had to be suspended (Montagnon, 2005).

Since there are Bt proteins toxic for coleopterans, we 
can assume that it will be possible to use them against CBB. 
Mendez-Lopez et al. (2003) demonstrated that the Bt serovar 
israelensis was highly toxic to CBB during the first-instar of 
the larvae. Protection against coleopteran has been obtained 
in corn using the Bt gene CRY3Bb1, indicating that this or 
a similar Bt gene might be effective against the CBB. This 
is an important example of the potential utilization of the 
transformation technology, since to date, there is no reported 
source of resistance to CBB in Coffea species and the 
chemical control of the insect is difficult due the its life cycle, 
spent most of the time inside the berry. In another approach 
to control CBB, an α-amylase inhibitor from Phaseolus 
vulgaris has been considered as a target gene for introduction 
in coffee plants. In vitro assays demonstrated that this protein 
can inhibit CBB growth and development (Grossi de Sá et 
al., 2004). Coffea arabica plants have been transformed with 
this gene, but the transformed plants have still not been tested 
(Barros, personal communication). 

Control of CBB using transformed plants could 
represent an additional health benefit. In Bt corn, a decrease 
in both Fusarium and the mycotoxin fumosin has been 
reported (Munkvold et al., 1999). Since H. hampei acts as a 
vector for fungi penetration in coffee (Vega and Mercadier, 
1999), lesser CBB infestation could reduce  the amount of 
Aspergillus flavus and A. ocraceous, and consequently the 
amount of ochratoxin produced in the coffee, which is of 
major concern in the most important coffee markets, Europe 
and U.S.A. 

However, the cultivation of coffee with resistant insect 
transgenes has to be accompanied by intense pest management 
studies. The constant selective pressure of the plants on the 
insect population will probably favor the emergence of insect 
resistant populations. Since coffee plantations can remain 
productive for as long as 30 years without renovation of the 
trees, strategies for pest management must be implemented 
together with the introduction of insect resistant transgenic 
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coffee plants, such as the use of cultivated lines of non-
transgenic coffee, biological control with natural predators, 
and other agronomic practices to keep resistant insect 
populations under control.

 
Caffeine content: Low caffeine and decaffeinated coffee 
represent around 10% of the coffee sales around the world. 
The industrial process for coffee decaffeination can be 
expensive and also affects the original flavour of coffee 
(Heilmann, 2001; Davis, 2002).

The main pathway for biosynthesis of caffeine in coffee 
fruits and leaves has been elucidated (Suzuki and Waller, 
1984) and the main N-methyl transferases genes involved in 
caffeine synthesis have been identified (Ogawa et al., 2001; 
Uefuji et al., 2003a). Genes responsible for successively 
adding methyl groups to xanthosine converting it to caffeine 
were patented for use as antisense suppressors of caffeine 
synthesis (Stiles et al., 2000; Mizuno et al., 2003; Uefuji et 
al., 2003b). 

Ogita et al. (2003, 2004) obtained transgenic coffee plants 
with suppressed caffeine synthesis using RNA interference 
(RNAi) technology for inhibition of a theobromine synthase 
gene (CaMXMT1). Two RNAi vectors were constructed 
with identical sequences both containing a spacer fragment 
derived from GUS gene. The RNAi was under the control of 
the CaMV35S promoter and nopaline synthase (NOS) termi-
nator. They successful produced low-caffeine plantlets of C. 
canephora with 70 % reduction of both theobromine and caf-
feine in the leaves compared to the control plants. Transcript 
down-regulation occurred not only for the CaMXMT1 gene, 
but also for CaMXT1, another gene involved in the methyla-
tion steps of caffeine biosynthesis. Theobromine and caffeine 
reduction in transformed C. arabica embryogenic tissue was 
also analyzed. The transgenic tissue showed a reduction of 
theobromine and caffeine content ranging from 65 to 85 
% and from 65 to 100%, respectively. They concluded that 
RNAi appears to confer a global effect on expression of rel-
evant genes and that theobromine is the major intermediate in 
caffeine biosynthesis as its decrease was proportional to the 
reduction in caffeine content.  Furthermore, this is the first 
report of the use of the RNAi technique in Coffea, a strategy 
that could be applied for several other genes aimed at pro-
ducing new agronomic traits or simply to study biochemical 
pathways through the inhibition of a gene.  

It is only recently that a naturally decaffeinated Arabica 
coffee germoplasm has been reported (Silvarolla et al. 2004). 
The low caffeine content is probably due a mutation in the 

caffeine synthase gene, responsible for the last step of the 
caffeine biosynthetic pathway. Molecular characterization of 
the gene involved in this mutation will certainly provide more 
insight to design strategies to inhibit caffeine production. The 
introduction of this characteristic into commercial cultivars 
using conventional breeding is currently under way. 

Physiological modification of fruit ripening: Uniformity 
during fruit ripening is decisively related to cup quality in 
coffee, and consequently to the value of the product. Red and 
cherry fruits are the ideal ripening stage, which can produce 
the best organoleptical characteristic for coffee. The presence 
of green fruits and over-ripened fruits changes the acidity, the 
bitterness and consequently the cup quality. 

Fruit maturation could be modified by genetic control of 
either the blossom period or the late stages of the maturation 
process. However, regulation of flowering is a complex 
mechanism involving the expression and interaction of 
several genes (Parcy 2005). A full study on the mechanisms 
of the genetic control of coffee blossoming has not been 
carried out yet. Research on genes involved in the phase 
change, when meristems are transformed from a vegetative 
stage to a reproductive stage, might provide insight into 
flowering control. Several of these genes, such as LEAFY, 
APETALA and CAULIFLOWER have been reported for 
Arabidopsis and certainly will be found in coffee. It would 
also be interesting to study how these genes are activated 
by the spring showers during the blossoming period. The 
utilization of data from the Coffee Genome Project (Vieira 
et al. in this publication) would allow the identification of 
genes involved in flowering and the study of their effects on 
regulation of this physiological process. 

Another way to improve fruit ripening uniformity is 
to control the action of genes involved in the last steps of 
the maturation process, which is triggered by ethylene. In 
coffee, as well as other climacteric fruits, a dramatic increase 
in ethylene biosynthesis promotes the subsequent steps of 
fruit ripening, with biochemical and physiological changes 
(Pereira et al., 2005). These changes include softening of 
the cell wall, sugar accumulation, modification of phenolic 
and organic acid compounds, accumulation of anthocyanins 
and carotenoids. The ethylene burst stimulates an increase in 
respiration, which will provide the necessary energy for such 
metabolic changes. To control coffee maturation, two of the 
main genes of the enzymes involved in ethylene biosynthesis 
have been cloned, namely ACC synthase and ACC oxidase 
(Neupane et al., 1999; Pereira et al., 2005). Introduction 
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of the ACC oxidase gene in antisense orientation has been 
recently achieved in our laboratory for both C. arabica and 
C. canephora (Ribas et al., 2003, 2005b). Further work 
to study the effect of inhibition of these genes on fruit 
maturation and ethylene production in transgenic plants are 
currently under way. 

The inhibition of genes downstream to the initial ethylene 
burst is also an option to control coffee fruit maturation. 
Gene families such as expansins, polygalacturonases, and 
pectin methyl esterases have been used to improve fruit 
maturation in different climateric fruits. Several of these 
genes, encountered in the Coffee Genome Project, are 
currently being studied with the aim of identifying those 
that are fruit specific and that can be used to regulate fruit 
maturation (Budzinski et al., 2005). Exploitation of these 
genes in transformation projects would also lead to a better 
understanding of the biochemical changes occurring during 
the ripening process of coffee.

Herbicide Tolerant Plants: Herbicide tolerant coffee plants 
can facilitate farming practices by allowing an appropri-
ate control of weeds in coffee plantations. Weed control is 
highly recommended in coffee plantations, since they can 
causes yield losses of up to 20 %, mainly due nutrient and 
water competition (Blanco et al., 1982). Nowadays, farmers 
in different coffee growing regions of the world have been in-
creasingly replacing low-density with high-density planting 
regimes. Tillage normally restricts high-density coffee plant-
ing, since wide plant spacing is required to enable access to 
the crop; this is also costly in terms of labor and may result 
in significant crop damage. The inclusion of herbicides in an 
integrated weed management program is a recommended 
practice for controlling weeds in high-density coffee planting 
systems for an economically sustainable coffee production. 
Furthermore, the improvement of the economic situation in 
coffee producing countries will certainly be followed by a 
reduction of manual labor available for farms, with a conse-
quent increase in labor wages. The use of chemical applica-
tions can decrease by around ten times the hours of labor 
required for weed control (Carvalho, 1982). Thus, herbicide 
tolerant coffee plants should prove useful in diverse farming 
systems. Another advantage of this technology would be the 
reduction of phytotoxicity that occurs during traditional her-
bicide application. To date, herbicide tolerant germoplasm 
has not been identified in Coffea species, and consequently 
conventional plant breeding for herbicide-tolerant varieties 
is still not possible. 

Ribas et al. (2005a, 2006) introduced the BAR gene in 
C. canephora and C. arabica. The BAR gene inactivates 
the herbicide ammonium glufosinate, which is normally 
used as a non-selective pre-emergence herbicide and also 
for pre-harvest desiccation (Botterman and Leemans, 
1988). Transgenic plants were sprayed with the herbicide 
ammonium glufosinate (Finale®) under greenhouse 
conditions and showed no phytotoxicity symptoms (figure 
1). The herbicide resistant plants were found to support up to 
eight times the recommended field application.

Nevertheless, the application of this technology must 
be accompanied by proper weed management control, since 
the constant application of just one herbicide will certainly 
promote the emergence of tolerant weed populations. The 
addition of two or more genes for resistance to different 
groups of herbicide together with appropriate weed 
management techniques, might help avoid this situation. 

Abiotic Stress Tolerance: Improve coffee tolerance to 
drought, salt and frost is a main objective in several coffee 
breeding programs. Drought is one of the major constraints 
in several coffee production areas in the world. In Minas 
Gerais, the largest coffee region in Brazil, short drought 
periods can result in 20 to 30 % loss in yield at harvest. Salt, 
and also aluminum stress, can be a limiting factor for coffee 
growers due their phytotoxicity and the interference with 
absorption of nutrients by the plant. Increased cold tolerance 
in coffee would certainly help avoid damage at least by slight 
frosts in coffee plantations in the south and southeast regions 
of Brazil. 

 With the identification of stress-inducible genes and 
studies on their role in stress tolerance, several approaches 
have been proposed to improve drought tolerance in plants. 
Dehydration-response transcription factors, which are in-
volved in the response to water, cold and salt stress, have 
been used to produce transgenic plants with better stress 
tolerance (Kasuga et al., 1999). These genes are activators 
of several stress-related family genes such as cor15a, cor6.6, 
rd29A, rd17, kin1, and erd10. Initial data mining of the Cof-
fee Genome Project Database demonstrated the presence 
of several abiotic stress-related genes (Vinecky al., 2005) 
whose expression could be manipulated to improve coffee 
tolerance to these factors.

One of the responses to abiotic stress is the accumulation 
of non-toxic, low molecular weight compounds, called 
compatible solutes or osmolytes, such as proline, sorbitol, 
mannitol and glycine betaine. Genetic engineering of coffee 
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introduced as well as the cost of this new technology to the 
farmer. The cost of royalties and/or technology fees may 
be intimidating, so the value and profitability of any new 
characteristic must be made clear to the farmer so as to ensure 
that he adopts this new technology quickly.

On the other hand, the delay in commercial introduction 
of genetic modified coffee might be advantageous. With the 
continuous use of GM crops around the globe (James, 2005) 
market and consumer perception on GM plants and food in 
the next 20 years might be more positive than it is today, 
easing the entry of GM coffee in farming systems. Consumer 
receptiveness would be facilitated if the initial GM products 
on the market also have significant characteristics for 
consumers, such as improvements in quality and health 
aspects, and not just advantages for the farmers. 

Conclusion and Perspectives
In spite of possible market restrictions, genetic transfor-

mation of coffee will gradually become an important com-
ponent in most coffee breeding programs in the medium and 
long term. The recent initiatives with coffee genomes (Lin et 
al. 2005; Vieira et al., in this publication) will undoubtedly 
bring a considerable amount of information and tools to be 
used in coffee genetics. Coffee plant transformation can be 
used to validate gene functions through over-expression or 
gene knock-out, providing insights into several areas of cof-
fee plant research. The identification and characterization of 
specific and/or inducible coffee promoters (Marraccini et al., 
2003; Satyanarayana et al., 2005) will allow a more refined 
regulation of the gene, leading to the use of this technology 
with greater precision. The continuous progress in monitor-
ing the utilization of other GM crops around the world (Bates 
et al., 2005) will also help us to use the genetic transforma-
tion technology at the recommended biosafety levels.   
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