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Résumé de la thèse

Résumé de la thèse

Pour les pays producteur de café latino-arnéricains, les nématodes phyto-pathogènes, en

particulier les nématodes à galles , sont fréquemment observés sur des racines de caféier. Us

causent des baisses spectaculaires des rendements et l'affaiblissement de la plante qui mène

souvent à sa mort. En Amérique latine, les nématodes sont souvent contrôlés avec des

nématicides, qui sont parmi les molécules les plus toxiques utilisées dans l'agriculture. D'ailleurs,

l'efficacité de ces produits est limitée puisque les nématodes vivent une partie de leur cycle de vie

dans le sol à l'abri des pesticides. Une alternative consiste à développer la gestion intégrée des

parasites (IPM) et à employer des variétés résistantes de caféier. Ces deux approches constituent

une alternative écologique et durable par rapport à l'utilisation souvent irrationnelle des produits

phytosanitaires, qui représentent un danger pour la santé de 1'homme et pour son environnement.

La plupart des pays producteurs de café n'ont jamais fait l'effort de créer les variétés d'arabica qui

soient résistantes aux nématodes. Dans ce contexte, l'IRD et le CIRAD avaient développé depuis

1990 un programme destiné à créer puis à multiplier des variétés d'arabica sélectionnées entre

autres pour la résistance aux nématodes de galles (Meloidogyne sp.). Ce programme a commencé

en Am érique Centrale, puis dernièrement au Brésil avec le soutien des laboratoires à Montpellier.

Il s'appuie de nombreuses équipes nationales . Ce programme de recherche international produit

la principale connaissance scientifique à ce sujet et a conduit au développement et à la diffusion

de variétés résistantes (Etienne et al. 2002).

Lors d'une première phase, les études se sont concentrées sur la div ersité de nématode

(taxonomie). En effet, il y a il existe une quinzaine d'espèces de nématodes de galles, pour

lesquelles très peu de choses sont connues . Puis, des échantillons représentatifs d'espèces de

caféier ont été testés pour leur résistance aux principales espèces de nématodes . Ce travail initial

s'est concrétisé par la mise à disposition de la variété porte-greffe .Nemaya' (Bertrand et al.

2002).

Les pat ho-systèmes Meloidogyne exigualC arabica et M. paranaensislC arabica ont alors été

choisis par l'équipe IRD-CIRAD pour étudier plus étroitement les mécanismes de résistance, le

déterminisme génétique, et l'expression des gènes de résistance. Un résultat majeur fut

l'identification du gène de résistance à M. exigua dans les lignées de C arabica en cours de

sélection . Ce gène de résistance (Mex-l) était introgressé dans l'arabica suite à un croisement avec
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J'espèce vorsine C. canephora var. Robusta . Ce gène est en cours de clonage et la séquenc e

putative sera bientôt disponible.

Le but de cette thèse était de développer les outils efficaces (transgénèses et bio-essais) pour

l'analyse fonctionnelle des gènes de résistance de caféier, en utilisant un procédé de

transformation basé sur Agrobacterium rhizogenes. A court terme cet outil devrait permettre de

valid er la fonct ionn alité du gène Mex-l .

Pendant ce travail de thèse, une tentative a été faite d'accompl ir les objectifs qui étaient fixes .

Dan s cette résume générale, les résultats principaux sont rappelés et discutés par rapport aux

questions augmentées. Des perspectives sont indiquées pour l'usage des technologies

développées, tandi s qu'également essayant d'augmenter la connaissance des mécanismes de

transformation.

Rappel des résultats de force et de leurs implications

Dans la première section, une revue bibliographique complète est dév eloppée sur la culture et la

multiplication du café et plus spécifiquement sur la transformation génét ique . Une délib ération

trait- sage au sujet des principaux accomplissements des sources de distributeur de gène , des

méthodes utili sées, le choix du tissu transformé, la régénération des usines entières, et les futur es

perspect ives de la transgénèse pour la validation fonctionnelle de Mex-I sont décrits.

Dans la deu xième section, on Je confirme qu e l'expression dominante du gène Mex-I existe dans

des génotypes heterozygous et provoque une résistance intermédiaire qui réduit le développement

des juvéniles de nématode, et pas nécessairement la pénétration. Nous avons prouvé qu'une telle

résist ance intermédiaire était stable sous la pression élevée de parasite dans des conditions

contrôlées et de champ. Ces résultats suggèrent un effet possible de dos age du gène Mex-l .

Dans la troi sième section, est décrit l'établissem ent d'un protocole de transformation du caféier

par A. rhizogenes , qui permet la production efficace el rapide des « plants composite s » (racines

transformées induites sur les pouss es non-transformées ). On lui a montré que les racines

transformées dans des états de pépinière maintien le phén otype de résistance / susceptibilité à M.

exigua des variétés desquelles elles ont été dérivées.

2
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Dans la quatrième section, une description est donnée des conditions de culture pour la

prolifération efficace des racines velues. La similitude des phénotypes entre racines transformé et

non-a transformé a été indiquée . En utilisant un protocole d 'analyse d'image, des phénotypes

aberrant ont été efficacement et éliminés avant une analyse fonctionnelle des gènes de racine.

Dans la cinquième section, on démontre que protocole de transformation du caféier par A.

rhizogenes développé dans la troisième section était fiable avec trois vecteurs binaires différents

(pBinI9-p35S-uidA, pBin-p35s-gjp, pCambia2300-p35s-gfp) montrant les niveaux élevés de

l'efficacité de transformation. Par analyse histologique on a démontré que l'anatomie des racines

transformées par A. rhizogenes était semblable aux racines non-transformées dans conditions in

vitro et ex vitro. Nous avons prouvé que l'activité de glucuronidase était hétérogènes et montré

profil de l'expression variable entre différentes racines transformées avec le gène uidA. De même,

l'expression d'epifluorescence du gène gjp éta it hétérogène entre différentes racines transform ées,

L'analyse exécutée par microscopie confocal menée à la conclusion que le modèle de l'expression

du promoteur CaMV35 était mosaïque et hétérogène entre différent racines transformées.

3
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General introduction

ln this introduction, we intend to dcscribe the context into which my thesis work fits.

For Latin American coffee growing regions, phyto-pathogenic nematodes, particularly root-knot

nematodes, are frequently found on coffee tree roots. They cause spectacular drops in yields, and

decay that often leads to early death. In Latin America, nematodes are controlled with

nematicides, which are among the most toxic molecules used in agriculture. Moreover, the

effectiveness of tbose products is Iimited as nematodes live part of their life cycle in the soil and

are sheltered from the pesticides. One alternative consists in developing integrated pest

management (lPM) and using resistant coffee tree varieties. Those two approaches are an

ecological and sustainable alternative to often irrational use of phytosanitary products, which are

a danger to human health and his environ ment.

Most coffee producing countries have never made much of an effort to create Arabica varieties

that are resistant to nematodes. ln that context, IRD and CIRAD have been working since 1990

on developing a programme to breed Arabica varieties for resistance to root-knot nematodes. The

programme began in Central America, and latter in Brazil with support from the laboratories in

Montpellier. 11 relies on numerous national teams. This leading international programme is

producing the main scientific knowledge on this subject and has led to the development and

dissemination of resistant varieties (Etienne et al. 2002).

ln an initial phase, the studies focused on nematode diversity (taxonomy). Indeed, there are

around fifteen species of root-knot nematode, of which little is often known. Then, representative

sampI es of coffee tree species were tested for their resistance to the main species of nematodes.

That initial work led to the first new variety (exampJe of the 'Nemaya' rootstock variety, Bertrand

et al. 2002).

The Meloidogyne exigualColJea arabica and M. paranaensislC arabica patho-systems were then

chosen by the IRD-CIRAD team to take a closer look at resistance mechanisms, genetic

determinism, and the expression of resistance genes. One major result was identification of the

gene of resistance to M. exigua in the Arabica lines undergoing selection at the time.

4
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That resistance gene (Mex-l) was introgressed into Arabica by crossing from the close species C.

canephora var. Robusta.lt is now being cJoned and putative sequence is available.

The work described in this thesis was mainly devoted to developing a functional analysis method

to vaJidate genes of resistance to root-knot nematodes, and more particularly the Mex-f gene.

However, in section li, we describe characterization of the expression of that gene under

controlled and natural conditions, in order to show that the expression of resistance is not as

simple as il might have seemed previousJy and completes my MSc work. Sections III and IV are

devoted to the deveJopmcnt of a genetic transformation method. Section V deals with an analysis

of the expression of reporter genes under the control of promoter 35S from the caulitlower

mosaic virus in transformcd roots. Lastly, the main results obtained are described and discussed

in relation to the fixed hypotheses and objectives. Prospects for taking this work further are

proposed with a view to using the techniques developed for a functional analysis of genes of

interest, particularly resistance genes, paying particular attention to the Mex- f gene.

5
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Bibliography introduction
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1. Coffee (Coffea arabica)

Economical and social importance

Coffee industry currently worth roughly $ 10 billion per year, standing next to petroleum as the

most valuable conunodity exported from the tropics. For many developing countries coffee

constitutes a major source of foreign exchange. The coffee production chain consists of producers

(mostly smallholders who grow coffee on family plots and which number is estimated around 25

million in world), intermediates (like millers, traders, exporters and importers), coffee roasters

and consumers. The intermediates provide a lot of coffee-related jobs in the countries of origin

and five coffee roasters companies (Kraft, Nestle , Sara Lee, Procter&Gamble and Tchibo) buy

almost half of the world's supply of green coffee beans (Oxfam, 2002).

Since the creation of the International Coffee Organization (ICO) in 1960, coffee international

trade was regulated by an agreement of exportation quotas by country. The quotas system "ruled"

during decades the coffee market and maintained minimal selling priees for producing countries

and, during this time, farmers used to make a good profit from their crop. The rupture of the

international coffee agreement in 1989 brought market liberalization and overproduction caused

by the subsidized entry of new producers in South East Asia (principally Vietnam), as weIl as a

substantial increase in production in traditional Latin American producing countries like Brazil.

As a result, priees felt down and almost ail coffee producing countries entered in economical

crisis which has not yet finished . This situation generated the disintegration of national coffee

agencies and consequently, agronomie research and extension activities disappeared. Rural

development and livelihood began to degrade in many coffee regions and loans from banks for

maintenance and renovation of plantations became rare or inexistent (Bates, 1999).

In addition, coffee growers had to face an additional problem: the global atmospheric

disturbances. An example is "El Niûo" phenomenon which periodically appearance provoke that

sorne tropical regions in the world receive worth of rain in few months or weeks, causing

extensive flooding and the destruction of roads and infrastructure, whereas other regions suffer

droughts and disastrous forest fires (Solow et al. 1998; Noss, 2001).

7
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The priee crisis especially affected the Central American countries, due to their higher production

costs and subsequent lower competitiveness in relation to Brazil and Vietnam. Large numbers of

coffee growers, in order to overcome the crisis, have been forced to differentiate their product and

supply a higher-value producl. This "différentiation" includes an increasing interest to plant

varieties with comparable beverage quality to traditional varieties but with intrinsic resistance to

principal pest and diseases in order to reduce dependency to agrochemicals and target the actual

demand from consurning countries of sustainable coffees (Kilian et al. 2004).

Taxonomy and origin

CofJea arabica species is originated from the high plateau of Ethiopia and forms part of the genus

CofJea that includes more than 103 different species (Davis & Stoffelen, 2006). With exception of

C. arabica, which present 44 (2n=4x=44) ail the rest of species, have 22 chromosomes

(2n=2x=22). C. arabica is an allotetraploid plant originated from Iwo different wild diploids

species : CofJea eugenioides and CofJea canephora (Lashermes et al. 1999). The self-fertilization

of the species is not strict. The rate of auto-fecundation was estirnated at 90% in conditions of

plantation (Carvalho, 1988a). The meiotic diploid behavior of the Arabica was confirmed by

Lashermes et al. (2000) by the observation of the segregation of markers RFLP in F2 progenies.

Polyploidy is described as "the formation of a higher chromosome number by the addition of

extra who le chromosome sets present in one or more ancestral organisrns" (Grant , 1981). Hence,

polyploid can result from doubling a single species' genome (autopolyploidy) or from joining

together Iwo or more differenl genomes (allopolyploidy). Fusion of unreduced gametes that

contain a diploid, rather than haploid, chromosome complement is the most probable route to

both types of polyploidy (So!tis & So!tis, 2000). PoJyploid may have broader ecological

amplitudes than their diploid progenitors because of their increased genetic and biochemical

background. The association of the parental genomes can involve the evolution and/or a

differentiaJ regulation (inactivation) or expression of certain genes. These regulations of genes

could lead to the "functional" stabilization of polyploid species () and give rise to novel patterns

of gene expression (Cornai, 2000; Soltis et al. 2003). Thus, the polyploid character of C. arabica

can be the origin of the ability of this species to colonize marginal environrnents. (low

temperatures, full sun exposition and few rains). C. arabica grows ideally in localities between 17

to 25°C, from 600 to 2000 masI and with annual precipitations from 1200 to 2000 mm] (Wrigley,

1988).

8
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Genetic diversity

ln 1964-1965, the United Nations Food and Agriculture Organization (FAO), then in 1966 the

ORSTOM (presently Institute de Recherche pour le Développement, IRD), organized the

prospections of spontaneous and sub-spontaneous coffee-trees in Ethiopia (FAO, 1968). This

material was distributed in several world collections.

An important rate of heterozygosity for C. arabica was believed to exist (Anthony & Lasherrnes,

2005). Progenies of sorne accessions showed a rate of cross-fertilization from at least 13%.

However, the diversity of the wild coffee-trees doesn 't appear very important when it was studied

by molecular markers. Anthony et al. (2001) studied 88 spontaneous and sub-spontaneous

Arabica accessions. The accessions were divided into four sub-groups, structured according to

their geographical origins. The principal was located in the south-west of Ethiopia and contains

the majority of polymorphism. The other three groups represented the coffee-trees from the south

and south-east of Ethiopia and it was presumably derived from the first group.

Two other origins for C. arabica are also reported , one from the high plateau of Borna in Sudan

and from the Marsabit Mount in Kenya (Anthony et al. 1987). Coffee-trees from Sudan (Rume

Sudan) do not differ from the coffee-trees coming from Ethiopia and those from the Marsabit

Mount are close to the cultivated forrns according with the same author. The coffee-trees of

Yemen could constitute a secondary center of diversity introduced into this country around the

sixth century (Eskes, 1983).

ln spi te of its economie and social importance, genetic resources of C. arabica are extremely

threatened. Although, wild populations still naturally exist in the highland forests of the south

west of Ethiopia , these forests are under strong pressure to disappearing due the combined action

of agricultural activities and clirnatic changes (Gole et al. 2002; Harwell et al. 2002). The Jack of

prospecting missions endangers also the species donors of the acrual genome of C. arabica in

Uganda, where C. canephora and C. eugenioides reported to be sympatric (Anthony &

Lasherrnes, 2005). Thus, ail scientific research that succeed to increase the knowledge of the

diversity and evolution of resistances genes to major diseases, will allow a more reasoned

exploitation and conservation of the genetic diversity and the natural environment around

(Harvell et al. 2002; Altizer et al. 2003).

9
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2. Principal pest and diseases

WhiJe in Asia and Africa coffee breeders had to deal against leaf rust and berry disease since the

establishment of first commercial plantations in the middle of the XIX century, the absence of

those diseases in Latin America until the end of the XX century, caused that C. arabica breeding

programs focused mostly on the creation of high-yield cultivars. Millions of hectares of Arabica

cultivars susceptible to leaf rust were affected when this fungus arrived in J 970 to Brazil and

quickly spread to rest of coffee-growing countries, causing a great economie impact to farmers'

revenues and the beginning of the fungicide use dependency in detriment of the environment

around coffee-growing areas.

Leaf rust

Coffeeleaf rust caused by Hemileia vas/a/ru, cause serious defoliation in C. arabica trees in

lower altitudes in almost ail producing countries. Such defoliation adversely affects subsequent

crops and repeated epidemies may weaken trees so much that eventually no worthwhile yield is

produced (Van der Vossen, 2001). Resistance genes (R-genes) transfer from either wild C.

arabica accessions or diploid related Coffea species has been a breeding priority in most coffee

producing countries (Bettencourt & Rodrigues, 1988). Hypersensitive-like reaction was observed

in leaves of resistant coffee varieties to leaf rust (Hemileia vas/a/ru) as a defense response (Silva

et al. 2002). Coffee resistance to leaf rust appears to be conditioned by at least nine dominant R

genes (SH I-S H9), either singly or in combinat ion. These SH genes are dominant and condition

total susceptibility to compatible races and specifie resistance to incompatible races on the basis

of the gene-for-gene concept (Rodrigues et al. 1975). The genes SH 1, SH2, SH4 and SHS have been

found in C. arabica accession form Ethiopia, while SH6, SH7, SH8 and SH9 have been only found

in Timor hybrid descendants (Bettencourt & Rodrigues, 1988). The SH3 gene originates from C.

Iiberica (Prakash et al. 2004) its genetic map was recently published (Prakash et al. 2006) and

physic map is under work (Lashermes et al. 200S).

Coffee genotypes are c1assi fied in resistance groups according to their interaction with leaf rust

physiological races . C. arabica cultivars descendent from Timor hybrid are namely A-group and

are considered the most important source of resistance to leaf rust because expresses resistance to

ail races identified so far (Varzea et al. 2002). Until present, resistance conferred by A-group has

been efficient in countries where Arabica coffee is grown in high altitude areas (i.e. Colombia,

10



Chapter 1. Bibliography introduction

Central America and East Africa). However, in countries as India, extremely favourable weather

conditions for leaf rust development lead to an enormous pressure for the apparition of new races

and therefore, failure of Timor hybrid resistance is aJways latent (Van der Vossen, 2005).

Coffee Berry Disease

Coffee berry disease (CBD) caused by the fungus Colletotrichum kahawae is the major constraint

to coffee production in highland production regions of East Africa and is still limited to the

African continent (van der Vossen, 2006). CBD was first detected in 1922 in Arabica plantations

of Mt. Elgon in Western Kenya (van der Vos sen & WaJyaro, 1980). CBD under prolonged wet

and cool weather conditions can destroy 50-80% of the berries [6-16 weeks after anthesis] (van

der Vossen, 2006). Preventive control by frequent fungicide sprays is currently the main way of

controlling the disease; treatments have to be carried out five to seven times per year on precise

dates avoiding any delays, depending on the prevailing weather conditions (E. Gichuru, pers.

corn. 2006).

ln most African coffee producing countries, the local varieties are susceptible to CBD. The

creation of resistant varieties was initiated about 40 years ago in Kenya, Ethiopia and Tanzania

(van der Vossen et al. 2001). However, the dissemination of such varieties remains low and

limited to few thousand hectares mainly in Kenya and Ethiopia (van der Vossen, 2006).

Resistance to CBD in C. arabica, is believed to be stable and controlled by major dominant-R and

recessive-K genes from Rome Sudan variety and dominant-Tfrom Timor Hybrid (van der Vossen

& Walyaro, 1980). Recently, Gichuru et al. (2006), achieved identification and mapping of

simple inherited major resistance gene, designated Ck-I (likely to be T-gene) in certain Timor

Hybrid genotypes.
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Coffee berry borer

The coffee berry borer (CBB), Hypothenemus hamp ei Ferrari (Coleoptera: Scolytidae) is the most

serious pest of corrunercial coffee in almost ail producing countries of the world (Dufour et al.

1999). ft was first recorded in coffee seeds of unknown origin being traded in France in 1867 and

first reports of the pest in Africa were from Gabon in 1901 and Zaire in 1903 (La Pelley, 1968) .

However, the true origin of this pest remains unclear (Damon, 2000). In Latin America it was

accidentally introduced in 1923 to Brazil from Africa (Jaramil!o et al. 2005).

The suggestion that the original host of H. hampei was C. canephora was initially strengthened

by the lack of reports of CBB presence in Ethiopia (Damon, 2000). However, after Abebe (1998)

reported CBB to be present almost al! major coffee-growing areas of the south and south-west of

the country, with relatively higher infestation at lower altitudes « 1000 m), the situation changed

and new hypothesis were set about either a recent introduction of the pest, or, a very effective

control of CBB by natural enemies or plant resistance, which would then suggest that H. hampei

has co-existed with C. arabica for a very long time in Ethiopia or possibly originated there

(Damon, 2000). This last observation enriches discussion of that, natural mechanisms of

resistance probably exist and could be exploited in future and that more detai led research studies

need to be done in order to confirm or discard this hypothesis .

Predominantly, coffee growers try to fight against H. harnpei infestations through the use of

broad-spectrum insecticides. However, growing environmental concems and increasing probJems

with insecticide resistance (Brun and Suckling, 1995; Gongora et al. 2001) stimulated the search

for more environmentally friendly control strategies against this pest (Bustillo et al. 2000).

However, biological control has so far given disappointing results and only a few minority of

environmental conscious coffee farmers have established an effective long-term integrated CCB

management (Dufour et al. 1999; Damon & Valle , 2002; Pérez-Lachaud et al, 2004). An

additional problem to control this pest is the wide range of host plants (over 300), which

undoubtedly reduces the efficacy of sanitary crop practices as the carefully picking of remaining

berries after harvest (Damon, 2000).
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Nematodes

Generalities

Nematodes are found generally as species of free life that not cause parasitism. However a few

species are well-known as plant parasites. The plant parasite nematodes are classified in severa!

groups according to their nutritional habits. The genera Meloidogyne are sedentary endoparasites,

because they rcmain in the same feeding site almost ail their Iife cycle (Sijmons et al. 1994).

The life cycle of Meloidogyne involves four larvae stages and one adult stage (Fig. 1). The only

stage they remain in soil is during the second juvenile stage (J2). In this stage, nematode is

attracted to the root elongation zone, which it penetrates and then it moves at the intercellular

JeveJ (Taylor & Sasser, J 983). Penetration is done by using mechanical force and by secreting

products from the esophagus glands that are injected by the stylet (Jones, 1981; Smant et al.

1998). Cell wall-modifying enzymes are known to be secreted by nematodes during migration

(Davis et al. 2000; Qin et al. 2004). AIso, plant genes encoding ceII wall-Ioosening proteins are

induced or repressed during feeding site development (Vercauteren et al. 2001; Jammes et al.

2005). These cells become elaborated sites of feeding denorninated giant ceIIs, from which they

obtain permanently nutrients from the root phloem (Wyss et al. 1992). These giant ceIIs distorted

root structure and block the transport of nutriments from the soil to the aeriaJ part of the plant

Generally after the developrnent of the female, that it takes around 3-4 weeks, this one release a

mass of eggs to the root surface starting a new cycle (WiIIiamson & Hussey, 1996).

For aIl Meloidogyne sp . life cycle is essentially the same. Nevertheless, conditions of

temperature, acidity and texture of the soil could induce variations. ln conditions of drought or

low temperatures , the egg appearance stops during !imited periods, then rains reactivate the

outbreak of a high number of free J2 individuals in the soil (Schwob et al. 1999). This explains

why the greater incidence of attack of nematodes happens mainly after the beginning of the rain

season. Meloidogyn e sp . has one of the largest weed host range in tropical conditions

(Qu énéherv é et al. 2006) which reduces the efficacy of nematicide applications since these are

generally applied near the trunk of the tree .
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Nematodes attacking coffee

Root-knot nematodes

Root-knot nematodes, Me/oidogyne sp., are among the most important pathogens for Arabica

coffee plant, leading in some cases to let entire coffee plantations or pushing farmers to change

agricultural activiry i.e. sugar cane or orange in the state of Sao Paulo in Brazil or rubber tree in

the Pacifie coast of Guatemala (Campos & Villain, 2005). Root-knot nematode species of coffee

can be separated in two categories depending on their dispersion and damage caused: (i) most

damaging with widespread in Latin America are M. exigua, M. incognita, M. paranaensis

whereas (ii) Jess widespread species are M. arabicida, M.javanica, M. arenaria and M. hap/a.

Meloidogyne exigua

The french zoologist Jobert in 1878 made the discovery in Brazil of the first nematode disease

reported in Latin America. He observed considerable injury to the roots of coffee trees in the state

of Rio de Janeiro. In 1887, the National Museum of Brazil commissioned the Brazilian zoologist

Goe1di to make a detailed study of this new disease. In his report, he agreed with Jobert's

conclusions and described the genus and species: Meloidogyne exigua (Nolla & Femandez,

1976). M. exigua was the first nematode described causing damage of econornical importance to a

cultivated plant.

As many other Meloidogyne sp. reproduction of M. exigua occurs through parthenogenesis and

intra-species variability has been based on comparison of morphological characters (Eisenback

and Triantaphyllou, 1991). Although M. exigua is able to reproduce in a wide range ofcrops as

tomato, pepper, cacao (Oliveira et al. 2005) and rubber tree (Carneiro et al. 2000), this root-knot

type nematode has been reported principally as a very common parasite present in roots of coffee

trees in most Latin America producing countries (Campos & Villain, 2005). M. exigua has been

found in ail major coffee producing areas of Brazil, whereas in Central America, the main

distribution on coffee seems to extend form southern Costa Rica to eastem Honduras (Hemandez,

1997; Hernandez et al. 2004; Carneiro et al. 2004). In Costa Rica, the presence of M. exigua in

coffee was first described by Salas & Echandi (1961). Since then, many studies carried in that

country confirm that this species is the most predominant in the coffee regions (Morera & Lopez,

1987; Avendaûo & Morera 1987; Flores & Lôpez, 1989; Alpizar & Alvarado, 1999). This fact
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could be caused by the transfer of vegetal materials propagated in inadequate nurseries, tools and

workers between the different coffee areas. Yield losses caused by this species in full sun exposed

plantations with appropriated agronomical management have been estimated between lOto 15%

in Costa Rica (Bertrand et al. 1997) and 45% in Brazil (Barbosa et al. 2004). In Brazil also, a M.

exigua infested area treated during five consecutive years with nematicide did not eradicated the

nematode (Lordello et al. 1990).

M. exigua causes rounded galls mostly on new roots formed after first rains in coffee regions with

period of marked dry season. This Meloidogyne species produces eggs masses in the cortex under

the root epidermis, and these galls which are initially white to yellowish brown, tum to dark

brown as the root becomes older. In deep rich organic soils M. exigua can cause serious

defoliation of coffee plant (Campos & Villain, 2005). On other hand, the perennial nature of

coffee (a breeding cycle of 4-5 years) and the high variations of nematode infection in field, due

to macro- and micro-climatical conditions (Herve et al. 2005) represent serious limiting factors

for developing C. arabica varieties with stable resistance to M. exigua.

Root-Iesion nematodes

Another important nematode genus attacking coffee is the root-lesion Pratylenchus cofJeae.

Initially described on coffee by Zimmermann (1898) in Java Island, is considered to be

responsible for substantial damages in plantations of CofJea arabica worldwide. ln Central

America and particularly in Guatemala, for ungrafted plants cultivated in heavily infested plots

with P. coffeae, the plant mortality rate reached 75% by the third harvest (Villain et al. 2000a).

Similarly, in severe infested fields in the north-east of Brazil, the same species caused 70% C.

arabica plant mortality (Moura et al. 2003). ln such conditions, the economie consequences are

considerably high, considering the costs of replanting a perennial tree such as coffee. ln Brazil, P.

brachyurus seems to be the most widely distributed root les ion nematode (Campos & Villain,

2005). P. cofJeae and closely related species could be involved in a pathogenic complex in coffee

roots in Central America (Anzueto, 1993; Villain, 2000b). Results of routine analysis performed

by the Guaternalan Association of Coffee (ANACAFE) over the last fifteen years indicated that

root lesion nematodes are abundant in many of the C. arabica producing regions of Guatemala

(Villain et al. 1999). ln Costa Rica, high frequency of Pratylecnchus sp. has been also reported in

most coffee regions Araya (1994).
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3. Genetic improvement of C. arabica

Low genetic diversity in major cojJee-growing areas

Through human history, world major areas of coffee production have shifted over time. During

the sixth century the Arabian Peninsula was the principal region of commercial coffee production.

What is now Yemen pJayed a major role in supplying the Arabie world with coffee , along with

Abyssinia (now Ethiopia). ln the sixteenth century Dutch's colonial entrepreneurs expanded

coffee plantations to Ceylan, Timor, Sumatra, and other Southeast Asian regions. French colonial

administration introduced coffee , first into Bourbon island (now Reunion island) then exported

the variety "Bourbon" into their Caribbean terri tories in the eighteenth century (Pendergrast,

1999). This single source, together with Dutch introduction (l'rom Amsterdam Botanical Garden)

of variety "Typica" in South America, explains the very low genetic diversity and extremely

vulnerability of the current commercial cultivars to the majority of diseases that attack the coffee

tree (Anthony ct al. 2002).

Coffee green revolu/ion in Latin America

In 1935, with the discovery in BraziJ of a small and compact mutant genotype called "Caturra"

within a Bourbon population (Krug, 1949), provoked that breeders adopted rapidly this

characteristic on their varietal creation programs because the small size of the coffee-trees

allowed bigh density planting (Carvalho, 1988b). Historically, the 'green revolution' on coffee

was developed in mainly in Colombia, Brazil and Costa Rica in the decades of 60 and 70 's. The

production system based on high input of fertilizers , high plant density (i .e., 5000 tree/ha) with

dwarf varieties. The 'green revolution' strategy incr eased considerably the production per unit

area mostly due to a spread use of synthetic fertilizers (Varangis et al. 2003). Unfortunately, this

increase in productivity was incompatible with maintaining the product quality.

Timor Hybrid as new source ofdisease resistance

During the second hall' of the last century , the imminent arrivai to Latin America of the orange

leaf rust (Hemileia vastatrixy irnposed to coffee breeders the goal to create new dwarf cultivars

with resistance to this fungus. Efforts turned to the creation of the Coffee Rust Research Center

(ClFC) in Portugal, l'rom where coffee breeding received a decisive impulse with the utilization

of the Timor Hybrid (a narural hybrid between C. canephora and C. arabica that received from

the later the R-genes to ail leaf rust races actually known) as a resistant parent in the production of
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hybrids distributed in most coffee-growing countries in F3 or F4 generations for local selection.

ln Latin America, three origins of Timor Hybrid were used (CIFC 832/1, CIFC 832/2 and CIFC

1343) since 1960. Main coffee research centers as lAC, IAPAR and University of Vicosa (Brazil)

and PROMECAFE (Central America) used CIFC 832/1 and 832/2. In both regions, the

methodology used was the crossover between the Timor Hybrid origin with the dwarf

commercial variety (Caturra) followed by several back-crossings with the cv. Caturra after a

genealogical selection (Bertrand, 1999). At CENICAFE (Colombia), ClFC 1343 was exclusively

used and there were no back-crossings with commercial varieties. Descendants from this origin

were directly used by genealogical selection (Castillo & Moreno, 1986).

Lashermes et al. (2000) estimated by AFLP markers that introgression of C. canephora in

descendants of Timor Hybrid (namely 'catimors' and 'sarchimors' varieties) varies between 9 

29% of the genome in the lines derived from this spontaneous hybrid. This introgression was

often accompanied with favorable characters of resistance to leaf rust, and sometimes to sorne

species of Meloidogyne and to Colletotrichum kahawae (causal agent of the Coffee Berry

Disease). However, it is bighly likely that genealogical selection preserved also several fragments

of DNA associated to a substantial drop in eup quality (Bertrand et al. 2003). For this reason, the

majority of the national coffee research institutions temporarily suspended the diffusion of

Catimors.

Current breeding priorities for C. arabica

ln the actual context of overproduction and fluctuant priees of the coffee market, along with the

increasing demand from consumers of food produced following sustainable agronomical

practices, a common target became generally adopted by most breeding programs around the

world: the maintain of the Arabica quality level in genetic material introgressed with alien

material presenting resistance to principal local pathogens or diseases (Fazuoli et al. 2000; Leroy

et al. 2006). NotabJy, after the failure of the Catimors program, the project initiated by the French

cooperation (ClRAD/IRD) and the Central America Coffee Research Network (PROMECAFE)

aiming the development and commercial production of FI hybrids obtained by crossing of C.

arabica wild Sudan-Ethiopian accessions with Timor hybrid descendants seems the most and

faster efficient way to achieved the objective mentioned above.
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Heterosis defined as the genetic expression of the superiority of a hybrid in relation to its parents,

has been known since ancient civilizations and remains as the most important plant breeding

scheme for commercial production of hybrid seeds (Miranda FiJbo, 1999). ln C. arabica,

proposais for deveJoping hybrid lines for increasing genetic diversity and exploiting heterosis

were first presented by Charrier (1978) and Van der Vossen (1985) . Today significant results

have already been obtained from these FI hybrids. Bertrand et al. (2005a) demonstrated an

increased yield (30-70%) of the hybrids in comparison with inbreed lines. These hybrids also

showed a good performance in beverage quality, showing no difference when compared with

traditional varieties used as reference (Bertrand et al. 2006).

Similarly in lndia, Arabica breeding shifted also on the development of synthetic hybrids. The

outcome of hybridization program between a natural C. arabica x C. canephora hybrid with wild

Arabica accessions involved sorne lines that shown good yield and resistance to leaf rust under

different agro-c1imatic regions (Srinivasan et al. 2000) .

Recently, the Tanzania Coffee Research Institute (TACRl) has embarked on an ambitious

initiative with the aim of replant about five million coffee trees with new selected C. arabica

hybrids that are resistant to leaf rust and CBD and that exhibit good beverage quality. Being able

to avoid the use of fungicides would reduce farmers' costs by 60-80 per cent.

With regard to diseases, sorne Arabica wild coffee-trees used in above described breeding

programs constitute an addition al source of R-genes. Concerning coffee rust, it seems that certain

accessions have a good level of partial resistance (Eskes, 1983; Gil et al. 1990; Hoiguin, 1993) .

Other Arabica origins have shown resistance to various species of Meloidogyne nematode

(Anzuero et al. 2001; Bertrand et al. 2001) . More recently a group of phytopathologist from

CIRAD found 21 Arabica accessions exhibiting levels of partial resistance to CBD (Bieysse &

Berry , unpublished da/a) .
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4. Plant resistance

Resistance mechanisms

Resistance of plants towards pathogens is based on a combined effect of prefonned structural

barri ers and induced mechanisms. The induced resistance is based on the recognition of the

pathogen at the time of contact with the pJant which leads to a subsequent activation of defense

mechanisms, which the pathogen must confront (Harnmond-Kosack & Parker, 2003).

R-genes bave been shown frequentJy to be single loci that confer resistance against pathogens that

express matching avirulence genes (Avr genes) in a "gene-for-gene" manner (FIor, J971).

Therefore when Avr-genes products modify a protein conformation, the R-gene recognizes this

modification and releases a defense reaction response . This type of specifie resistance is often

associated with a localized hypersensitive response, a form of programmed cell death in the plant

cells proximal to the site of infection triggered by the pathogen (Dangl & Jones, 2001). The plant

resistance response also includes generation of reactive oxygen species, production or release of

salicyJic acid, ion fluxes , etc . (Heath, 2000).

Resistance is durable when il remains effective in a cultivar that is widely grown for a long period

of time in a environment favorable to the disease (Johnson, 1981). The previous, is generally

achieved by accumulating as many genes as possible from different sources of resistance into a

same cultivar (Parlevliet, 2002). The use of molecular markers can facilitate the pyramiding of

resistance genes through rnarker-facilitated selection (Mohan et al. 1997; Hammond-Kosack &

Parker, 2003).

R-genes

A significant proportion of the plant genome encodes proteins potentially involved in defense

against diseases (Meyers et al. 1999). Currently, - 40 R-genes have been cloned and characterized

among Arabidopsis and other crop species (reviewed by Martin et al. 2003; also by Trognitz &

Trognitz, 2005). Five classes of gene-for-gene disease resistance (R) genes have been defined

according to the structural characteristics of their predicted protein products (Martin et al. 2003).

Interestingly, the majority of those R-genes cloned so far, encode proteins with similarity to the

nucleotide binding site-leucine rich repeat (NBS-LRR) domain (Meyers et al. 2003) . The fact,
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that NBS domain is highly conserved among the pathways that different plants use to trigger

defense responses suggests ils essential role on R-protein activ ity (Huang et al. 2005).

Among plant spec ies, NBS-LRR proteins are divided into IWo subgroups: (i) those encoded N

terminal domain with ToIJ/lnter leukin- 1 receptor homology (TIR-NBS-LRR); (ii) those encoded

an N-t erminal coiled-coil motif (CC -NB S-LRR) (Pan et al. 2000a; Meyers et al. 2003). CC-NBS

LRR (non-TtR) R-genes are located in the cell cytoplasm (Boyes et al. 1998) and are involved in

protein-protein interaction during pathogen recognition process in both dicot s and monocots

species (Meyers et al. 1999) whereas TIR-NBS-LRR have not been dete cted in monocots (Pan et

al. 2000a; Monosi et al. 2004). Later functional studies indicated that the highly variable LRR

domains determine reco gnition of the pathogen Avr product (Van der Ho orn et al. 2005), whereas

the mor e conserved TIR-NBS or CC- NBS regions are believed to propagate the perceived signal

(Tao et al. 2000; Tameling et al. 2002) .

Nevertheless in gene-for-gene hypothesi s, R-protein and Avr-protein interact directly to activate

disease res istance. Increasing reports suggest that one R-gene can use multiple signaling

pathw ays to target various pathogens, each probably with different Avr-genes (Mart in et al.

2003). i.e. Gpa2 and Rx genes conferring resistance to nematode and viru s in potato (Van der

Vossen et al. 2000), or Mi- J gene that confer resistance to nematode and insect in tomato (Vos et

al. 1998) and Plo gene to different Avr- proteins From the same bacteria in tomate (Kim et al.

2002).

R-genes clusters

Mapping studies of model plant species as Arabidopsis (Meyers et al. 2003), rice (Zhou et al.

2004), tomato (Zhang et al. 2002), soybean (Tian et al. 2004 ) and potato (Hu ang et al. 2005) have

shown that, in many cases , different famili es of NBS-LRR genes tend to clu ster and are often

genetically Iinked to known disease resist ance loci . R-genes c lusters often comprise tand em

arrays of genes that determine resistance to multiple pathogens as weil as to multiple variants of a

single pathogen, but the functional and evolutionary sign ificance of this clustered arrangement

still to be unclear (Ku ang et al. 2004).

Sequ ences presenting simiJarities with R-genes clon ed within the genomes of plants are

denominated Resist ance Gene Anal ogs (RGA). Th ese RGA are generally obtained and
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characterized following in vitro amplifications (PCR) using degenerated oligonucleotidic starters

correspondent with preserved fields (i.e. NBS) of R-genes. The majority of these RGA are

organized in c1usters and co-Iocalized with known genes of resistance (Pan et al. 2000a).

To date, RGAs, sequences with a close evolutionary relationship to R-genes as determined by a

high percentage of sequence similarity, have been identified in different fruit trees species,

including peach (Lalli et al. 2005), apricot (Soriano et al. 2005) and apple (Baldi et al. 2004). In

coffee, Noir et al. (2001) achieved to isolated 27 RGAs From genomic DNA of two and four

accessions of C. arabica and C. canephora respectively of known R-genes of several plant

species (e.g. Arabidopsis, tomato, pepper, potato, lettuce). Bhat et al (2004) did a similar analysis

including one variety of C. arabica, one of C. canephora and four additional wild coffee species.

In both works the majority of RGAs were reJated to R-genes of the CC-NBS-LRR sub-group. The

similarity between particular coffee RGAs with other angiosperm species (mentioned above)

suggest an ancestral relationship and the existence of common ancestors. On other hand, the

identification in both coffee species of closely related RGAs confirms the postulated recent

speciation of C. arabica from C. canephora as one of the progenitors and indicates a slow

evolution NBS RGAs within coffee plant (Noir et al. 2001).

R-genes to nematodes

Resistance patterns in most crops damage by Meloidogyne sp. reflect the co-evolutionary forces

between host and parasite. These highly specialized relationships resulted in specifie R-genes.

Sorne of these R-genes to various plant pathogenic nematodes have been identified and cloned in

few crop plants or their wild relatives (Martin et al. 2003). The best-studied of these genes is the

tomato Mi gene (Milligan et al. 1998), which confers resistance against three species of root-knot

nematodes and one potato aphid (Vos et al. 1998). Other cloned nematode R-genes are Hem From

tomato that confers resistance to ail pathotypes of G/obodera rostochienses (Ernst et al. 2002),

GroI-4 also from potato confers resistance only to RoI pathotype of the same species (Paal et al.

2004). Gpa2 from potato confers resistance to Pa2/3 of Globodera pa/lida (van der Vossen, et al.

2000). Hsl pro-I from sugar beet confers resistance to Heterodera schachtii (Cai et al. 1997).

Sequence analysis of ail these genes indicates that they are ail members of the non-TIR-type R

gene sub-group (with exception of GroI-4 gene). Moreover, phylogenetic analysis revealed an

ancestral relationship among nematode R-genes from tomato and potato (Huang & Williamson,

2003; Tian et al. 2004).
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Although nematodes are extra-cellular pathogens, they feed on the cytoplasm of living plant cells

and are thought to inject secretions into plant cytoplasm to initiate the development of feeding

cells (Williamson & Hussey, 1996). In the case of Mi gene, LRR region (Iocated within cell

cytoplasm) initiates transduction of the signal(s) leading to cell death after nematode recognition

(Huang et al. 2000). The cellular hypersensitive response (HR) occurs near the head of the

nematode 12 hr after inoculation, which corresponds roughly to the time when the nematode

would be expected to inject saliva into the cytoplasm of developing vascular tissue cells to initiate

giant cell development. This timing is consistent with the hypothesis that Mi recognizes nematode

secretions into the plant ce II (M il!igan et al. 1998). Interestingly , cell death during aphid

resistance, were not observed for Mi gene, leading to suggest that different defense pathways are

triggered by aphids in leaves and by nematodes in roots (Huang et al. 2000).

ln some cultivars of tomato (Williamson, 1999) that have in common resistance to Meloidogyne

sp., it was observed that nematodes penetra te into the root and migrate to the feeding site like it

happens to the susceptible plants but without displaying formation of giant cells; in their place, a

necrosis in the cells around the head of nematode was observed suggesting an answer of induced

resistance after the infection . However, Pegard et al. (2005) who also observed penetration of

MeJoidogyne sp . in resistant pepper described the occurrence of post-penetration biochemical

defense mechanisms, which leads to block nematode reproduction. Hendy et al. (1985) observed

that between the genes responsible for the resistance to M. incognita in pepper, sorne presented a

resistance reaction more progressive than others; thus, the Me 1 & Me 4 genes were related to the

imperfect formation of trophic cells after the penetration of nernatode, whereas Me 2 & Me 3 to

the HR (nec rosis) immediately after nematode penetration. The previous demonstrates how

unrealistic would be to determine the physiological expression of R-genes based only in

histological preparations and how complicated would be also to classify the resistance reaction,

when two or more genes are present in the sa me genotype .

Coffee resistance to M. exigua

Traditionally, the use of agro-chemicals has been the most used method for nematode control in

coffee plantations with high technical management (Lordello, 1990); nevertheless, this practice

has been widely questioned because treatments are expansive, punctually efficient and suffers

accelerate degradation that allows soil re-colonization by nematodes in the short term (Campos &
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Villain, 2005). Therefore, efforts on the development of nematode-resistant cultivars for rootstock

usage or direct planting constitute the most promising option so far for controlling the pest.

Grafting

ln Guatemala, hypocotyledonary grafting of C. arabica commercial varieties onto unselected C.

canephora which is resistant to Meloidogyne sp. has been used during decades with successful

results in order to control nematode populations (Villain et al. 2000a). In Brazil, an introduction

of C. canephora LC2258 derived from clone T3561 from CATIE germplasm collection, showed

resistance and/or tolerance to several Meloidogyne spp. including M. exigua. This variety was

named Apoatâ and has been used with successful results as rootstock in areas infested by both

Meloidogyne sp. and Pratylenchus brachyurus (Gonçalvez et al. 1996; de Oliveira et al. 1999). In

Central America, by crossing the same clone T3561 with another resistant clone, T3751 gave

origin to a multi-resistant C. canephora hybrid which exhibits high tolerance to Pratylenchus sp.

and resistance to most Meloidogyne sp. found in the region (Bertrand et al. 2000). This variety

was named "Nemaya" and is currently commercialized in Guatemala, however attempts to

implement this practice in other Central America coffee producing countries have until now

failed, probably because of lack of capacitated personal and high cost of hand labor. In addition to

nematode resistance, these rootstocks varieties produce abundant roots systems that offer

resistance to drought and better tolerance to foliar pathogens by increasing aerial vigor.

Resistance in C. arabica to M. exigua

ln C. arabica, although resistance to M. incognita and M. arabicida has been found (Anzueto et

al. 2001), none resistance to M. exigua has been found in this coffee species until now. By

contrast, resistance to M. exigua in Coffea canephora exists and was first documented by Curi

(1970). Since then however, most Latin America breeding programs achieved introgression of

resistance genes to this nematode species from C. canephora via the Timor hybrid (Gonçalvez &

Pereira, l 998; Bertrand et al. 1997; 2001; Fazuoli et al. 2006). Bertrand et al. (2001) remarked the

fact that selection of C. arabica lines with resistance to M. exigua was until recently done without

any rational breeding strategy and conservation of introgressed resistance genes was due more to

the randomness and the number of generation during the pedigree selection process than to a

rational choice made by breeders. Conversely, Bertrand et al. (2003) found Iwo Timor hybrids

highly introgresscd lincs (T 17934 and T17931) that rcvcaled no difference for bcvcragc quality
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l'rom non-introgressed C. arabica con trois and that also showed genetic resistance to coffee leaf

rust and M. exigua. With this work , the authors dcmonstrated that selection in coffee breeding

programs can avoid accompanying systematically the introgressioo of resistance genes with a

drop in beverage quality .

Characterization ofresistance to M. exigua

Presence of necrotic ce Ils around the feeding site (associated with HR) following inoculation of

M. exigua in resistant introgressed C. arabica varieties was recently described (Anthony et al.

2005). The authors suggested that resistance response was based on gene-for-gene interaction .

Noir et al. (2003) identified molecular markers in C. arabica derived l'rom the interspecific Timor

hybrid associated with resistance to M. exigua. Segregation data analysis of F2 progeny derived

plants l'rom the cross between the resistant introgression line T-5296 and the susceptible

accession ET-6 had showed that such resistance is controlled by a simply inherited major gene,

designated as Mex-l locus. However this major gene could have an incomplete dominant

expression because most of the F2 population showed a gall index higher than the mean value of

the resistant parent T-5296 (Noir et al. 2003). More studies should be done in order to determine

the level of expression (complete or incomplete) of the Mex-l gene within homozygous or

heterozygous C. arabica genotypes.

Anzueto et al. (1995) mentioned that although specifie resistance to sorne species of Meloidogyne

exist in sorne C. arabica hybrids, the lack of resistance to other sorts of nematodes , entails the

danger that in fields infested with two or more nematode genera, the decrease of one population

would promote the increase of other. This hypothesis of nematode competition between M.

exigua and Pratylenchus sp . nematode populations has been demonstrated by Bertrand el al.

(1998) and Herve et al. (2005) . As demonstrated by Castagnone-Sereno (2002) on M incognito,

virulent nematode populat ions are able to break down the plant resistance. More studies on coffee

resistance stability are necessary. On other hand, Alpizar (2003) described significant differences

in the virulence assessment between isoJates of M. exigua l'rom different coffee regions of Costa

Rica. ln Brazil, Cameiro et al. (2000) differentiated two phenotypes of M. exigua by comparative

esterase profiles and by their distinct efficiencies to reproduce on tomato. More recently, Oliveira

et al. (2005) found another original isolate, increasing to four the number of 'esterase phenotypes '

known for M. exigua . The relation between those 'esterase phenotypes ' and the pathogenicity

should be done.
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Prospects for enhanced identification and analysis of coffee resistance genes to biotic

constrain ts

Despite the importance of coffee as an important international commodity and the indiscriminate

use of pesticides to control main biotic constraints (e.g. coffee berry borer, nematodes, leaf rust,

coffee berry disease) in detriment of environment and human heaJth, scarcely attention has been

given to the characterization and sequencing of genes involved in insect/pathogen resistance

compare with efforts on research of genes involved on fruit development and chemical

composition with the aim of improving the quality of the final commercial product. Conversely,

most coffee breeding programs in producing countries aiming the introduction of resistance traits

from wild relatives stilllaborious and highly expensive because the need of establishment of long

term field trials in order to discriminate and select plants showing a more durable resistance to

specifie pathogens.

On other han d, in most cereals, solanaceous and brassicaceae species molecular biology advances

have enabled to generate novel insights into the complexity of plant defence and host -pathogen

co-evolution and to employ this knowledge on highly effective breeding strategies as marker

assisted selection or even "within-the-gene" molecular markers (Hadmmond-Kosack and Parker,

2003). The recently evidence that coffee and solanaceous species share similar chromosome

architecture and genome sequence, offers an interesting opportunity to expedite biotechnological

research in coffee breeding programs (Lin et al. 2005). The previous open the possibility to

identify orthologous NBS-LRR sequences between coffee and tomato plants by comparing

genome maps from large-scale EST sequencing projects .

Gene-transformation technology complements the genomic mapping and is crucial to validate R

gene function which will serve later to variety improvement. The recent construction and

characterization of a BAC library of C. arabica (Noir et al. 2004) would enable in near future to

the isolation of R-genes by PCR amplification ofNBS-LRR encoding genes from tomato or other

solanaceous species. Such progress need to be accompanied by an efficient coffee transformation

protocol that cou Id allow the transfer of several DNA segments susceptible to contain a putative

R-gene into the genome of a genotype lacking that gene in order to elucidate their function.

However the few reports of successful transformation of coffee plants still hampered by the low

rate of transformation events obtained until present and the lack of suitable conditions to carry

studies that permit to develop R-gene functional validation analysis.
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5. Plant genetic transformation

Generalities

Plant genetic transformation consists ln introducing one or various genes with particular

proprieties into a cell where they were naturally absent in order to express their proprieties.

Through human history, gene transfer has been done spontaneously in natural environments

between related plant species. However, recent biotechnological advances allow to achieve this

gene transfer accurately and briefly in virtually any living cell.

Two fundamental differences between classical selection and plant improvement by the

transgenic way exist: i) plant transformation breaks sexual barriers ties to the vegetal species

notion , because it allows the integration of one gene from any type of living organism to other

completely different, ii) the transgenic approach limits the genetic modification to one character,

in contrast with classical methods of varietal selection, where the transmission of other hereditary

characters occurs in a mixed and aleatory way (Franche & Duhoux, 2001). In coffee breeding, the

difficulty to introduce resistance genes without introgression of other genes from C. canephora

without lead a decrease in eup quality is well known (Bertrand et al. 2003; 2005b).

Production of transgenic plants is recent. The first significant works come out almost three

decades ago (Zambryski et al. 1983) and historically, plant genetic transformation was possible

thanks to major discoveries of plant pathologists working on a gall disease provoked in many

fruit trees by two types of naturally occurring soit bacteria: Agrobacterium tumefaciens and A.

rhizogenes . This soil bacterium possesses the natural ability to transform its host by delivering a

well-defined DNA fragment, called "transferred" (T) DNA into the host cell (Chung et al. 2006) .

Since then, the delivery and stable integration of foreign genes into the genome of extensive

range of plants has made Agrobacterium the most favored tool today for plant genetic

engineering.
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Figure 2. Model for the process of Agrobacterium-mediated transformation . This model depicts the various

steps in the transformation process, including those occurring within the bacterium (perception of phenolic

and sugar signais from wounded plant cells, virulence gene induction, T-strand processing From the Ti

plasmid and the subsequent export of the processed T-strand and Virulence proteins) and those involving

the plant cell (bacterial attachrnent, T-strand and Virulence protein transfer, cytoplasmic trafficking and

nuclear targeting of the T-complex, and T-DNA integration into the plant genome). VIPl is hypothesized to

influence events in the plant cytoplasm, whereas histone H2A-' influences events within the nucleus (From

Gelvim,2003).
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Transformation methods of plants

Non-Agrobacterium-media/ed genetic transformation

Plant transformation can be achieved by an important number of unrelated techniques collectively

referred to as 'direct-DNA transfer' (reviewed by Twyman et al. 2002). These include DNA

delivery into the host cell by microinjection (Crossway et al., 1986), particle bombardment

(Christou, 1992), electroporation (Fromm et al. 1985) and sonoporation (Liu et al. 2006). The

only similarity among these "direct-gene-transfer" techniques is tbat external physical or

chemical factors mediate DNA delivery into the plant cell (Kohli et al. 2003).

Agrobacterium-media/ed genette transforma/ion

Agrobacterium is a gram-negative, non-sporing, motile, rod-shaped , soil-borne bacteria;

belonging to the genus Agrobacterium, family Rhizobiaceae. Along with A. /umefaciens (a

naturally pathogenic bacteria that causes crown gall disease on the stem of trees of economical

importance as roses, apple, pear, peach and cherry), A. rhizogenes causes the formation of cell

tumors and formation of hairy roots in infected inoculum site mainly in dicots plants .

Genetic transformation mediated by Agrobacterium involves the transfer of DNA (T-DNA) from

the bacteria to tbe eukaryotic host ce Il, and its integration in the host genome (StacheJ &

Zambrysky, 1989; Zupan et al. 2000). Although used mainly for plant genetic engineering

Agrobacterium can transfonn almost any living cell (Gelvim, 2003), i.e. other prokaryotes (Kelly

& Kado, 2002), yeast (Piers, 1996) and fungi (de Groot et al. 1998).

Another technology referred as "agro-infiltration" which was first develop for study compatible

plant-pathogen interactions (de Witt et al. 1982), consist of the intercellular injection of

Agrobacterium fluids on leaf. Il presents the advantage over complete transformed plants that it

does not require stable integration of the T-DNA into the host genome, neither the development

of a long morpbogenetic pathway, due that protein expression can be achieved in only few days

after infection (Yang et al. 2000).

The "transferred DNA" named T-DNA comes from rwo bacterial plasmids: the tumor-inducing

(pTi) or the root-inducing (pRi) plasmids from A. tumefaci ens and A. rhizogenes respectively .
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Numerous strategies have been developed to introduce foreign DNA into the Ti plasmid used

later as a vector to introduce this DNA into plant cells. Within these strategies T-DNA binary

vectors revolutionized the use of Agrobacterium-mediated procedure for plant transformation. T

DNA binary vectors were created after Hoekema et al. (1983) and Frammonf et al. (1983) have

determined that pTi carries two separated but necessary components for genetic transformation:

the virulence (vir) and T-DNA regions. The vir region encodes most of the bacterial proteins

necessary for processing, transport and integration of the T-DNA into the host cell and is induced

by phenolics exudates from wounded plants. The T-DNA consist of25 bp direct repeats delirnited

by two borders (left and right) and does not encode any gene important for the transfer process,

but it is possible to place any DNA between the T-DNA borders, which once within the plant cell,

is processed and transferred by the vir proteins to the nucleus, where it becomes stably and

integrates into a plant chromosome (Zupan & Zambrisky, 1995; Zupan et al. 2000; Gelvin, 2000).

ln pRi-type plasmids of A. rhizogenes agropine-manopine strains, the T-DNA region is divided in

two parts: left (TL) and right (TR). ln the TL-part, are located the genes responsible for agropine

synthesis (ro!), whereas the TR-part harbors the auxin synthesis genes (aux). The T R-part is the

only one that exhibits homology with pTi T-DNA. The protein sequences deduced from the A.

rhizogenes auxin synthesis genes are very similar to those of the corresponding genes of A.

tumefaciens, but in contrast, the promoter regions of these genes are substantially different in pTi

and pRi plasmids, which can be due to different forms of regulation (Camilleri & Jouanin, 1991).

The transformation process occurs as following (Fig. 1): in the presence of phenolic exudates

from wounded plants, Agrobacterium initia tes gene expression from the vir region of the pTi or

pRi plasmid with specifie proteins that recognize the border repeats of the T-DNA and produce

the trans-acting factors for the transfer oflinear single-stranded copy of the T-DNA (Zupan et al.

1996). Once the T-DNA from the agrobacteria has been transferred to the cell, the generation of

genetically transformed tissues can be achieved by in vitro growth culture conditions.

The understanding of the molecuJar pathways by which T-DNA from Agrobacterium is

transferred to plant cell is still incomplete (Kohli et al. 2003; Tzfira et al. 2004). While the

bacterial factors necessary for the infection are relatively weil characterized and the complete

sequences of the nopaline-type T-DNA region and the entire Ti plasmid have recently been

determined (Suzuki et al. 2000), much less is known about the host cell factors involved in this

process.
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Clean DNA transformation

Initially, Agrobac/erium-mediated transformation was considered as "a clean" transformation

system in which only sequences between the T-DNA borders were introgressed into the plant

genome (Kooter et al. 1999). However, in the both A. /umefaciens and A. rhizogenes a co-transfer

of the prokaryotic backbone vector (defined as Ti or Ri-plasmid sequences outside the

conventional T-DNA borders that are also incorporated into the plant DNA) has been almost

systematically reported at high frequency in man y studies (independently of the agrobacteria

strain used). This phenomenon generally occurs because T-DNA transfer starting from the right

border skips the left border and part of the binary plasmid is transferred to coffee genome. The

problem worsens if the vector backbone with bacterial antibiotic resistance markers is transferred

into the plant genome. The excessive presence of binary vector DNA adjacent to transgene

sequences could lead to poor expression or methylation of the transgene loci (lglesias et al. 1997).

Also, limiting amounts of vir gene products could result in inefficient cleavage of the right or left

border sequences of the T-DNA and co-transfer of non-T-DNA sequences (Matzke et al. 1994;

Ramanathan & Veluthambi, 1995).

A similar problem was found in traditional particie bombardment methodology, where plant

transformation carried out with whole plasmid vectors, caused also introduction of the vector

backbone into the plant genome along with the transgenes of interest (Kohli et al. 2003). This

superfluous DNA was undesirable because often leads in transgene silencing, since vector

backbone sequences were prokaryotic origin, then triggered de novo DNA methylation and also

promoted transgene rearrangement through the production of multi-copy transgenic loci (Kohli et

al. 2003)

Reporter genes and selection markers

Most protocols for development of transfonned plants required that plasmid vectors possessed

selection markers genes in order to restrict the development to transfonned cells or tissues.

Common examples of selection markers are genes encoding resistance to antibiotics as

kanamycin (np/If) and/or to herbicides as hygromycin (aphlV), nevertheless, those selection

systems of transfonned plants based upon antibiotics or herbicide selection allowed frequent

escapes of non-transfonned cells (Pena & Séguim, 2001). This system also presented the

difficulty of removing such genes selectively and cleanly from transgenic lines after regeneration
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(Agrawal et al. 2005). Also, the growing of transforrned cells or tissues in media containing these

compounds affected negatively their regeneration efficacy, making the protocol even laborious

and arising the timing necessary to produce a whole transformed plant.

Due to the previous disadvantages of selection marker genes, reporter uidA (GUS) gene started to

be used widely to detect transforrned ceJJs. However, the use of this gene became undesirable for

monitoring the time course of transgene expression in living cells or for rapid screening of

primary transformants, mainly because assays for measure GUS activity required histochemical

staining with exogenous substrate and was destructive (tissue analyzed needs to be excised from

the plant). Moreover, differences in cell size and metaboJism as weil as variations of penetration

and diffusion of the staining substrate can contribute to differences in staining intensity that could

lead to make wrong conclusions about promoter efficacy (Jefferson et al. 1987). Therefore,

Southern or Northern blotting analyses are necessary to be performed at the target organ level to

obtain accurate conclusion that plants did not express the uidA RNA.

Therefore, uidA gene became replaced by the gfp gene, a most efficient marker that expresses the

jellyfish green fluorescent protein (GFP) from Aequorea victoria algae, and serves as an in vivo

reporter, since expression can be detected in living cells (Hasselof and Amos, 1995). Since the

fust report that GFP from a wild-type Aequorea could be visuaJized in Citrus sinensis cells

(Niedz et al. 1995), constant genetic engineering improvements have been done in order to

increase GFP protein expression and stability (Chiu et al. 1996; Pang et al. 1996; Davis and

Viestra, 1998). The use of GFP as marker selection of transforrned embryos or explants, had

replaced partially or completely antibiotic or herbicide selection in sugarcane, tobacco, maize and

lettuce (EJJiot et al. 1999), rice (Vain et al. 2000), citrus (Ghorbel et al. 1999) and woody plant

species transformation (Tian et al. 1999) mainly because GFP transformed tissue can be identify,

then isolated easily and subcultured in the absence of the selection agent, achieving therefore,

faster regeneration of transforrned plants. This "real time" GFP expression allowed for example

to monitory simultaneously the expression of a target cry 1Ac gene in tobacco (Harper et al. 1999)

Another gene commonly used as morphological marker to study the variability of transgene

expression in plants is the rolC gene (Flandung el al. J 997). This type of gene offers as

advantages that major morphological alterations can be observed in greenhouse or field

conditions, also serve to study complete or incomplete transgene suppression (Fladung, 1999;

Kumar & Fladung, 2001).
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Transgene integration and stability

Plant transformation does not always result in efficient transgene expression (Gelvim, 2003).

Although, the mechanism of T-DNA integration is suggested to be similar in perennial and

annual plants (Kumar & Flandung, 2002), little is known about analysis of transgcnes expression

in trees (Hawkins et al. 2006). Of particular interest is the role of transgene integration in

silencing phenomena (Kooter et al. 1999; Kohli et al. 2003). Stably expression of foreign DNA

occurs at telomeric regions (near the ends of chromosomes), which are typically gene rich in the

plant genome, whereas unstably transgcne expression have been localized in heterochromatic

(centromeric) regions (lglesias et al. 1997). Both in the case of Agrobacterium mediated

transformation and direct DNA transfer, the position of transgene integration in the chromosome

can vary considerably among independent transformants, and may repress in sorne cases

transgene expression (Meyer & Saedler, 1996; Kumar & Fladung, 2001). The packaging of

transgenes into a chromosome is regulated via sophisticated chromatin remodeling mechanisms

that define whether and wh en a gene becomes accessible to the transcription machinery, thus

chromatin plays an important role in plant epigenetics (Meyer, 2000)

A second class of silencing phenomena can arise, not by the alteration of the T-DNA transgene

sequence, but when multiple inserts of the T-DNA are present in the transgenic plant genome

(Muskens et al. 2000). Two different mechanisms can be distinguished: transcriptional gene

silencing (TGS) or post-transcriptional gene silencing (PTGS) (Stam et al. 1997) . TGS is

classified as an aboli shed transcription of the transgene, associated with methylation of promoter

sequences of the transgene (Vaucheret et al. 1998). As opposed, in PTGS even thought high

transcription of the transgene occurs in the nucleus, the rnRNA does not accumulate in the

cytoplasm (Kooter et al. 1999). PTGS has been hypothesized to derivate from a natural post

transcriptional defense mechanism against pathogens like virus and transposable elements

(Waterhouse et al. 2001). Aiso it has been suggested that PTGS is enhanced under the control of

the strong promoters as 35S (Elmayan & Vaucheret, 1996; Porsch et al. 1998) because an over

production of transgene RNA above putative threshold level could trigger an irreversible

degradation of RNA by the cellular machinery involved in post-transcriptional antiviral defense

(Vaucherct et al. J998).
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In order to obtain more predictable transgene expression levels, single-copy transformants are

often preferred for phenotypic analyses, although they are not guaranteed to produce predictable

transgene expression levels. However, there is now considerable evidence that single-copy and

single-locus transformants also undergo silcncing i.e in rice (Kohli et al. 1999), Arabidopsis (De

Buck et al. 2004) potato (Craig et al. 2005). Hence, transgene copy numbers may be highly

variable irrespective of the transformation method and are probably dependent on numerous

factors which have not been identified (Butaye et al. 2005).

ln tomato, Goggin et al. (2004) found that Mi R-gene mRNA levels in ail evaluated transgenic

plants were comparable to levels observed in the resistant control to Meloidogyne incognita;

however resistance efficacy was reduced in comparison with the later. The authors suggested that

transgene expression could be hampered during foreign prote in translation or post-translational

processing and/or that transgene integration into the plant genome may disrupt the function of

other important genes critical to nematode resistance, resulting in an aberrant phenotype.

Influence oftransformation method in Iransgene stability

Agrobacterium-mediated transformation methods exhibited Jess transgene rearrangement when

compared with direct transformation methods in Arabidopsis (Lechtenberg et al. 2003) and barley

(Travella et al. 2005). The lower prevalence of transgene rearrangement during T-DNA

integration must be Jinked to its association with Agrobacterium vir proteins that protects it from

degradation during the integration process (Kohli et al. 2003). Interactions between species or

ecotype and type of expiant transformed with Agrobacterium strains may underlie differential

infectivity responses (Heeres et al. 2002). In Arabidopsis Karimi et al. (1999) reported more

complex T-DNA arrays when A. rhizogenes was used instead of A. tumefaciens.

At the plant level, differences in susceptibiJity of vanous trees cultivars to different

Agrobacterium strains have been observed and factors such as endogenous phytohormone levels

of the explants have been proposed to influence successful transformation (Flandung et al. 1997).
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influence ofpromoter in transgene expression

Stability of transgene expression IS an important character of genetically modified plants.

Transgene instability that Jeads to silencing of the transgene and subsequent loss of the expectcd

phenotype can result l'rom various factors abovc mcntioned. but another possible cause might be

the promoter of the T-DNA binary plasmid itself. The 3SS prornoter, derived l'rom the cauliflower

mosaic virus, is the most common component of transgenic eon structs and is used in more than

80% of genetically modified plants (Hull & Dale, 2000). In general , 3SS is considered to be

constitutive. which rncans that it is expressed in aIl of the plant cells , however, severa! studies

have revealed that expression of most common reporter genes like lIidA and gfp driven by 3SS

promoter are tissue-specifie and definc expression through development: tobacco (Benfey et al.

1990); tomillo (Assad-Garcia et al. J 992); Casuarina tree (Smouni et al. 2002; Obertello et al.

200S).

Conversely, GUS and GFP expression in tobacco plants growing in field conditions was reported

to be similar when both genes were controlled by 3SS promoter (Harper & Stewart, 2000).

Halfhill et al. (2001) in soybean and El Shemy et al. (2004) in eanola demonstrated that plants

expressing 35S-GFP protein grew and reproduced normally , and GFP expression was inherited to

the progeny. On other hand, homology between tran sgene eonstruct and viral genes ean occur in

the promoter region , Icading to the suppression of the insertcd genes due to transcriprional down

regulation of the 35S promoter in oilseed (Al-Kaff et al. 2000). As mentiooed before, RNA

interference [RNAi] can naturally oceurs as a post-transcriptional gene silencing [PTGS] in plants

as a mechanism of defence against foreign genes like virus in which double-stranded RNAs

[dsRNAs] in cells caused degradation of RNAs that share the same sequence with the dsRNAs

(Voinnet , 2001).

Agrobacterillm-mediated transformation with large DNA fragments and gene isolation

Gene isolation by positioning eloning frequently requires several rounds of transformation with

traditiona! binary vect ors . Even in well-studied crops for whieh multiple DNA markers are

available, stiJl diffieult to narrow down the chromosomal region of interest to a manageable size

for gene identification (Tao et al. 2002). To minimize the resourees invested and to accelerate the

proeess, recent research advances allow ihe use large DNA fragments in transformation

experiments followed by ana lysis of transgenic plants to assess functional complementation.
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Commonly, the s ize of T-DNA to be transferred to the plant by Agrobacterium mediated

transformation is generally larg e (> 40 kb) and cloning can be time-consuming and laborious.

Moreover, traditional binary vectors generally do not allow transfer of DNA sequences larger

than 25 kb . Recently, larger binary vectors i.e . BIBAC (Hamilton et a l. 1996), TAC (Liu et al.

1999) have provided a fast and reli able alte rnative to the cloning of large genomic-DNA

fragments « 150 kb) for standard Agrobaclerium-mediated transformation protocols in se veral

plant species . Plant-transformation-competent BIBAC and TAC libraries representing the entire

genome were constructed in tom ate (H amilton et al. 1999), Arabidopsis (Chang et al. 2003) and

rice (Tao et al. 2002 ; Qu et al. 2003) 10 facilitate genome-related research and determination of

gene function . Thi s technology can be also useful in the transfer of clu sters of gene s (naturally

occuning or synthes ized) into plant genome. Consequently, several disease resistance genes or

genes belonging to a specifie biochemical pathway can be inserted through one transformation

event and subsequently inherited as a single locus.

Functional analysis of R-genes to nematodes

Genetic engineering in 010st important agricultural commodities had increased consi derably the

knowledge about R-gene fun ction during the last decade, mostly due to the accuracy of protocols

for introgress ion of desired resistance genetic factors and the establishment of reliable pathogen

tests for each plant spec ies . Among the most studied R-genes for an y plant-pathogen studied ,

functional complementation of R-gene to cyst (Heterodera and Globodera sp.) and root-knot

(Meloidogyne sp.) nem atodes had recei ved a worldwide important attention, since significant

damages are ca used by the se root endoparasites in human or animal alirnentary secur ity crops i.e.

tornato , potato and soybean (see page 22) .

Until date, functional validation of cloned plant genes has been done preferably using A.

lumefaciens-mediated transformation. Principal reasons for this are: i) disposition of reliabJe

protocols for efficient obtention of transformation events, ii) higher availability of vectors and iii)

the fact that larger size of T-DNA can be transfer into the plant genome compared with direct

transformation methods. However, an important inconvenient of transformation protocols using

A. tumefaciens , is that regeneration of whoJe plants for nematode tests from initially tran sforrned

callus still const itutes a time con suming and tedious process, e.g. with ac tual regen eration

procedures approx imatel y 1 yea r is required before the plant with the introduced sequences can

be evaluated .
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On other hand, R-genes to nematodes can be rapidly and effectively validated by producing in

vitro transformed roots expressing candidate resistance genes obtained after infection by A.

rhizogenes (Remeeus et al. 1998). Such roots, when cultured in vitro are commonly called "hairy

roots" because they frequently exhibited a particuJar phenotype (rapid growth, high branching

and plagiotropic development) . Hairy roots have been successfully used to study Mi and Hsl pro

1 R-genes function in tomato and sugar beer , respectively (Cai et al. 1997; Kifle et al. 1999;

Hwang et al. 2000). Moreover, further advances in A. rhizogenes-mediated transformation will

contribute to elucidate sorne uncertainties associated with this transformation method as the

number of copies, site of localization and stability of the expression of transgenes following

insertion in the plant genome.

6. Genetic transformation of coffee

Coffee genetic engineering emerged during the last decade as a potential tool to achieve

objectives from two different research strategies: i) study the introgression impact (functional in

vivo validation) of agronomically interesting genes that wouJd be introduce later by traditional

breeding programs, ii) serve as a tool to introduce desirable traits into commercial genotypes (i.e.

protection against insects to which no source of resistance has been identified naturally in CofJea

sp .).

However, the prcvious was only available after the establishment of protocols for regeneration of

coffee plantlets for both principal commercial species tC. arabica and C. canephora) . In that

order, two types of somatic embryogenesis (both using leaf sections as explants) have been

preferably used since enables efficient regeneration of plant lets from different tissues with

numerous technical simplifications : i) direct somatic embryogenesis: somatic embryos are

obtained quickly (approximately 70 days) on only one medium with the production of limited

callusing. This procedure is particularly suited to C. canephora and ii) indirect somatic

embryogenesis based on the use oftwo media: an induction medium for primary callogenesis, and

a secondary regeneration medium to produce friable embryogenie callus regenerating several

hundred thousand somatic embryos per gram ofcallus on both Colfea sp . (Etienne et al. 2005).
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Gene source

The recent development of high through-put methods for analyzing the structure and function of

genes represents a new paradigm with broad implications for agricultural production. With the

end of the sequencing of the first model organisms and the development of centers of excellence

in genomics, the knowledge of genomes and their expression increases exponentially, inclusive

for woody plants like coffee. During the last decade, important efforts were made in coffee to

develop EST data bases. The Brazilian govemment funded an ambitious Coffee Genome Program

with the objective to establish a data bank of more than 200 000 expressed sequence tags (EST)

which cou Id lead to the identification of more than 30 000 genes. Recently, a mixed Nestlé

Comell University team published an EST database of around 47 000 cDNA clones,

corresponding to 13 175 unigenes (Lin et al. 2005). ln paralJel, BAC libraries of both coffee

species, C. arabica and C. canephora, were established (Noir et al. 2004; Leroy et al. 2005). Such

maps are of central strategie importance for marker assisted breeding, for straight-forward

positional cloning of agronomical important genes, and analysis of gene structure and function.

As a consequence of the recent efforts on coffee genomics, a lot of coffee gene candidates had

been identified and sorne of them are currently under cloning. Among them, pathogen resistance

genes as: Mex-l gene to Me/oidogyne exigua root-knot nematode (Noir et al. 2003), Sh-3 gene to

race 3 of coffee leaf rust (Hemi/eia vaxtratix) (Prakash et al. 2004) and Ck-l gene to coffee berry

disease (Col/etotrichum kahawae) (Gichuru et al. 2006) and others involved in physiological

functions such as sucrose synthase (Leroy et al. 2005), caffeine synthase (Ogita et al. 2004;

Satyanarayana et al. 2005), seed's oil content (Simkin et al. 2006) and osmotic stress response

(Hinniger et al. 2006). For the mentioned intrinsic genes and for the ones to be discovery, the

availability of efficient genetic transformation procedures becomes necessary in order to validate

their function and to analyze their structure. On attendance, the majority of transformation events

doue until present in coffee corresponds principally to uidA and/or g(p reporter genes inserted

between T-DNA borders in pBlN or pCambia type binary backbone (see Table 1). Exceptions to

the previous was done by Leroy et al. (2000), who achieved stable transfer of cry/Ac gene

(synthesized from Bacil/us thurigiensis and that encodes an endotoxin active against coffee leaf

miner PeriIeucoptera coffee/a) and of csr/-/ gene (conferring resistance to chlorsulfuron

herbicide).
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ln addition, Ogita et al. (2003) and Kumar et al. (2004) reported the production of transformed

plants with suppression of the expression of the genes that encode the enzymes threobromine

synthase (CaMXMTl) and N-methyl transferase (NMT) respectively , both involved in caffeine

biosynthesis. ln particular, Ogita el al. (2003), achieved production of doubled strained RNA

interference (RNAi) method. RNAi sequences homologous to the CaMXMTl mRNA given as a

result that leaves of I-yr-old transforrned trees exhibited reduced theobromine and caffeine

content (30 to 50% compared with the control).

Markers and reporter genes

For successful recovery of transgenic plants, the choices of a suitable selection marker, its

concentration and timing of application are critical. During the period following transformation,

the selecting agent must permit the proliferation of transformed cells and further development of

transformed embryos along limiting the negative toxicity effects related to Ù1e polyphenolic

oxidation from the surrounding tissues. Although, in most coffee transformation reports T-DNA

transfer has been done through the use of binary vectors containing both the gene of interest and

one or various selection marker(s) genes, few research teams have compared different

concentrations and timings of antibiotic (hpt hygromycin-R, nptll kanamycin-R) or herbicide

(csrl-l chlorsulfuron-R, bar ammonium glufosinate-R, ppt phosphinothricine-R) resistance

markers genes in order to find the parameters that allow best rates of transformed plant

regeneration .

First works in coffee transformation were done using kanamycin. However, this antibiotic has

exhibited contradictory results as potential agent for transformed coffee embryos. Barton et al.

(199]) and Spiral et al. (1993) concluded that kanamycin possess poor selective capacity since

non-transformed somatic embryos could regcnerate even at high concentration doses (400 mg/L) ,

whereas Giménez et al. found that secondary somatic embryogenesis was inhibited at 50 mg/L .

Giménez et al. (1996) and Van Boxtel et al. (1997) agreed that embryogenie suspension cultures

showed tolerance to 400 mglL of kanamycin. Despite the previous warnings, kanamycin was

recently used at 400 mg/L by Cuhna et al. (2004) and al 100 mg/L by Canche-Moo et al (2006),

both achieving acceptable regeneration of transformed embryos.
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Hatanaka et al. (1999), Naveen el al (2002) and Ogita et al. (2004) observed that hygromycin at

50-100 mg/L allowed an acceptable regeneration frequency of A. lumefaciens-mediated

transformed somatic embryos. Kumar et al. (2006) using A. rhizogenes-mediated transformation

reported that hygromycin 20 mg/L interfered with secondary embryos growth and therefore so

sub-optirnal levels of selection pressure (5 mg/L) were employed during early embryogenesis

development in order to retain nature of the transformed cell. However, because of the biosafety

concems about transferring of bacterial antibiotic resistance markers to plants and from the se to

animais or humans, plant transformation strategy turned into the utilization of other types of

selection markers as herbicide selection or positive selection in order to avoid this potential

biohazard.

Van Boxtel et al. (1997) proposed a " hybrid" protocoJ for selection of coffee transformed tissues,

where kanamycin should be used only during early phase of callus development (100 to 200

mg/L) with subsequent use of glufosinate ammonium (3 mg/L) on later developmental stages of

somatic embryogenesis (Glufosinate ammonium or phosphynotricin PPT, is an herbicide that

inhibits glutamine synthetase, an enzyme able to detoxify the ammonium produced by the

reduction of nitrate, the degradation of aminoacids and the photorespiration); the gene bar codes

the phosphynotricin acetil transferase -PAT- that acetylates the free NH2 from PPT, producing

resistance to the herbicide). Van Boxtel et al. (1997) and Femandez Da Silva & Men éndez-Yuffà

(2004) showed that low concentration of glufosinate (6 mg / L) were enough to inhibit non

transformed callus growth. Consequently, ulterior works carried by Ribas et al. 2005a and Ribas

et al. 2006a) confirmed the reliability of bar gene (showing resistance to this agent) as a selection

marker for regenerate only transformed somatic embryos. Leroy et al. (2000), reported efficient

selection of somatic embryos from necrotic callus using chlorsulfuron at 80 ug / L. Later works

succeeded to regenerate also transformed plant lets containing ppl gene conferring resistance to

phosphinothricine on selective medium containing 10 uM of the herbicide (Cruz et al. 2004).

Others marker genes as phospho-rnannose isomerase (pmi) (Joersbo et al. 1998) and xylose

isomerase (xyIA) (Haldrup et al. 1998) started to gain attention for their use in coffee genetic

transformation. They differ from conventionaJ (antibiotic or herbicides) selection markers as they

are based on supplementing the transgenic cells with a recovery metabolic advantage rather than

killing transgenic shoots after transformation (Joersbo, 2000). In coffee, Samson et al. (2004)

tested the regeneration of somatic embryos in presence of mannose and xylose in media devoid of

glucose, and dernonsrrated that they were able to regenerate into explants in the presence of
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mannose as carbohydrate source, but not in different concentrations of xylose, indicating thus the

potential use of XylA gene as a positive selection marker in coffee transformation.

Recently, following environmental concerns about transferring herbicide resistance through

natural pollinization to non-transformed related plant species growing near to transgenic crop

fields, along with the aim of simplify transformation procedures, visually markers started to

replace those based in herbicide selection. In that order Ogita et al. (2004) and Chance-Moo et al.

(2006) used gfp and DsRFP reporter genes respectively for visual selection of somatic embryos of

C. canephora following A. lumefaciens-mediated transformation.

Promoter

With few exceptions, the 35S promoter, derived from the cauliflower mosaic virus, has been the

most common component of transgenic constructs used with either direct or indirect

Agrobaclerium-mediated coffee transformation (see Table 1). Surprinsingly, apart of Van Boxtel

et al. (1995) and Rosillo et al. (2003) who tested different promoters controlling uidA gene and

compared its expression in endosperm, somatic embryos and leaf explants of C. arabica; none

other research group had done this type of research in coffee. Van Boxtel et al. (1995) founded

that EF-I a promoter (from A. thaliana EF-I a translation elongation factor p35S drive) revealed

the most efficient GUS gene transient expression; however the use of this promoter has been

restricted to this research group (Leroy et al. 2000; Perthuis et al. 2005). Rosi1Jo et al. (2003)

compared the efficacy of transfer and expression of GUS gene driven by 35S with respect to IWo

coffee promoters (a-tubulin and a-arabicin); under their protocol conditions, ail promoter

constructs resuJted in similar transient expression of GUS gene, opens the possibility that

pCaMv35S could be replaced with an equivalent coffee promoter.

Not less important is the lack of studies about the characterization and specifie localization of

p35S drived-GUS activity in transformed tissues of coffee. Sreenath and Naveen (2004b) carried

an histochemical survey of p35S.GUS activity comparing various tissues in untransformed and

transformed embryogenie calli and somatic embryos, and demonstrated that coffee possess an

endogenous GUS activity which is expressed to different levels in different tissues, but differs

from introduced bacterial GUS activity in optimal pH requirement and sensitivity to methanol.

Hatanaka et al. (1999) demonstrated that leaves and roots and of p35S.uidA transformed plants

exhibited a deep blue color on reaction with X-gluc, whi!e non-transformed plantlets did not react
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with X-Glue. Leroy et al. (2000) found that 50% of the embriogenic callus transfonned with pEF

1a.GUS drived-prornoter and growing in culture media containing a high dose of chlorsulfuron

(80 ug / L) did not exbibit a blue staining. The previous clearly demonstrated that increasing the

selective marker concentration did not alleviate the probJem of escapades and even decreased the

rate of transformation events. Therefore, this research team used GUS histochemical test as a

secondary screening of whole plant lets.

Ogita et al. (2004) demonstrated that epifluorescence of p35S.gfp gene was constitutively

detected throughout the entire somatic embryo. Similarly results were observed by Chance-Moo

et al. (2006) in somatic embryos using p35S.DsRFP. Satyanarayana et al. (2005) recently

achieved cloning of the first promoter for the N-methyl transferase gene involved in caffeine

biosynthesis, which will be very useful in near future for studying the regulation of caffeine

biosynthesis genes.

Methods employed

Direct gene transfer

After first report from Barton et al. (1991) of transformation of coffee embryos by

electroporation using the nptIJ (kanamycin resistance) gene, this method remained unmentioned

until Da Silva-Hernandez and Yuffà-Menéndez (2003) described sorne improved conditions to

regenerate transfonned C. arabica somatic embryos expressing the GUS and bar genes. Their

experiments showed that the electroporation of somatic embryos in torpedo stage can be

promissory as a method for coffee transformation since expression of GUS and bar genes was

detected by PCR in tissue from the regenerated plants several months after transformation (De

Guglielmo y Menéndez-Yuffà, unpublished results).

Biolistic delivery method (Klein et al. 1987) has been improved considerably since the first report

of GUS transient expression in coffee using a powder driven gun by Van Boxel et al. (l995a).

Rosillo et al. (2003), studied diverse interactions between osmotic preconditioning of C. arabica

suspension cells and physical parameters using helium gun deviee. They detenninate that a short

period of endospenn pretreatrnent with two non-rnetabolixed agents (mannitol and sorbitol)

increased the number of cells expressing GUS gene without causing cell necrosis after

bombardment. The authors discuss the advantage of using these types of osmotic agents instead

40



Chapter J. Bibliography introduction

of suc rose in order to reduce the turgor pressure of cells and increase ceJl survival by avoiding the

leakage after the shock wave created during bombardment. Ribas et al. (2005a) described a

protocol for transformation of embryogenie callus and somatic embryos of C. canephora using a

helium gun, following by cell transferring into medium containing mannitol before and after

bombardment. Their protocol allowed apparition 12.5% of transformed callus expressing GUS

positive reaction to histochemical activity assay.

De Guglielmo & Menéndez-Yuffà (unpublished results), using a pistol at low helium pressure

evaluated the efficacy of this technique in transformation efficacy of torpedo and globular

somatic embryos, embryogenie callus and vitroplant leaves of C. arabica. Based on the GUS

transient expression, survivorship and regeneration of the tissues, the authors determinate that

torpedo embryos were the best material for biolistic gene delivery. The same authors applied the

improved conditions to transform also C. arabica with the complete pUBC plasmid and the

genetic cassette Ubi-cry-Nos (promoter-codingsequence-terminator). Such modification of the

transformation procedure avoids or eliminates the negative effects attributed to the backbone of

the vector of transformation that could be responsible for transgenic silencing, besides the number

of foreign sequences introduced in the plant genome, including genes of resistance to antibiotics,

which is controversial from the point of view of biosafety.

indirect gene transfer

Hatanaka et al. (1999) achieved the first successful A. tumefaciens-mediated transformation of C.

canephora plants exhibiting strong GU S stable expression. Leroy et al. (2000) reported also

transformation and efficient regeneration of coffee plants of both Coffea sp. containing uidA and

cryiAc genes. Ribas et al. (2006a) also transformed C. canephora explants submitted to

sonification during immersion on A. tumefaciens suspension strain encoding uidA and bar genes

and regenerated transformed plants. Chance-Moo et al. (2004) transformed leaf explants through

A. tumefaciens-mediated transformation involving a vacuum infiltration protocol in a bacterial

suspension, followed by a step of somatic ernbryogenesis induction. A. tumefaciens-mediated

transformation had also served to induce stable gene siJencing through RNAi technology of genes

encoding theobromine synthase (Ogita et al. 2004) and N-methyl transferase (Kumar et al. 2004)

[both involved in caffeine biosynthesis] in both C. arabica and C. canephora species. Ribas et al.

(2005b) achieved inhibition of ethyJene burst of C. arabica by means of introducing the transgene

in antisense orientation.
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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. Leroy et al.

(1997) also achieved stable transformation of both Coffea sp. somatic embryos following the

protocol developed by Spiral et al. (1993). Kumar et al. (2006) described an adapted method for

A. rhizogenes sonification-assisted embryos transformation. Their technique allowed the

transformation and direct regeneration of transformants through secondary embryos bypassing an

intervening hairy root stage. Interestingly, C. arabica resembles less amenable to Agrobacterium

infection that C. canephora and, although transient and stable expression has been reported in

both species (Kumar et al. 2006).

Regeneration of whole transformed plants

The long Iife cycle of coffee tree calls for stability of the transgenes over several years and, until

present, regeneration of stable transgenic coffee has been scarcely studied and seerns still far from

suitable to be use in routine regeneration of different Coffea species.

First regeneration of transformed C. canephora was achieved by Spiral et al. (1993) and of C.

arabica by Sugiyama et al. (1995). ln both studies, transformed pJantJets were regenerated from

A. rhizogenes-mediated transformed somatic embryos and roots respectively; however in both

studies regeneration protocoJ was laborious and plants showed a "hairy" phenotype with short

intemodes and stunted growth. Since van Boxtel and Berthouly (1996), developed an optimized

protocoJ that allowed high frequency somatic embryogenesis from coffee leaves, homogeneous

and efficient regeneration of vigorous coffee plantlets from embryogenie suspensions cultures

become the most common technique to regenerated transformed plants following either direct or

indirect cel1 transformation (See Table 1). Such technique was later used by Leroy et al. (2000),

however embryogenie callus was induced only in 1 and 0.1 % from total A. tumefaciens-mediated

transformation events for C. canephora and C. arabica respectively. From this callus, only 30 and

10% developed into secondary embryos, and from these, only 50% regenerated into plantlets. The

previous resuJts c1early demonstrated the genotype effect on coffee regeneration (higher in C.

canephora with respect to C. arabica).

Ogita et al. (2004) deveJoped an advantageous method which consisted in the production of direct

somatic embryos directly formed from the epiderrnal tissues of the initial embryos (without callus

formation and where somatic seedlings stage is reach within 3-6 months). Kumar et al. (2006)
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reported that regeneration of coffee plant lets following A. rhizogenes-mediated transformation of

somatic embryos was barely efficient (only 3% of total transformation events). They also

described sorne plantlets exhibited a "hairy root' phenotype with abnormal elongation and brittle

and wrinkled leaves phenotype. However, the percentage of plant lets in the previous study

aberrant phenotype was significantly low compared with the results described by Sugiyama et al.

(1995), who described that ail regenerated coffee plantlets showed a "hairy root" phenotype. Such

abnormal phenotype is stable in time as demonstrated Perthuis et al. (2005) who demonstrated

that four out of the nine independently transformed C. canephora clones obtained with A.

rhizogenes were still displaying this phenotype in field conditions, however ail these plants died

rapidly after planting.

Although a considerable number of reports have done regeneration of transformed coffee plants,

ail plants from such experiments were grown in transgenic green-houses. Perthuis et al. (2005)

reported the sole work of successful regeneration of transformed coffee plants up to establishment

a lot in field conditions.

Testing

Herbicide resistance

Leroy et al. (2000) regenerated transformed explants expressmg resistance to chlorsulfuron.

However, not all exhibit amplification of csrl-l gene, demonstrating the important occurrence of

escapes during herbicide selection. Apart from chlorsulfuron, selection of transgenic coffee plants

has also been conducted by means of regenerating somatic embryos encoding bar gene on

selective medium containing ammonium glufosinate (Ribas et al. 2005). Regenerated plants

supported up to eight times the herbicide recommended field application doses (Rib as et al.

2006a).

Pathogen resistance

Reports about coffee genetic engineering approach to insect resistance had increased considerable

during the last years, since to date, none resistance to coffee berry borer (CBB) or coffee leaf

miner (CLM) have been reported in Coffea sp. ln the case of CLM, research has focused

primarily on the use of cry 1Ac gene from Bacillus thuringiensis (Bt), which posses the most
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efficient 13-endotoxin against leaf miner (Peri/eucoptera coffee//a) (Guerreiro et al. 1998). Leroy

et al (2000) described that C. canephora transformed plants with this gene, achieved to synthesis

and express resistance to the insect in green-house conditions. Perthuis et al. (2006) reported that

such resistance was stable and operationally effective resistance after six releases of a natural

population of P. coffee/la during four years of field assessments.

In other hand, production of transformed coffee plants with resistance to CBB is actually

conducted by Cruz et al. (2004) with the a-Ali gene from common bean. The authors achieved

transformation of C. canephora plants with this gene and bioassays with the insect are under way

to confmn functional validation of its proteins in coffee.

Following recent achievements of other crops, gene pyramiding could be envisage in coffee in

order to introduce a large number of resistance genes to diverse races of one pathogen or

combined different pathogens.

Physiological traits

Ribas et al. (2005b) achieved inhibition of the ethylene burst by introducing the ACC oxidase

gene in antisense orientation; this technique would permit the understanding of genes involved on

fruit maturation and ethylene production. Satyanarayana et al. (2005) reported the cloning of the

promoter for the gene N-methyl transferase (NMT) involved in caffeine biosynthesis pathway.

The authors mentioned that efforts are on to use this promoter sequence for down regulation of

NMT gene through transcriptional gene silencing.

The recent cloning of the first promoter for the gene involved in caffeine biosynthesis

(Satyanarayana et al. 2005) together with the proximity identification of genes involved in

suc rose and drought tolerance metabolism (Pot et al. 2006) opens up the possibility for coffee

plant transformation to validate and study the molecular mechanisms that regulate the production

of these important targets for Coffea sp. cultivation.
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Thesis research objectives

The principal research objective of this work was to develop efficient tools (transgenesis +

bioassays) for the functionai analysis of resistance genes using the Agrobacterium rhizogenes

mediated transformation procedure.

This thesis research was part of a scientific project seeking to gain a clearer understanding of

biodiversity, with a view to optimized exploitation of genetic resources . Better knowledge of ilie

genetic diversity of R-genes and how they evolve is essential for improving the conservation and

exploitation of genetic resources. The transfer of R-genes into cultivars needs to be rational, not

only in terms of sustainability, but also controlled in order to limit undesirable effects on agro

morphological traits and on the quality of agricultural production. By mastering the A. rhizogen es

transformation process along with bio-assays for nematode resistance evaluation, it should be

possible to validate the functionality of the Mex-l gene.

FolJowing that study, it will be possible to analyse, in functionality terms, the diversity of

orthologue sequences derived From a genetic resources analysis. Il will then be possible to

determine the molecular bases of resistance specificity associated with that locus .

Various specifie objectives were pursued during this thesis work :

1. 11 was investigated whether the Mex-l gene cou Id confer intermediate resistance

associated with incomplele expression and whether that expression is stable.

ln coffee trees, several C. arabica lines derived from the interspecific Timor hybrid (wild C.

arabica x C. canephora) have displayed resistance to the M. exigua nematode and the lRD

ClRAD leam confirmed that resistance to that nematode came from the C. canephora parent

(Bertrand et al. 2001). Recently, Noir et al. (2003) identified molecular markers associated with

the resistance to M. exigua. A simply inherited major gene, called the Mex-l locus, was

identified. That major gene may have incompJete dominant expression because most of an F2

population showed a gall index that was higher than the mean value of the resistant parent.

Intermediate resistance to plant pathogens has frequently been reported for numerous

host/parasite interactions.
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Tzortzakakis et al. (1998) suggested thar the number of copies of the Mi gene inserted in tomato

hybrids could modify the expression of R genes. The availability of the complete sequence of the

Mex-l gene in the near future will rnake it possible 10 carry out a functional analysis of Mex-/ and

maybe provide an opportunity for studying how the nurnber of copies of the Mex-/ gene in the C.

arabica tree genome influences the expression of resistance to M. exigua.

II. The development of an A. rhizogenes-mediated transformation protocol enabling a rapid

regeneration of transformed roots and the subsequent production of composite plants .

ln coffee, protocols for A. rhizogenes mediated-lransformation and plant regeneration bave been

reported (Spiral et al. 1993 ; Kumar et al. 2006), but the transformation efficiency achieved to date

has been very limited and unsuitable for use in the functional analysis of genes. One of the main

objectives of this thesis work was to establish reliable culture conditions for rapid regeneration of

A. rhizogenes-transformed roots.

Since A. rhizogenes-transformed roots are often characterized by a 'hairy root' phenotype (rapid

growth, high branching and plagiotropic development), the potential for composite plant

production (transformed roots on untransformed shoots) was studied and it was determined

whether that system offered major advantages over the 'hairy roots ' approach for functional

genomics studies of genes conferring resistance to nematodes . Consequently, a procedure for the

infection of transforrned composite plants was also developed .

III. The establishment of suilable conditions for effective long-term proliferation of hairy

root axenic cultures.

ln coffee, culture conditions for long-term maintenance ofaxenic root cultures have not yet been

described. However, a command of the hairy root (A. rhizogenes-transformed roots) proliferation

tool is important at different stages of the procedure:

to maintain a library of transformation events,

to have large quantities of biomass, hence of DNA, for molecular studies

associated with functional genomics (PCR and Southem Blot analyses),

to regenerate who le transformed plants and be able to study any expression of a

promoter or of transgene in the whole plant.
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The development of such a technique would also provide a clearer understanding of the

morphoJogicaJ changes in hairy-roots and define i) whether morphological variables can be used

to distinguish between the different phenotypes ii) identify the responsible genes from RiT-DNA

for the altered phenotypes .

IV. Finally the expression of the CaM V35S-G US and CaMV35S-GFP constructs within

transformed roots was analysed .

For perennial plants, except maybe Populus and Casuarina, there is still little information

available on the expression pattern of the cauliflower mosaic virus promoter in transgenic trees . Il

is increasingly being reported in the bibliography that such expression may not be constitutive. In

the coffee tree , that type of information is particularly lacking and there is no information

availablc about the way it is expressed (level and localization) in roots. That approach was taken

using the gus and gfp reporter genes. The stability of CaMV35S-GUS and CaMV35S-GFP was

also studied. lt was important to assess the reliability of that promoter for future functional

validation studies.
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Chapter II

Study of Coffea arabica resistance to Meloidogyne exigua
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system» l'rom both susce ptible and resistant vari eries were
inocu lated with Jfdoid,<~.\· " c cxigl/unlèmat o,Je ind ividual s.
Inoc ulaiion uf composite plants l'rom the Cuiu rra suscc pii
ble varicty resulted in the normal developmenr of nema tode
larvae, N umbers of l'Xl rac ted nematodes dernonstrared 1hal
trun sfo nn cd rooi s l'et Il in the rcsistancc /scn si bi liry phcn o
lype o f vari etie s l'rom whi ch they are deri ved . Th èse resulrs
sllggt'Sl lhal composite plants co nst inne a power ful roo l for
srudying ncmarodc resista nce gc nes .

Kt'YWt)J'ds A.liro!Jaerenlllfl Ilti?o!?<' IICJ . Coffee .
Com posue pia nI ' Gc net ic lrans fo rmal ion · Ne marode

Introduction

P lalll par.ls ilic nematodes ar c ùhligale pa rasites Ihal rep 
rese nt a major threat for crop produ cti on ihroughout the
world. Reccutl y, the COSI of nematodc parasit ism 10 wor ld
agriculture was cs rim atcd 10 be US $ 1~5 billion annunlly
1Chitwood 200.\ ), Th, most sever e damages arc cau sed by
sede utary 1'001 endoparasites. like CYS I (e.g. Hrterodero and
Globodcra; and roo t-kno i nemat ode s IC .g . M~/"id(lg."n (' 1.
B rt·l'dill .~ fur n'/llill/.dl' re si stan ce has been a maj ur o bjec
live for ma ny import.uu rrops likc 1001"to. pota lO. slJgar
be l't " ncl so ylx·" n. Consl' '1l1<'lllly.. a Illlmber of res iSla llC' l'
g<;nl'" 1<) "tu iC> IIs pathngl' nie nel11 ~ ((llks have Ix'ell i,knli
lic:-d and c10ned in Ihe5e c rops. The hesl ~l lldÎl'd is :\ f l gel1l'
l'rom tomait) (tvli lligan ,~ I ,,1. l 'l'j~O . whieh cllnfcI> rl'si s
lance 10 Ihr"," sP<'''(' j"s o)fMd""I";.:.''',,,. Ol he r c1(lnc:-d ge n('s
;Ife H.I/I'm- I g,'nt' frolll s lJg;Jr bee l Ihal l'on fer s reSi,I ,lIl' <::
tn J-/" f l 'w , /n cl I dlOl/lil ; tCa l ël al. j l.J '}71 Jnd ( ;1'0-': and
fl C/n gencs f('(lfll p,) I"I () iva n der Vnss<:: n el al. ~n(lü : Ern sl
Cl al. ~(ll,)~) (.'IJll f(.;' rri llf: n.: ~ i s lanc(' 10 G'/ o />odc I'u f' d /lidll and
G. m .I'(l c li i.. I1St'\ . r.:spe<:tivdy.

Coffl'" is Ih ,' mo'l wi dcl y ( 1IIIiva l,") Iropical Ir<'<: e mp
and J'<'pn' sen" ,hl' le,Hling ..g ril'lIll 111',,1 e.'p\\l1 prudu cl. Th l'
main Cu/rI''' '" " !>! CO ,'lIliivaled varil"li,"s \\'<: 1' ':: siwwn Il)
Ile su >ccrlibk \(l IllllllClOUS P<lthogèl1'. (H'lably s""lenlary
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endoparusitic rooi-knot nematodes (.He/oidùgl'III' s pp.)
(Ca mpos et al. 1(90). In many producti on regions.
M eloid ogvnr is a major agr iculturul consrraint and can
rcsu lt in sig nific an t drops of produ cti on. 50 far, more
than 15 species have been report cd as paras ites of co ffee .
So urces of resistance specifie to root -kn ot nem atod es have
been id cnrifi cd in coffec rrccs (Bertrand CI al. 20( 1) and
the ,\-1<'.1'-1 gene conlerring resistan ce to M. exig u« in C.
arabi ca is in the process o f being isolated (Noi r Cl al. 20(3 ).

Gcncrically improving plants for resistance to nematodes
requires increased knowledge of resistance gcnes and as
soc iated rucchanism s. Molccular di ssection of resis ta nce
gen es and bcuer understanding of resis tan ce s pcci ficity ba
sis and evolution would coutribute to an enh.ui ced durabil 
iry a nd uiiliry of the ideniificd resistance gene s. For this
purp ose, the de....·elopment of Il geneiic transformation PJ"()
ced ure and additional touls l'or funcrional analysis thal en
able rapid validation and srudy of resistance genes 10 ne
matodes would he extremely useful, Using Agrobacterium
/lImt1aciens-mediatcd genetic transformation is one way
e nvisa ged for conducting such studies. This technology
exists for the coffee tree (Hatanaka ct al. 1999; Leroy ct al.
2000 : Ribas et al. 2005) but. as with other woody spec ics ,
it is lengrhy, labour consuming and nol efficient enough to
be uscd in functional analysis SI udies.

Il has becn shown thal resistance of genes tu nematodes
can be mpidly and effectively validated by producing in vitr
transfonned mots expressing candidate resistance gen es
(Remeeus el al. 1(98). ln many dicOlS. such rools l'an he
prOO.uced afIn infeclion by Agrobacterium rltizogen es, a
soil-bome palhogc"nic baclcrium responsiblc for the devcl
opment of the hairy root disease . Ihat ioduces at lhci noc u
1011 ion sile the developmenl of advenlitious roots thM ,He ge
netically transformed . following transfer of the T-DNA of
Ihc Ri (rool-inducing) plasmid (Chilton <:t a l. 1982; Tl'pfer
1990: Ou'iSle)' 2(01). A. rlti:og elles is nl50 ablc to lransfer
the T-DNA of binary vccto~. thereby ennbling Ihe produ c
tion of transformed roOls bear inp. olher foreign genes on
3 second plasmid (co-lransfonnation). Whcn c u l t ll f(~d in
,·itro . A. rhi zogoles-Irnnsfnrflle<i rools \Vere often charac
lerizcd by mpid growlh. high branching and plag iolropiç
de\'dopmenl Chairy rool ' ph<:notype).

Hairy rool elJltur <:s have been USL-ct 10 sllldy nodul ation
;tnd nitrogc"ll fixati on. for lIl{'produclion of plant sCt:ondary
I\lct.~bolilcS ;lIld for siud ying inle raction ",ilh othc r orga n
isms . such as mycorrhiznl fllngi or ocmatodes. ('ho cl al.
e ooo)sho\\'cd lhat Ihe soy bean cysi nem atOOe couId C(l lll 

plde ils enlire lire cycle on soy bea n ha ir)' f\)ot cullures.
Hairy rools 'l'cre prt1poscd as an casy sys lcm for les ling
nellwlodcs resiSlanœ in crup plant s and "'cre succe ssfully
lIsL,<1 to >ludy Miand HII pro- I [lene funetion in lom alo and
su p,..r bec!. respeclively (Cai el al. 1997; Rem <'<'u s el al.
1998 : Kilk Cl al. 1999: Hwang el aL 20(0).

Ncvenhelcss . the lise of h:liry roOls 10 study n<' lTHl
IOOt: rCSislalTce presents severa 1IÎJnit,; associal ed ",i lh Iheir
phenolype variabililY and the sun sequ ent rcq uireme nl li)

work wilh many lin,·, Ihal musi he lran sfl.' rred n:gularly
10 fresh Ill<'dillm platés (plovie d al. 200.11. Moreol'''!'.
il WOl S reported Ihe difficully in mainlainilT~ axenie cul-
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ture conditions in a sys tem wilh thrce organi -ans. i.c.
plunl!nclllatod c!A. rhiiogcnes (Narayanan Cl al. 1999) and
the problcmaric differen ce betwecu nutural roof e nviron
ment and the use of stc ril izc d nem atodes and piani male rial
dev oid o f aerial syste m whe n srudyi ng plant-nemat ode s
interactions. In cotfe e. alrhough the regeneration of A .
rh iw ,t:<'lII'S-trallsformed roors h<1S been rvport ed (Spiral
,'1 a l. 1993: Kumar Cl al. 20 05 J.cu lture co ndi tions for long
term mairuenance of axeni c ro oi cultures have not yc t been
dcscribed .

An alte rnative struregy for study ing the function of genes
in roots is 10 use 'co mpos ite ' plants that cau lx cfficicmly
and rapidly gencrrued by indu cing transfonned roots on
non-tmnsformed shoots after inoculation with A. 1'111:0
gelles (Hamen el al. 198':1 ; Aka saka et al. 194f': Boisson
Dernier el al. 2(0 1), Co mpos ite plant s offer the major ad
vanragc over nxenic hairy roor cultures of g,encraling in
formruion al the w ho le plant leve] and give the possibility
to realise functional analy sis studies in non-axenic con
d itions. To our kn owlcdge, composite plants have never
been used 10 study planr-uemarodc interaction. ln this pa
pel', wc de scribe (i ) the development of a convenient A.
rh ;=vgell<'s-med ialed transformation protocol for C. am
bira ennbling efficient and rapid regeneration of trans
Iormed root s l'rom the hypocoryls of gcrminnrcd zygoric
crnbryos, and ihe sub sequent production of composite
plant s withoui selec tion with antibiorics or herbicides: and
(ii ) the su ccessful infecti on of composite plant rransforrned
roo ls expressing the gus gene with Ihe M. cxixua rool-knol
nelllllfode.

Materials andmethods

PianI malerial and culture eo ndilions

Two varic lies of C. arabica. Calnrm and JAPAR-59 were
n, cd in titis study. The Caturra variely is susceptible 10

M. exig lla whercns IAPAR -59 is rcsiswnl 10 il. Th e ger
minaled embryos used for Iran sfonnalion \Vere oblainùi
as foll ows: seeds of thcse ndlivurs "-'ere surf:tce-s terilizL,,<1
alk r hand removing the parchment. Sterilizalion \Vas car
ricd out by immcrsing lhe secds in 8r,~ HCIO (w,'v ) nleach
solULion. The set'd s were >1irred for 5 min , then snhmil
tcll 10 J Vacu um for 20 min and stirr e<l a,.:a in for S min .
They \\ ere linall y rinsed thre<: time s in slaile \VOIler and
soaked in Petri dishes (2 cm deep) conlaining ster ilL waler
and placcd in tlte dark ;\1 ,],7"c. llnder lhese conditions. lit"
,,'cd s wcre IOlalJy imbilxd aller 48-7'2 h. Emhryos w<:re
eXlr«ck d "fi er rcmoving, Ihe endosperm. G"nlllnali on was
obtaincd by eulturing th~' zygotic t'mn/j'os in 5.S-cm di
a ll1t'lcr Pelri dishes (Ihl<.'" embryos/di sh and 12.5 ml of
Ill<.-ctinm) on se mi·solid GER mediulll 1Etienne 2 ( ~.JS l in
Ihe dark at 27 'C t;'r 8 weeks.

BacI"r;,,1 strains and binar: piasillid

Fivc srrains of A. rin'::okcncs \Vere l'olllpan:'d for tllt' ir
Irans fol1ll:lIion efhciency (Fig. J): A4RS. an "gropillc
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b

A rhilog.m~ !lt rain

fig. 1 Compnri son of the transfonnat ion efficiency of rive wild A .
rhtzogen es strnin s : A4RS. ARqua 1. 1n 4. 2659 and 8196, on C. ara
bin t var. Caru rra. Transformation e füc ienc v \' ....is uss<'ss~u 10 wec ks
afte-r infect ion w ith A. rhizogenr«. C<~'1r(il was do n. on e mbryos
wounded with a ste rile sca lpel. Each value represents Ih~ mean of
rhrc"e rcp licares on 20 embrvos each . V.1llk."~ WJ,h dif fè rem Jeuers ;lIr

srgnificantly diffe rent 01 P;'0.05 (Neu rnan-Kculs lest ) .

Se lect ion o f co..tran sforrncd roor s and production
of co m pos ite plant s

Co-c ulrurcd ge rm in.uc d embryos werc dec ontarninated by
immersi on in tvlS medium with ceforaxime (500 \--l 8 nll - I

)

l'QI' 2 Il und rin sed twice wirh wa tc r. Th e non -trnnsformed
rudiculs " <::1': seciioned appro xirmucl y 4 mm ubovc the
co llnr, Embryos WCT~ then subcultured even' 4 weeks on
MS germinati on medium containina dccrea.si~ 1l. ce fotnxime
concentrations (500,200. 100 u g nÎl - 1). Tr:1I1sforrned roots
uppearvd at Ihe wo und ing sile al'ter 4-8 wccks. Transfor
marion cffi cicncy was culc ula red as the percentage o f in
oc ula ted em bryos that regenerated at Ieast o ne rrnnsformcd
rooi al the wound sile . The pcr ccnt agc of G US -pos itive
(co-transfo rmed) tran stormcd root s W OlS evaluatcd nfter
12 wcek s by dipping o n" root tip o f wcll -ramifi ed m ot s
;11 s ta ining so hn io n. Th e G US-ne ga livc TOOIS were e lim
ina ted an d only o ne bra nch ed GU S- posi tivc tmn sformed
root p.:r e rnbry o was kcp l o n the non-uunsformed stern
10 generare co-rranstormcd composi te plams. Trnn sform ed
c rnbryos und co mpos ite plant s werc subculturcd everv 4
wecks on MS medium and rnainr aincd under 14 h pho
ioperiod ( ~O u mol 01-1 s- I light inren s irv) al 26c C until
accl imuti zat lon . -

(OA, J. J . 7 . 10 and 14 days ) wc re co rnpared by asscssing
subseq uent tran sform ation cffic iency.

Polymerase chain reaction (PCR ,

To assay B-glucurontdnse acri vir v, sec rioncd transtormed
w ol s "WC drenchcd with a SI,ù; 'il lg so lulio n co n la.ining
1 II1M 5-b rorno --1 ..c hloro- -' - iJldo l y l- ~-D- g l uc u ronidc (x 
g luc) in nùcrowell plaIes and incubate-x! overn ighl al J 7<C.
as indi cnlcd hy Jefferson ( 198 7) . To co nfine Ille localiza..
lion of b[lIe slaining . n.s mM K_,FcICN lt; ancl 0 ,5 mM
~FcICN) wen: H<ldcd as cala[ysl "

Hisroch cmi cal G US a ssay s

Coolrol

d d

61961724A4RS ARquel

ma nno pinc type strai n (Joua nin Cl al. 19 86 ). ARqua 1. an
agropine manno pine Iype strain (Quandt Cl al. 1993). 172-1.
a mikimopine type s train (Shiomi et al . [( 87 ). ~659. ;t c u
cumo pine type srrain (D airnon cl al. 19'10). and 8 !96. •1
rnun no pinc type strnin (Han sen et a l, 199 1). The A4RS
str nin W;tS derived from the wild struin A~ moditicd for re
sis tance to rifampycin and spec tino m ycin anribiotics . The
binnry vect or pBIN 19 was in rrod uce d inro s tra in A4RS by
the clectroporarion method (Sa mbroo k 1989). The uidA
(J,'II.rA) bacrcrial genc isol ared (rom E. coli codi ng for ~

gluc uronidase was introduccd in the T-DNA of the l'BIN 19
plas m.id . with an add irion al intron for s pec ifie expressi on
III plants (Vancanneyt cl a l. (990 ). The gene was co ntro llcd
h)' the caulitlower mosaic virus (C aM V ) 355 prom orer
and lenninalor. The amleo A"RS-pJ 5S -;(IIJA-if/l slm in was
used 10 eslimale Ihc tran 5fer e ffic k ncy of Ihe hinary plas
nlld (co- lr.lnsfo mla lÎon freqllency) IIs ing Ihe GUS a5say.
The A. rhizogenc!s s rrai ns were grown on LB semi-so lid
mcdium. The wild s rm ins we l~' c ulrul'C{j wirhoul any an
llbloltes and the A4R S-p35S-gl/ sA-i ll/ wilh appropriatc an 
libiolics: 50 mg 1- 1 rifampycin, 500 mg 1- 1 sp<x: tino mvcin,
50 mg 1- 1 kanamycin at 28<C for -1 8 Il prior 10 u s~ for
!!cncli c Iransfoml.1li on .

Tra nsfo rma tion procedure

Em bryos gc nninal<xl for :2 I\lon ths we rc infcc lcd with A.
rhi:()~('/I(,s hy .\\'ollnd ing d iffcrcnt o rgan s (rool hypocoly ls ,
co ty ledons ) wllh a sca lp.:1d ip pcù in thc ~8 h A. rhi:ogmn
çulture. Control emh ryos were wl)unde J in Ihe s.'1 me
way usin g a ste rile sca ll'd . Co-cull i\',u io n was cani .,d
ou t during 1-1 days a l 20 'C hy placi ng the inft' cl<o<1
"'nhryos on MS nll'd ium ( ~ lI n';)sh i gc and Skool:' 19(2)
suppkmenlcd wilh sllc ros e (-1 0 g 1- 1) and so lid ilie d by
add ing 2.5 g 1- 1 rhyl.'1geJ (Sigma ), in 50 mm diameler
Pt'Iri di she s. C ultures "'erc pl'Kcd in dark . To oplimis"
Ihe (ù-ClI lt iva lio n cunclilions. <Ii treR' nl t<imper'lIu res ( 15.
I ~ , 20 . 2~ . 2-1 ;lJld 2 WC ,l and "u- cult iva tio n du r.n ion s

DNA fr om Iran sformcd rools Ihat di spl aycd il pos
ilivc rt:ac tio n 10 Ihc G US hisloch emi ca[ lesl was
e.' l.rac t e~~ \Isin g Ihc Dneasy' ~' PianI Mini Kil No . 69 1 0~
,Qi" .!;"n'!'; ). Th c foll o.... ing prim cr s wc r.:: nscd for am
pl itical ion of il S84 ..bp fr.lgmcnl of Ihe ): /lJ widA 1

~cne: 5' -G AATGGTGATTACCGACGAAA- Y and 5<
GCTG.-\AGAGATGCTCGACTGG-.1': " .'S-bp frag mcnt
of the l'I1D gene: ,'i' ..ATG TCGCAAGGACGTAAGCCGA..
y and 5' -GG AGTCTITCAGC ATGGAGCA A-.\' and
4 ~J-bl' fr:lgm cnt o f Ihe IOIB gClw: 5' -GCrCTTCiC A
GTGCTAGA1TT-Y ~Ul d 5'-GA.-\GGTGCAAG CTACCT
c !,c-:r.T he PCR mixlure eo ns is !c,,1 o f 5 ng o f pla III DNA .
2.--' \--lI 0 1 10 x Taq, ourrr ... 1.51-'1 or25 mM l\l gC b. 1.0 ~t1

~' l 5 mM dNTP. 1._5 unit s ofTaq DNA pol Ylllenlsc. 1 ~ll

t l'OllI each 10 l'm ol prim er in a tinal \'olul1\<' o f ~ 5 1-' 1. l' CR
an aly~ is Was l'crfonncd "itil a PTC -I l)OT M th"I1 I1l>c ycier
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Fi::.2 Regenerat ion of coffee
le. arabica ) rransformed roots
using A. rhiz ofl i "I<'S (A-IRS
strainj-mediated transforrnarion.
.-\ Growth of trnnsformed root al
Ihe wound sile on hypocotyl
.:1 weeks after A . rhizogene«
infec t ion. B As~1 of branched
rransgenic roors 12weeks after
infection, (' Morphological
aspect of nonnallriRlrn and
transformed root from
compos ite plant s (Irfil in
nurse", 5 moruhs after k
rhi=oll~""S infection. D C
arabica compo si te plants in so il
subs trate ready for nematode
inoculation in resismnce tests, E
& f Hisrocbermcal localization
of !S-glucuronidase (GUS) gene
expression in transgenlc mols of
C. arabt ca Imnsfonned with the
pJ5S-~"sA·inl gene construcr,
The different tissue s nctively
expressing the GUS gene are
stained in blue, Transgeruc root
with strong sraintng rn the 1El
rnensremaric r~iOl1 and central
cylinoer ( Bar =5 mm) and ( f)

sta irung restrictcd 10 tbe
meristemanc reg ions
lBar=5 mm )

(Ml Rescarch Inc., San Francisco. CA. USA). For DNA
amplification, sa rnplcs were hearcd 10 94'C for 5 min.
followed by 29 cycles nt 94 "C for JO s. at 56 "C for JO s.
and al TlîC for 1 min and rhen 56cC for 10 min . The
amplified products were sep arated by ele ctr ophoresis
on 1.5% agarose gels stained with 0.5 mg 1- 1 ethidium
bromide in 0.5 x TAE (Tris-acetate/EDTA electrophoresis
buffer) and visualised by fluorescence under UV liglu.

Nernatode infection on composite plants

Composite plants were transfcrred into 200 cur ' pla stic pOIS

filled with N2-sterilized substrate (Neuhaus'P) and sand
0 :1 ratio) in a growih chamber uudcr 14 h photoperiod
(50 p.mol m-2 çl Iighr iruensity) at 26 °C. Once the com
posite plant s reached the thrce pair of leaves stage, i.e. 5
moruhs al'ter tran sformation (sec Fig. 2C and D). they were
inoculared wirh Meloidogvnc exi gua individuals (12 lar
vae + eggs) collected from inoculated susceptible Caturra
cv. plants gr own in a greenhouse, Seven composite plants
or normal plant s were inoculated for each cultivar. wuh
three repli caies. The uioculum do se was .100 individuals
(eggs +12) applied 10 the collar of ea ch plant. Four moruhs
afrer ino culation, nematodes were extracted following the

protocol of Hussey and Baker (197J) by root maceration
and sieve extraction with NaOCI. Nurnber of nematode in
dividuals per gram of fresh root for each com posite plant
was deterrnined under stereo-microscope (G x 4) in three
replicates.

Stati srical analysis

The data were compared by ANOVA followed by a corn
parison of the means using a Neuman-Keuls multiple range
test. Values followed by different leners are s ignifieant ly
different al P .:s: 0,05 .

Rea ctivir y to different A. rhizovencs strains

Four of the five A. ,.hi:v.~elles srrains tested led 10

regeneration of trnnsformed roois on the Caturra variery
(Fig. 1). Only strain A4RS. sirnilar 10 the A4 strain
successfutly used by Spiral el al. (199.1) on coffee, proved
10 be vcry virulent (8O'k. transformation efficiency).
Transformed roots were obtained with almost ail the
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l;lhl" J R".... ponsc of difl('r,,"'nl organs (rom g';:°mllll;uetl l y~,,)IK

embryos 1,,)1' rwo c. ,]Hilïf,'(j \"~IIl~(H:S inoculated wilh tl, L!u Jh (lf !(J."ium

rJri=.ogi'!}I'.\ slra ln .'\ -l R S-r .~ )S -x u''' t\ - ; n (

Tmnsform nrion ctncic ncy and num ber of transgenic rooi s atthe in oc
ulati on SI1\.·wc re a~ :-:'t·~:'-'t."d 12 wee ks OIfl t'r infe ction with A, rh izt 'J.?{'IU'S
(o r boih var icne- . E.h.:h value r"'~rr",~$en l S Ihe mean 01 t1U('< re pl icotes
on 30 cm bryos cuch
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tonncJ 1'\)01
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Oplimisalion of co-cultivUlion co nditions

ccll of oncogc nes such as the rol ~c nc s . <IUt g."nes involved
in auxin synthcsis 01" gene s symhcsizing opines. borne by
Ihe T-DNA of the Ri plasmid (Grant el al. 1991) . Cof
fee transfonucd roots could nol be morphologicnlly distin
gui shed l'rom non-transformed WOl S (Fig. le). Th eir di
amcr er a nd brnnching were s imilnr. A hisrolo gical ana lysis
confirmed the apparenl similarity o f tissue organi zation in
transformcd and non-trnnsformed roots. in the v ici nuv of
the apex. corresponding to a ditferentiat ing zone, as weil a"
in the vi c.niry of the collar, where secondury tiSSUl'S were
in place (data not shown) . Lasrly, wc never found any trans
Iormcd rnot devcloping in the air nbove the medium , indi
ca ring that 1he geotro pisrn of the trnn sformed root s was nol
disturbed . A comparison o f tran sforrned root and normal
root growih rares also indicared thar hairy 1"001, grc"'" twice
as qui ckly (4.3 ± 1.0 cm per wc ck) 3S non-trunstorrned
raproot s 12.1 ± 0.7 cm per weck). Ncverthelcss . that dif
terence rem ained slight when com pared 10 oth er spc cies
(Bonhomm e el al. 2000). ln previen s work s targcring the re
gencrmion of coffee plant s thal were totatl y rransformed by
:1. rhi zogcnrs , information has nol been provid ed about the
phen otype oft runsformcd roots (Spiral Cl al. 199:\; Kumar
ct al. ~005) . The verification Ih;)1 A. rhizogel!eJ'"~lI1 sformed

WOlS exhihit a similar phenotype than non-transforrncd nor
mal roots was rcquÎred I:>efort' using Ihis transfornmlion
pnx:eduJ"(' for posterior functional a nalysis ' Iudies .

For Ihc A4R S str;ùn, transforlllalion fr.:quene;es incn::ased
in linc \Vilhco-c ultivation dumlion, sla bilizing aher 14da)'s
(Fig.. 3). Thi s optimum co-cultivai ion duralion was appliccl
for sllbscqlll"nl c"perimenls. The lempcralufc ns('d dur ing
Ihe eo-clllt iV"ati on I>criod grcally affe<.'lcd Ihe dliciency of
Ir;U1sformation by A. rhi:oge!l(,s for Ihe IWO c,-, ffcc vuri
elies (Fig . 4 ). The optimum tempcralure for Iransfonned
rool rcgenerillion wa, around 15-IS'C. Beyond those

CO-cul!iw ton du ,ation (da)'S)

Fig. J Illllu \"~Il ,,'è' of ('o.... l.'uhi\·,uioll dUr:l t ion Oll IranSfOrlllJlh.)n (.~f

!Il'Il'ncy Pl" I_~ ~"llk t'm bryo s of C . an dn c'(l h lL C.lIUHJ 1l)c'L1ial l....1
b~ A J},';' d J:C'/lc\ s. l r~ l i l1 A..tRS. Thl~ IranSrorJl) ~J1i\J1l (,lti~i t.'I1 L·\ { I.I.~ ,

Irt.'LJLJ(' IKV 1.,11 ill fc:" d l,.· L1 c"molv os lh~lt ~~l\l(.· ri':oC: 10 J I Ie'ilsl (Ille.''Ir~\ nS
~t,.· l lJ t.· n"""l(,-~n ',\~ l ' J S$c"s.s c:"d 8 \~'cd\~ J fI~r inf\."(1Îon wil h A . ,. i".:o~rr1('$ .
[;..:h \71 1 1Â~ r~prt· ::; "'Ill s. rh...· nh..~a11 o f Ilu ...·e r..:.- p llcal~$ oi ~n 7.Y~l) l·i ..• C'1ll
PI'.,")S t,":Kh . \'~ll ll (' S Wilh J i fl~ r~m 1..·1h:r5 af~ sicn i flcJ.nI!\" dlfll''f(· nt a l
p::' f.1J '~ [ Ne l l l));,\Jl- K è'uJ-:;: lc:,tl .. -

1.0± 0'

1.5 ± 0,7"

I±lr'

.15±2.1'
1.5 ± 1.0'
I .O±O·

IAP,\R -.W Curur r.i I.·\I',\R · S'I

I~± 1.1"
51 ± 9"
Il± .1 '

I~± 12""

~.:! ± l i.)

20± lèb

Trunstormution e: lh...-i,,"rK'Y· ( \i. ) Nurnoc r 01
rransfonn cd fù(, I" .H
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Cn turr»

T~1"" <' 1
ino...~ lIblèd

Cotvlcdon

Hvpocoryl

Roo'

o rgan:'

strains except for the 81'16 stra in. The embryos woundcd
l'.. ith D steri le sca lpel were used (lS the control. Root
format ion wns nover scen in mcrely wounded hypocoryls.
confirming rh.u formai ion of tran sfor med roors rcsulred
l'rom a morph cgeneuc rcsp onse anributab le 10 the presence
of Ali/"U/'IC/crilll!l and nol Il> physioJogical slresses.

Table 1 shows Ihal vn... differcnl reaclivit v valu('s \Vere
ohlained dcpending on Ihe type of org.an ino':lIlaled wilhin
the ge-rminated zygolic embry o. The hypocotyl proved 10

bc l'Jw most reacli ....e organ . Hypocolyl woundinp. \V irh A ,
rliizofiellt's kd 10Imnsfonned 1'001 rcgeneralion wilh rmns
formai ion efliciencies l~mging from 5010 80'k depending
on Ihe \"iuielics. Mllch lower transfonnalion efli, 'ien cies
w,'le oblained by wounding cOly l,'<ions and rool s. High
hypocol yl rC'.Kl i... il~ pro.... ided an OPPOl11lllily l'or comp osit e
pianI producli on . No signilicanl ,·ariability in Ihe nllmber of
Imnsfollncd rools rell.encmted al lhl: wound sile was found
for the organ s lcsled.\imibrl\', illms œ en reporced Ihallhe
reaclÎvilY of differenl plant organ ,; aftcr transformaI ion by
A.. rhizogcf/ t'J slrong l)' depends on Ihe piani speeil's and on
lhe dill'erent Ixl(' ler ial slrains llsed for l' , ame hoSI (Phclep
et al. 1991: Chaudhllri l't ;11. ~O(5) .

T..... o wcck s afler A. ,.hi:ugclI l'.> infeclion. hypOC1'lyl
swelling.ac.:"mp:lI1ird b)' c urvatul(' "'as sce n :11 tht' \\'onnd
sile in émhryos Ihal snhsl'q n<'nlly reg.en <·I~lIt'd ;1 Irans
f<>nned 1"<>01 , ROOfS appeared 1) \l'eeks a ftn infe(,lion
(Fig. ~A\. They "'-ere wcll -hrilill'hcd Il \\'Ceks afle r in
fection (Fi :;. . 2B,. while' ln co l0uI". wilh kw phcn olypc
variai ions lx'I'lcl'n l'l'ob. l'nllkc !<'J'orced I;)r olher ' p<'l' i<:s
(Tepkr 1<)Q(j: FI~lnd1(" el al. l ') ' '''): Krô)ica el al. ll(J ] ),

lransfonned ,·offe,,· roolS did n...( di spl:.)' 111 l'ir,." ail Ih,:
dislincti \'<" ('harac teristics ;ISsoci"led with Ihe ' ha i,, ' r,)(''';
phenOl ype . ThC'se morpJwlog.ical :lI l e l~lI IO Il S (fa" g rowth,
high hranehin~, . plagiolr opic mol l.k\' c1o pnwnl. ahsorl",,' nl
huirs'I ilfOS, ' frol1111w inlqn~lIi on and <'xpressioll in Ill(' piani
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Chapter JI. Study ofCoffea arabica resistance to Meloidogyne exigua

Temperature of co-culti vaeon r C )

fi,::. -1 Eftcc rof temperuture during co-cultivarion 0 11rrans fonn arion
cf fir lcncv mediated bv I\. r h izo,!1l'nes sirain .-\4RS -pJ5S-,~ilsA-ùt(.

Tilt" tr;)n.~formalion é'fflc kn~y W;IS asscsscd 12 wcek s af ter in fec tion
wi th A , rl.'iLo.llf-}{,J by ('\'~ llIJ 'i ng lht" frcquenc y of iulected e mbryos
l'rom IWu C . orubira varie tics rCaturra and JAPAR-:'i9 ) thal gav e
rise 10 il ( Icast o ne transtonn cc fOO I. Eac h value re presenrs I~ mean
of fo ur reph cates h um "20 independcnt tran sforrn au on e vent s . Fo r
~"C'h cuü ivar, va lues wuh di ffv-rcru leners a re s igni fica nt ly di lleren t
.al P :s Il . f.\~ (Ne uman-Keu ls IC.\1 )

sulrs dcmonstrate thar A. rhi:oX{'I/{'s-mediale:: L1 lm nsfonna
rion is a potent 1001 to produce rransformed root s in co ffec .
Morcovcr, Ihe visual selec tio n wirh the !? 1t.,A reporter gene
cf ficie nrly allowcd nvoidi ng the se lec tion ofco-rrunsformed
roors wirh aruibiotics 01' herbi cides. Th e Iact ihat tran s
fo rm.uion and co -rran sformauon frequen cics werc signifi
cantly different (approxim crely 72 <;; vs. 36%) for the Iwo
varictics is nol surprising. A . rhi zogen es l'an trunsfer the
T-DNA of binarv vectors in trnns, hui it has been rcported
lhal Ihe integral'ion of roi genes l'rom the Ri-pla smid T
DNA ;Uld T-DNA l'rom the: binary vcetor are indcp<:ndenl
IShahin et al. 1(86 ). Recenll v, Kurn ~u' Cl al. (2005) have
silOwn in C. CI1IWp!toru Iha( ù~ri aë lransfoml:ll ion process.
co- Irallskr of T-DNA l'rom 1>olh Ri plasmid and binary
plasm id is nol obligalory.

We found variahilitv ill Ihe dislribulion of GUS ex
pressi on ;uno ll)! lrans{omlt'd rools (Fig.. 2E and Fi. 11le
stron gesl GU S expression was :i1ways seen in Ihe root tip
and in Ihe cenlra l cylinde:r (F ig. ::!F). This sl.uning paUcrn
has one n be<:1l observcd in Il'ln sform cd planl s when Ihe
Ca~'lv 35S prom oler \\'as lI s,~d (T<:raJa and Shim arnolo
1()l)O; Dil)uf d al. 1( 9 5). Howl'wr. in somc mOIS, a il

lhe tissues displaycd GU S aclivi ly (Fig . l E). 11lis wicle

temperature s. the c fticic ncy of rhe tr.msformntion IHOù' SS

dropped consi dcra bly. Il is iutcrcs ting 10 noti ce Ihal th e
optim um temp erat ure was SUbSI;1I11ially low cr thau thosc
used in cartier works on co ffee , eirher with A . rhizogencs
ISpirall~laJ.lq9 .\ ) orA .ll/mejànenqHalanakaelaI.19':i9 ;

Lerov cl al. 2 fX)() ) wh e rc " temperatu re o f 25-26°C was
u s~L1'durinz co-c ultiv.u ion. For several plant specics. the
marked cfr~ct of temperature on rran sformarion e ffurency
was previou sl y desc ribed for boih type s o f agrobact er ia.
Il has never becn repon ed for cotfee . Similar ln our
results on cotfce. Boisson-Dernier ct al. 1.~()01 i showed
in Mcdicago trnn crnul a that the pcrceru.ige of cmbryos
trunsformcd bv A. rhi zog enes incrensed from ~.1'"'; at 17 ' C
ro 63% at 20"(: . \Vith A tumefaciens . 19' C wus shown III
be the optimum for plusrnid transfer (Fulncr and Nestor
1(96) . The oprimiscd co-c ulrivation conditio ns (i .c. low
remperarure and long durati un l arc probably responsiblc
for the hieh u an sformar ion clfi ci cn ci es o btai nc d in the
present s t ~'dy ranging up 10 ïO')' . Lero y cl al. (2000)
using an A. tumefo c iens system repon ed thal OArk of the
sornatic emb rvo s in fccred rcgenerarcd rrnnsfouncd plant s.
Recemly. KUJ{lar el ;,1.(2005) repoucd a 3(;;'trunsformat ion
efficicncy using A. rhi~ogl'lIe5-mcdi aled trunsfonu.uion
system .

Regeneration of G US-po,ilive transtorm ed W OlS .. nd
se lec tion of co- trnns form cd composite plunrs

By using the anued A4RS-pJSS-glIsA-ml struin . il was
possible 10 mensure the co- trans fer frequcncy nf ihe RI T
DNA and of Ihe T-DNA of Ih<: binarv v<:Clor conlanllng
the gusA r<:porler ge ne follo\\ing. 14 ù;;ys o fco-cl/ltivation
al lœc. 11le IWO \'a rie:: li~s respomled in a simila r way 10

agroinfeelion (Table 2) . Aro unJ 70t;;· of inf~l'I ed e mhryos
regenerate:d al k ast one ro ot al lh<: "' ounLl sitl> and ·tol

} ; wen:
co-Iransformed as they go: no: raled at k ast one:: Ci llS-posi live
root. The av<:r..ge Ill/Illber of cO-lr.lIlsformed roOIS l'cr inoe 
ulollionsile \Vashigh<:r in Cal UITa. 11lis ~OG;;: f,, 'qu elley also
rcpr<:senlro Ihc frequ ellcy of co-tr.ln sfofl11l'Ù eOlllposilo:
plallis ohtaineù by transform aIion of g.erminaled clnbryos.
ln facl. as lhe G US le: SI \Vas perfomle::do n a rool IiI' of an al
ready hranched roOI syste m. il was possihle: 10 p "'s l~rve j usi
Ihal GUS -po siliH' rQl)l on Iho: slelllt o obt .lin <: o- I ran~fonned

compos ite plant s. Olher rools were ciilll inat,,,J. 111"se rl' -

1CO

~ a

?> 75
c:

·8
'"e 50
. ~

125
c..
,::

0

15

a

18 20 22

--+ -1-59

24 28

Tahll'2 C0m pori , on o f
GI..·nnIYrl~ Tt)I:11 T u n, f .)n l l:II IOJ) GL'S \ +! Gl lS 1 + l l r .1n s fo rtl1~-:, d Co-Ir:msl"ormrd

Iransfon1K,lioll ç:rflcil~r);.· Y :lJ)J
1l,f"' '':' 1(.."..:1 I..'f11Cl l" n l: ) " ~ ,1 [r:ms fo rmed rOLlt 1\ [x'r \-ornposll (' p lalll ~C'O- l rans;foml ;-uÙJn f n:qucn(y of

: \. l'ÎlI; {::..'t 'Ii C' .\ .slfiU ll "'rnb tyo :\ rool :- i f ;; CO-l f ;lOs f0 rmeJ em bryn (t. ,'"
A-JRS- p35S-gil )·.4-I!t l ~"tw(."t." n

Cafll rr~ ~ II> : -lA ± IO.Il"" .l5.5 ±lU" ~.J ±n.-l' -lO.X± 19. J"
11,1,"":' C. ,'re/h Inl v;tn c ' i"s,:

? I.X± lU" _~ l'>. "1 ± 7 .V 1.5±(l.J b
.,~.O ± _l. ~~I APAR-5 ~ oml COIIJno l /\P.·'R-:"J ] l h

E3Ch v.111l....• fl', H'C' :-. .:nl <.; rhe- ln l ',]J ) 01 'IH ~' ':-II:rll l''jlt l~ ~ l' Il 72 ('m bryos l·.)l.'h

'frl"\llll,.'I K'Y 0 1 II) O( 'U];I IL',j {'llÜ~ly n~ Ih;1l ~a \' L' ris\." I D tt , I,,:';IS( Ol\è' Ir~U):irO fl))<'J rüo [

"CÜITl"spo n J S 10 rh l" 1('YllC'lk~~' ()f in c"lIl' lll"J ......rnh~os lhal f ~l \"(' ris~ 10 -.lt k <l$. l ()Ill~ G1. I S -~ i li \' ,,"
Ir;mo.;lnnnù.J r t 'o()(

"' ''V;ll llè':-- in 1ht: "(lm..' ~'UlIl Jl Hl f ..... llcw, .....1t-\ Lllfk n:'1H 1t·lh..·[S ~\l~' s lè!-I1 Î J i':;)II I I~ t.lin\::n~n1 al P ::;O.fJ5 1N~um:.ul

K "' l ll ~ IC"ir.
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NT TIC....~ DNA (negative control) or l'rom ail the tested tran sforrned
roots when using the virl) primers, This result confirmed
that the detection of rolB and gl/s genes in transforrned
roots was not due to contamination by the A. rhizogenes
strain.

Use of composite plants to study plant-nematode
interact ion

Ftg. 5 PCR amplified ONi\ fragrnenrs of ";"0 1"1. 1'018 (b). and
1:".'.'1 (c) genes in transfonned C arab ica roots . Total ONA from
A. rhizogenes A4RS-p35S-.~II.sA';III . ONA from non-transformed C
arabica var, Caturra roots (NT). and ONi\ from Iwo GUS-posili\'e
transformed COOlS 01 the Iwo C. arabica varjeties (APAR-59 and
Caturra (T). ONAs were prinjed with ohgonucleorides specifie 10

Ihe 1';1'0.rol8 and ;?lIsA gene sequences. ume M is a IO-kbp laddcr
(Srnanladder, Eurogenrec)

variabiiiry in the spatinl distribution of GUS expression
has oûen been reported in hairy roots. Il might result
from differences in the number of inserred gl/sA gene
copies. in T-DNA distribution or rearrangements (Kohli
el al. 200.1 ). ln coffee, such variai ion in GUS expression
patterns has only been found between transforrned roots,
whereas the expression pattent was uniform for the sarne
transformcd root (Fig . :!E and F). Each composite plant
was therefore characterized by a uniforrn GUS expression
pattern .

PCR analysis of transformed roots

To dernonstrare the presence of both Ri and binary plas
rnids in the transformed root genome, :1 PCR analysis of
plant genomic DNA was performed. PCR analyses per
forrned on all putative co-transforrned roots lead 10 the
amplification of the expected rolB and ..III/sA fragments
(Fig. 5). The PCR products were of the expected size
(423 and 584 bp, respecrively) and identical to those of
the positive control (A4-p35S-gl/sA-i/ll strain), These am
plifications demonstrated the presence of the ,.olBand gl/sA
genes and consequently. the integralion of the Ri T-DNA
and of Ihe binary plasmid T-DNA in Ihe piani. No prod·
uct wa s obtained from eilher the non-iransforllled 1'0015

lnfection of transformed roors of the susceptible c ultivar
with nemarode individuals of M . exigua resulted in the
developrnent of numerous gall symploms 4 monihs after
inoculation (Fig. 6A and B). Thus. the nernatode could
complete its cntire life cycle and proliferate in transfonned
roots . Numbers of extracted nematodes obraincd from
composite plant transformed roots of resistant and suscep
rible varieries inoculated with M. exigua were comparable
with those l'rom their non-transformed counterparts
(Fig. 7) . This data demonstrate that transformed roots of
coffee composite plants retain the resistance/sensibility
phenotype of varieties from whi ch they are derived. Similar
inforrruuion was previously reported with hairy root cul
tures for sugar beer (Kifle el al. 1999) . soybean (Narayanan
et al. 19Q9 ) and tomate (Hwnng el al. 20(0). Cornpared
10 hairy root cultures. the present composite plant system
developed in coffee permils to avoid the critical step of
nernatode sterilisation and the subsequent difficulry in
maintaining axenic culture conditions in a svstem with
three organisms, i.e. root cullUres/nematode/A. ' rhizogenes
(Narayanan el al. 1999 ). Anorher advanrage over hairy
root cultures is the possibility to realize functional analysis
studies on root genes al the whole piani level.

Composite plants have been exrensivcly used in legumes,
as they represent an ideal system for analyses of gene
expression involving infection of rhizobia and nitrogen
fixai ion (Christey 200 1). We report for the first lime the
possibility to use composite plants in funcuonal analysis
studies on genes involved in the planl-nematode interne
lion. Wc established a convenient tf;lnsformalion prolocol
Ihat enables Ihe produclion of transfonned collee rools
al Ihe infection site expressing a cû-If;lnsferred transgenc
c10ned in a binaI")' vcelor. wilh high efficiency in Ihe two

Fi:.:. 6 Protiferalion of lhe JI. ex;.c"" rool -kno! nematO<k on C
amb;m composi l~ planls oblained afler lransfonnalion wj,h A ril;
:ogellt's . ,.\ Gall symplOms eaused by M. ex;gllo on lrMSforrned roOlS
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of susceptIble C "rab;co \'ar. C:UUrT:l four monlhs aft"r n"malod~ lO

ocublion . Bar = ~o mm . B GUS ~xpression in li:ed ing s ites induced
by M . eri.~lIa in Iransformed COOlS (,·ar. CarurrJ) , Bar = 5 mm
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Fil:. 7 Numbcrs 01 M. ' ·.l ig lJd individuals extroci cd Irorn on A
rhizo),V.I"h's-lmn sfonned vs . normal roors in susceptible (Caturm) and
rcsrstant (I.l\PAR-59 ) varicties . Numbers o f ncmarode individuals
p...... r g ram of frcs h mol \v·t"re deterrnined -4 month..... " ne r At. cxigua
inoc ulntion . Each value represents the mean of rhree repli carc s l'rom
10 composuc or normal plant> for caen variety. For e,,,"h varicry,
values wilh d i fferent leners a", significantlj' different al P :s Il.0 5
(Neuman-Keuls rest)

:\l"kno"I..'"CJ::CIII<'lI l 'ol \Ve ;U"C' ~r.lldull('l Dr. [};n:iJTcpfN 1(," ';;t'nding
Ihe..-\. r!ri: ogcIIC.f w ild sH ml1s \\:'e .1150 Ih;)llk Dr. Oav id t:brkt~r lor
'S('nd îng The- ..:XR tlua 1 Sl l.l Ul and for J gl ...·a l d~ al "r ;'ldVlc...~ ('il A
rfH':{'h't~!l c \ - lll c di ;l l l'd Ir:Hlsfonnmion . Finan(:!;11 su ppon for 1111 5 ~ l"Udy

was prov ld~d hy lhl' r: ur()lW.)l1l ; lJ)(~llhrHu~h;1 ~rant CO ë...;.\ !pll ar h~

Ihe ' Propr :u nmc :\ IBa n' Europt.".m l 'nion Pu)gramllle of lIi gh Lt'\'l~1

Se hol 't1~hil" fOI Ll tll' Am",ie. INo. EO.\DI1>leWC'R\. 1'\ Ih~ INCO
Projef( l'Illilkd . Br\.'~din~ l ool~ for du r.1blr rèSlstal)('è 1'0 ro<.)I-knOI
ne-nlalOde s 1.\f('/,·hiJ :-:.\I!(' sp.) of fo fh,~ va rJel lc S Ifl L 'Il in A lnl' nl' ~ l '

(N,>. ICA4 ·CT-l OOI-li)(170) ." ,<l by Ih,- CII~AD fun<l s for dOC I"" " C
"'PpOr1
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varierics rcstcd, Thi s method based on infcct ing gerrninared
cmbryo hypocoryls with A. rhizogenes ls very rapid and
nol pnrucularl y laborious as cornpared to A. tumcfacicns
mediared method s. rt resultcd in the production of
acclimatizcd co mposite plants bcaring well-dcvclopcd
transformed rootstocks in 5 rnonths and direcrl y usable for
rapid validat ion and fun ctional study o f resistance g"ncs
to nematode s. In cornparison . using an A. tumefaciens
mcdiat ed transformat ion with selective pre ssure. it usually
takes 14 montl1.$ to produce si:milar weli-devcJopc-d
transfonncd plant lets stUfting from primury expl unls. ix.
Ieaf pieces (Hatanaka el al. 1999; Leroy et al. 2000).

This composite plant strateg)· and the nemalode resis
lance lest cou ld !>t' lIsed 10 slUdy resistance ge nes to nellla
tod es in olher plant specie.~. pal1icul arl y in wood y spe cies
for whi ch A. f/lllll'jilcil'IIS-mediaied transfonnali ol\ prolo
cols are nol efficient. In co ffee, a localized ge nc lic m;!p of
the chromosome ca rrying the major dominanl M ex-I [i.ene
confcrring resi suIIlce to JI . e.âglla in C. arabica Wa.' con·
struct.:d (Noir et al. 20(3) and the physical mapping of the
Mex-I region is CUll"Cn tl y rc.'llizcd. We will so on apply this
plant composit c technique 10 valid.1te in \' ivo the A.fcx-l
gene by functional com plcmenlatio n. This technique could
al;;o bc upplicabk 10 f\lnetional nnaly sis ~ I u dies of COnt"t'

genes invol vcd in Ihe rcsi slaIll·c to otller :Ig ron omicall y illl
port.[lnt ncmal o,!t: species (M. l ,arOlweÙI.\·I.\ . M. arabici<!a.
M. incognila) . in rool Jc\'elopmenl o r in myconhi zal sym 
biotic associ ati ons.

- [--~T
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'l'hl: rooi-k not ncma tode /.1eloid09.\l1t' e)'ï~l'l..'1 1." a bu ge thrc.u ln maj or Arub ica coflec gro wi ng :.nC3S ln Latin Arnenca. "Ille
dewloprnent of nernatode-rcsrsta nt coffce rrees constitutes the mos t pro rmsi ng optio n fo r co n tro lling th e pest . CI?lléa arabica resistance

to M . exi""<1 is controllcd by a snnptv mhcrucd maj or gene , cal led th e Mc x• 1 gene . T he objecti ve of thi s stud y W'kS to determine the levcl
of np r~-.;"on (complete or incornplete) of th e Mex-I gene with in horn ozyg ous or heterozyg ou x C. arubic a geno tv pes, and the stability of
lhal expression undcr field candi tians, Resist ant and susce pti ble pure linc cul tivars wcr c co mpa red with c lo nes ofhybr id cultivars dcrivcd
from crosses betwcen r..:~slanl and susce pt ible fines. The result e under co n rrolle d c ondi tio ns in a gre enho use rcvealed that reproduction
of the nemarodc wus :significant1y higher on hyb !"id c ultiv a rs th un on re sis ta n t pu re line cu ltivars, but rnuch lower than on a susceptible
pure line cult ivar 'The xrrne result wa s confinn ed und cr field c ond it io ns. T tw rc wer e fewer gal ls in th~ hybrid cult ivar than io t~

s usce pu h lc pure linc cu ltivar . A si gnifica nt number orthe galls ln the su~l:rli hk cu ltivar wcr e large, whilst in the hybrid cultivar. only
srna l! ga H"j wcrc found . A hisrolo gical i.lmJ!y-si:.: of gatt.... d id no t revea l a n)" d iffer en ces in patterns nf giant s )'nl.'ylia l cells betwecn

suse...pnblc and hornozvgous o r h etcr oz vgous rt"Sl.i fa n l ge notypes. N tl:r bein g 1n00Uf{Hcd for 4 yc.•s rs, u lvl. cxiqua fie ld population was
mu ltiplr...-d h~ a fac ror 14 lm 3 -u sccp tible c ultiva r an d b} il ri1~: h) r 1.9 o n the hybrid cultiva r. We co ncl ude d rhal Mex-I co u ld have
mcom plctc do mmunt express ion 111lH a llow ed nemutodc penctr ut ion . but inh ibu cd the durab le reproduction o f Ihe. ncmatodc. Finally wc
introd uce the ·· g.al! diu mct cr ' a s a 11:;;\\ pa ramc ter that ('(lu lJ Oc- uscd 10 ch a rac te rize loc in tcrm cdia te resistant phenotyp e for breeding
p urpos...."'S 10 co ffec .
,(' ~ O()(i E (~e \- ier LtJ . A H r lghl s rcscrved .

1. 11l1",ducliun

Th c r001-k1lOI Ill'mal od.: M ek, ii/{l !J.VlIi" c.\·ùJ/1<1 is a \wy
Cl.' lllnw n l'a ra siIl' in th.: root s of co O'e.: lrccs in Lalin
Am.: ric.l l.C:llllpn" ,1I1d VillaÎn. 20( 5). Yiàl Insscs ar i, ing.
l'rom par asili sm hy thi s root ·kn ot ncmat"d,' in fu ll·s un ·
cxposC"d pbnl ~l lion s wirh arI'H,)pr ~;l I C d agr l.)l1nm lca l ma ll ~

a~('mC'nt ha \ c ))\....(')1 ('stÎmated e1imÎnal(' bct\\;~l"·n 10 ~'{) and

15'\ , in Costa Riel (Uert r;l nd .:t a \.. 1<197 ) an d 4 5' ~ ù in
Hra zil (Uar n.'sa el al. 20(4). ;\lemalicidc\rC.Uflll.ll lS a rc
"x[X:n,j"e :lnd hallHdollS fl'r Ihc cn\'i ro nmc nl and h uman
hcallh ()cIl CI;l' r.:sislallœ se.:ms thl" bl"st way ol' c,' nt ro lling

"Corn.~r<':li.lin ~ ;1lI1hnr.

E-mmf (1(kil c',H h..ï l l l l l. tx: r l r .m J ",) ":lralLfr tH H..... rtr an JI .
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roo r-k not nemat od es for man y imporunu c rops likc
10malo. potili o . suga r n..-.:l and s0 )'h.:a n (Lu c ilnd R.:wrs3l ,
l 'iX5). In com~c Irc.:s . wc pr.:vÎously idcntiI1~'"(l scve ral
Co/kil oru !JiC<1 lin.:s dcri v.:d l'rom 1h.: inl.:rsp"'l;ilk
T inlllr hybrid (I\'i ld C vr vr.i m ", C. COl/l'p/WW) thal
d isplayccl rcs iq " nœ 10 the .\1. l'yi!JII l/ nl'Ill,uod" an d wc
con tirllh'd th al rcSiS[;IIlCC 10 t his ncmatod e CI111C l'rom Ihe
C. (,,(II /cp /lfl r a pro genilor (Ik.rtr and et al. , 20( 1). R.:ccnti)'.
;\loi r ,' t al. (200.1) idcntilkd molec ula r 1l1Clrkers associat.:d
\Vi th Ihe res;stancc 10 M . l'\ililla . A scgrcg.lIil' n dala
an :liysis o f 1'2 p rogenics deri vl'c1 l'rom a crl)S, betwccn thc
f(', i' ta n l inlmgrcsscd Culliv,n '1'-52% and tilt' susccptihle
L:lhiop ia ll access ion ET-Ii show.:d tlwt r<.'Slslance l<>

M . c.\'IH' /({ was .:" ntro lled by a simply inheriled nwjür
!le' ne. ca lk·J Ih.: :vk\-I Ie>cm•. HOWl'\Cr. wc h"pothc',ized
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l une 200 1. The stu dy was ca rr icd "ut " II l\H I plot s of 150
J-yca r-old ircc s. a l ..La Hilda -, coffcc farrn . locutcd al
Poas, in Alajuela Provi nce (CR). at 1300 m ab ove ",' a lcvcl,
on ail andoso l so il wirh 25(lOmm of 31111ual ruin fnll and an
annual average temperatu re of 20 ' C. The cult ivurs stud ied
wcrc the susceptible cv. Catuai and the intcrmedi nte
rcsivtant XI': hvbrid cultivar. '1 he coffce ITl'Cl wcrc spaccd
(l.YOm a pur t alon g the row. with I.YOm bctwccn rows
(5XXO t:rC',,,, 'ha). 11ll",I/. (' .\'ii/ lla population on the lann was
cha rac tcrizc d beforchand by clcctrophorcsis patterns [Car
nciro, unp ublishcd data). T he population o f ,lf . ex ùnro (11)

was rccor dcd cach ycar l'rom Deccmbcr 2002 to Dcccrnbcr
2005 o n roots. Io llowing the <ame cxtrucri on prot ocol as
tor Trial l III 2005.lhe o bserva tio n ofthe numbcr o fgulls
and the ir chamctcr wus curricd out lin root unit s of uro und
2{)c m in lcngrh. and t'rcsh wcight comprisecl betwecn LX
und 4.3 g. 111e dinmci cr of the galls was mcasured . The
ga lls werc clas scd in th ree ca tegories dcpcnding of thcir
diarnetcr: (0.2 J mm). (1 3 mm] and 1> .1 mm]. Rcsuli s wcrc
cxprcssed as the numbcr of g~ lI' for lOg of frcsh wcight
and for cuch of the cutcgor ics

: .4. Jlistolouicu! eXluniruo io n.\

Hisiological secti ons of infcsicd roois l'rom Trial 1 plants
wcrc Si udicd la obser ve plant reacuons 1.0 the pa rasi tc . The
observations wcrc rcsrrictcd la sma ll g.all< mcasuring l mrn
in diametcr or less, in order hl compare the react ion s
occu rr ing aftcr M . f!X~/IUI infection in mol s l'rom the cv.
CR,I) 5, CI'. IAI'A R·51) und the XI\' hybrid culti vars . T he
ro ot sam ples collccrcd l'rom thrce rrec s pcr culti var wcrc
fi.\Cd in FAA (fomw lde hydc aJcoho l. accti c add a nd
distillcd wall'r) for .lXh. T hey were thcll gradu all y
d,'hydrated in an l'lha no l scrics (70 ll~J%). J h in each
bath, t111 bc'l.!d.x l in hislorCs1n 7100 (LKB). at 4 'C ol'cm ighl
and thcn mouldcd . T;lngl'nlia! or longiludinal :J~Irn
~cl ions were cul and SlaillL'd I<ilh PAS (pt."ri od k add
Schirt) . which sla incd polysaccharides l'cd (walls a nd
, tar chJ, an(] NBB (na phthol hlue hlack ) which rcwnk d
so luhlc a nd insol uhk prorc in' in hhlc (Fishn. 196R).

J.5. .')'Iali.'ili('oj o/1a/nis

l 'or holll grecnh ou 5t.: a nd Ikld lrials. l'alu " \l'crc
[Iogi \' ,. J J/ transforml'd bL"fore an<l lysis to sl<ll1d ardi 7.c thc
\',Iri 'lnccs. l)<Ita l'rom lhe rCSlst.lnce cl'a illa lion Irials undc r
Cl)nlro lk-d co n,iili ons and frolll 1'11.11 2 ldurabilily) wcrc
an alyscd hy A:'JO\';\ .v/can va lues werc cOll1 parcd \\'ith
Ih,' I) uncan l'"SI <lI f'= 0.05 . I)<lta fr"m'!'rial l lpop ublion
dyn.lmiC'</ \l'cre " n" ly~d hy Cl'lllpari , ,)n of lh e ar ca lInder
thc ncma lode infeslali on progrl" s elln:e IAl.!:-JIPCJ for
e~e·h trealmenl. a"cordin~ to Sh.IJlIll'r .lnd hnney ( 11)]]),

using thc tr<lpl';,:oid:1I IlItegrallon melh.xI hctwL'Cn lLl O
nlün lhs f"r e"eh lepl ic<lti llll . '1 he A I..':'JIl'C \l' ~ S cst imaled
as AU :'JIPC =;[:' ' [ r, t-1· , , ; ·) i2~" l t ..·t, ). wh"fl·lI l\'a,
1hl.' num ht'r ( If a\~'~~llh:' nl Lil1lt~ a ll J y . l' \ IHê ~""'d in

(jh~)lulL' \ aluc ~. \\ :b th e (1 is\·a~(·l nl~lbily m .:-a~ u rC\ 1 al l ime
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1. An "NOVA for AUNIPC was used to com pare the
t rca tmc uts. ,.\11 ana lyse, wcre ca rricd OUi using the l'ROC
GLM pr ocedures of the SAS stu tisfica l package (SAS
1nstitutc lu c.. 200 3).

3.1 . Rcststun cc Ululer controllcd conditions

Thrce months after inoculation . the uumbcr of ncma 
10M;; l'c r gra m of root (ucm . g-' roo t) rcached more than
.l21)() ± J 104 for cv . CR·1)5. wh crea s it was only 231± 614
for cv . lApAR·59 (hg. IJ. AI cxpc ctcd, thesc two cultivars
used as controls confirrncd their susccprib iliry and high
lcvcl or resistance. rcspectively . For the IWO hybrid
cult ivar s, Xl" and Xy. the number of ncm . g" root was
7R6± J60S and 4JO ±611 , rcspcctivcly, Th esc Iwo hybrid
cultivar s rcvcaled a high ly significa ntly sma ller nwnbcr of
nematodes than the susceptible co ntrol (l' < 0.Ot1J ). and
pro ved to he significa rnly highcr (P <O. O~ ) thau in the
resistan t co ntrol .

3.l. Rcsistun rc underfield conditions

J.l.I. NCI//lIto,/(' popula tion dvnami cs ill resistont (In"
suscep tibl« cult ivars

Large numbcrs of M. esujua J2)urvae wcrc present in the
roots or the susccpt ihk C"' . CR ·9 5 (Table 1). In con trast ,
very [cw J2 larvac wcre observed in the co rnpletely resistant
CI'. lAPAR· 59. ;\ low level of ncmatorle populati on s was
rccordcd in the X I\' hyhrid cultivar. How cwr. tllesc n.."s u l l~

net.-d to he intcrprcled carefully whcn examining ncmalOd.e
dynamic<; in the tid d (Fig 2A). Thc nemat odc populalion
present in the rool s of lhe susccptiblc cv. CR-95 varied
throug.hout the ycar . It rose l'rom under 1500 nem . g- ' mot
in Novembcr a nd I) a .'emhcr 10 o\'er 4000 nCJ1l . g --1 root in
January-·;\pril. Il then del'rt' a,cd l'rom May onw~rds.

6000 a

~
-", 4000
É..c b..
'" 20000>.;;

J~L-r1 '
..
:li

-.----rb-,0
CR,95 Xy H'y'brid Xw ilyb<id IAPAR· 59

Cultivar

h~. 1. E\'al ~l:tu U:;ll!frl.:loH~m .... {· (u .-\:1. <-·Xi,ll!Ja lIndcr ~"\J1ltr" ll l'd wndltiom;
/\y,,;rar. -= :Llmbc-T ,-4' nt'(ll.,;lt , >J..':- p...T ~am lIr mot in ((IUT C arah.=cu
~.:u l ! i \ a ~ (CR ,'») . IAP AR ·59. Xw a:ld Xy h J ~rk.l J W~b :J :-~"s'~ '-..,j t hn.·e
month~ ;il' lo-T i nle~ti lln wlth 2:to ,U ''XOf/j{~ 1 inJi \"IJw l, .x:r plant. Fllr CiJLn
\"ult i\:ar, 10 f'ian :~ '-"t'TC u~J ". i:h Inrt.-'C r\'· rli~ I~ . B;.1 ~ \\i th Jiffcn:!ll
lt:U(:o \\Tn.·Jdï"·1' .·m al P < n.H:'.
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thar. Ihi, major gene could have incomp lete domi nant
expression bccause mo st of t he F~ po pu lation s how cd a
gall index highcr rhan the mean value o f the resistant
l'a rcn1 T-5 ~'I6 . Intcrm ed ia tc res istance 10 piani pa ll",gl'Jl'
hus Ireq ucn tlv becn rcpo rtcd fo r uumcro us host.p a rasirc-,
in tcruct ions. Concibido cl a l. ( )\)96) repo rtcd diverse
degrees l)f resistance 10 cyst ucm.uodcs l l l etcroderu
q!r citu·.I ) in soybca n brel-ding lines. In rhc co rnrnon beau.
Gcff rov (1 a l. (~OOOI rcported that by cross ing two different
re sistan t pa renta l lin cs. il was possib le te) obtain hybr ids
with parti al resistance 1" Colletotricluon litulcmuthianum .
ln riec. the Xa21 L> gene [am ilv is known ro conter
intcrm ediate res is ta nce 10 Xunthomonas on:ae (Wan];
Cl al., 1 ~9S ) . T he objec tive 1) 1' th is study was Il' invcstig.uc
whcthcr the Mcx- l ge ne C<tI1 coule r im crmcdia tc rcsrsra ncc
associatcd wiih incorn plctc expression and whcrher rhat
exp ressio n i.s sLa hie .

2, .' -laIN ial and mcthod-

2.! . Plant ma tcrial

Six C. ara/Jù'o genotypes wcrc nsed io eva lua tc the
resistan ce 10 A/. c.<il/ll a. T he [API' R-59 and T- 5~90 cv. an:
pure linc cultivars derivcd l'rom the sa mc accession callcd
C I669 (l'rom lnstu uto Agronomico de Campinas. Hrnzih
wluch o rigin:tlcd l'rom th.: l'mss bctwl'.:n 'T inw r H ~ brid

CIfT 8 32 : ~ \ cv' . Villa-Sarchï . T hase two cullivars a rc
w.:U known lor being highly r.:si,tanl 10 the M . exil/,m
nL-mal oJ e (Berlmnd ct a l.. 2001). Thl' cu ltivars cv. Ca Il''' ;
and l'V . C R-95. are pure line cu llivars Ihat a rc kn own tl)
bcing Ilighly suscept ible to M. n i fl lw. New c lon.:s .:alled
Xl" and Xy. daived Irom the hybrid cu ltiva rs T- 5~96 "
ET-6 and T-5 ~96 ) . ET-25 .. rl'>Jll'Ctivcly. wcr e L"OlIlpa red
",ilh the pu re line cu ltiva rs IL'Cd as w n tn) !s. Thc parents
ET-6 and ET -25 which arc Elhio pia n acces sions are
chara':leri7.cd as susecpti bk to JI exi'/" <I nClllalode
lIkrtrand ct al. . ~OOl) . -n le c lones W':.rl' vcg.:talively
prop agat ecl in ,.;r,.o using th.: , 0ma Lie em hryogcncsLs
me.thod des.:ribe d by Eli.:nne (~OO6) . In t.he rcmainder of
t.hi , a rt icle. wc , hall rd'cr 10 th""c Iwo c1o n.:s as ' hybrid
~ lI lli\''' r s · .

I{csista n('(' 10 .\ /. (' .Ü~ /lIU \Vas "ya lll:llcd in a grl"tnhou:,c al
a mean lcmp.:ral urc of~.J Cal C ICA I'!' (Cosla Ri.::a n
C<'IfCl' 1nSlil••I'- R.:s.:ar.:h Slation). T h.: oligi n:ll Ilemalode
l'l'p ulati ol: ll'>l'd '0 r inocu lations carne Ir,)m a ,,'\ 'erch·
Illk , ied ph)1 al :-.! a ranjo. Alajud a provjm:e. C" , la R. :a
(C R ). 1\ PUI"\2' p~) pUlal jl)n wa s isola lC"J u~in !! a ~ ing. 1c c~

l1l'h' . ï hal .II. "-' Ù/11l1 popu lation \\~1 S repr l'J u.:cJ in the
greenhl)usc on cnl1'C(' plantlel ' of lh.: susct'pt iblc cv . Ca lua i.
•'fla <1 mo mh s" reprod uc tio n. IhL' pop uia l; pn was ll' L'<I to
asse" IIlt' le, cI ( l i rcs" t,lIle": in l' \". C R-95. l' \" . IAI'AR- 59
and the hybrid cu hiv" r.' .. , en (I)ffcl' l'l allllc t, ,)f e.lch
cu lu \'a r wcre USl'd Ih' r tre,lIment \\" ill1 th r,' l' rep lic;)I,-' . '1he
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coffcc pkuulc is wcrc cu liivatcd in plastic POiS (201lcm3
)

co nta in ing J: 1 sterilized coffee pu lp com post and fine sa nd.
O nce the co ffce plau tlers rcached the Iwo pair o f leave s
Siage . th ey wc-re inocu latcd . Th e inoculu rn d ose was 200
ncmotodc ind ividuuls (eggs + J ~-.i ll \"en i fe Iarvac st age )
upplicd 10 the co llar of cach pla rulct using a mic ropipcue.
Th rcc moru hs a ttcr inocu lation. the plan tlet roo ts wcrc
wushcd unt il a il the soi l was cornplctc ly rcmovcd .
Nema todes a i l he J2 stage wcrc cxt ructcd in a mist
chamber from the roots of cach plarul et . following the
prot ocol rccen t ly desc ribcd by Antho ny Cl al. (2005) . Ali
t he roots from eaeh plan t wcrc cho pped int o 3, 4mm long
pieces a nd placcd on a paper tissue ove r a co arse sieve
(Hoopcr. 1986). T hc s icvc was placcd inside a fuunel: this
was placcd ins ulc a 1 l-bo t tle, The mist cycle uscd was as
dcscribcd by Scinhorsr ( 1962). 90s mist cyc le evcry 10min
al ne. Ovcrflow cscnped through a holc made in the
upp er sec t ion of the bou lc, Nema todes wer c p ipcu ed l'rom
the bott o rn o f the bot t lc and courued twice. a lter 7 (R I )
and 14 (R2)d in the mist cham bc r. For cac h pianilet . the
numbcrs of individuals nematodes pcr gra m of mol
(ncrn. g-'\ root) wcrc nualyscd using the siun of R 1--- R2.

2.-1. Eroluation of resist ance under f i,,1tf condi tion s

Two srud ics werc eond uCled in C R in plol s sewrcl)'
infcstcd b)' M . {'.~i!llfa :

Tria! 1: Poplf!ario/l Jyrulll lir.' in r~.<is/{III/ and susCl'p ribi e
nl/tirars

ln Ihis l'lo t periooie mca suremt'nt s wer.: taken ove r a
yea r o n roo lS fro m 1f}.yenr.;-{)Id cotTee Irees . which had
been infestc'd hy a ncmn lodl' pop ula tion sincc th l'ir
p lanLing. T he study was cn rric ù ou t a t the CICAFE
rcscarch sta t ion. al Ban'a, Hen:J ia prewinœ (CR ) on an
andosol soi l a t llO Om abow Sc.l levcl. v.ith an a nnua l
average Icmpcra tu re of 21 ' (" and 2200 l11 m of a nnual
rainf'rII. The cultiva rs stutlied \Vere the sus ..-e-p liblc e\'.
CR-95, the co mpletely re s i ~t ant cv . IAPAR -59 :lmi the
pUlative intcrmedia tl' rcsisla nt Xl" hybrid cultivar. Ali
cuhivars were locat ccl in l'lots of 25Q Lrl'Cs. T he co lf ce tn::cs
w.:rc spaced lUY-lm :lpa rt a lon~ the row, with 1.6Sm
bclwœ ll rows (7 0~O trœ sih ;l). The .-Il. <'.\" i(/ ' I< ' popul at ion at
th.: slal iùn was c.haractc rizcd bcfo r.:halld by e.le(lro pho r
L'Sis pall erns (Ca rneiro Cl a l.. 20(4). Roo t sa mp ks were
c'o llœted c;,ch 1110 111 11 a t a dist'IIlC\' or JOem l'rom the hase
of t he tru nk . i\ min imum of ~o g of ,'o ffr e 1"001.s " U C la ke ll
rrom eac h Irœ . I:or eae h clllti \'ar. 10 Ire.:s wcn- r.1I1JI' lllly
chosc n with th rce replical es. :-.!.: ma lode cxtmclion \\'a s
pc rro llncd usintl a misl cha mbc r as d <'Sl.·nb<'tl c'lrlier
(Seinh()rst. 1 9 6~ ). an d the nc'1nal od e, were l"Ccoh-r.:J <'Il 7
( RI) a nJ I.J (R 2)da ys. Th,- resu lts l't're an alys.:d u,mg Ih.:
su m o f Ihe Iwo cou nlS :\·Ioreo\' er . the num ber anJ th.: ,i 7.e
(' 1 Ihe ga lls wer.: ':\'a lualed I~) r Ihl.' lhrec eUlli\ a rs slu .t icJ .

T,ù1! :!: Sll1hi!i ry or ,!If' iJlf" rJnl,diatlf r esi t({lflc(' p lt C'Jh)(ype

Î hi, triai invol<l'tl sl'\"~ m l Illca SUI1:mellls ta kcn ovc r .J
yc- ars fn'"lm 21)O~ I CI ](}1>5 in ~"rdcr 10 nh)llito r Iln y c ha n~C'~ in
the nem utoc!e po pnlali on in ~'{)ung coffe.: trees plal1 lL,<1 in
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Tubk 1
Rl'm tark:e or C. urnbiar to .'1. î':d gll iJ und cr ûcld c.:o !lJ iti n n:. [T rial 1)

Rainla ll iucrca sed substan tia lly in May. rcmaini ng a l more
Ihan 2()() m m of ruin pcr mon th up to C\:10 ber. [heu
decrcaving in Novcmbcr t Fig. 2B). During wh.ir is
convenuonally ca llcd the rainy SC 'I ~ on. the ncrnatodc
population dccreuscd . '\1 the end of t hc min y scason. i.c,
Novcrnbcr. the ncmar ode populati on co ntinu cd 10 de
creuse. rcaching t he lowcst lcvcl in Novcmbc.. Dcccrnhcr.

Annual averagc 1)(ncnn tudc~ pt:r grar» of m ut tnem . ~-l fl1(li ) \II.;t.\ anulyscd

by ~nmfW"ing tbe urea uoder the nt.--n'l;th~ infe-o li.l(ion rml!rcs~ o rrve
tAU :-lIPt') fUT each culu va r. A UNtPC = :s' -' (Lv, ...)'.. . , ) !1~ t" , - t,j.
wherc n ~ the n um hcr of a!o.~s...'fJl~nl um-s und r. cxp~..;,..'\t ,1> an a bsolur c
V"Jh X' ~ di-e u-e inlcn , it ), mc asurcd a l lime 1. ()i~;b< in lm"'uy co rresponds to

~ numbcr pl' rxmalll\ie per grum o f roo t 1JX1l1. ~ 1H'IoI ll ) on th rec C
arohit ,u cultivars II."'\' . C R-9 5. Xw h)hritl and cv I AP;~R "~J. rccorded
rronthly (Jt C1C ..<\FE. }lcrediH ICO:'l\rt RiCJ). fn lTl1 /\i1 guo'tt :fU) to i\ugtJ51

2001 r 0r ~dl ~ullh,'3r . 10 pi;.lnl"\ ~rt· a~-d wilh lhrt"C' n:: plJC ~It: :\.

Cultivar

CR-?)
Xw hybrid
IAPAR -59

M. r .o fllfa rocm . g 1 roo t) SD

1.1110
153
102

AI t hc same II/ne. il was secn thal the coffce production
cycle co u ld he diviclcd into t hrcc phases: a vegetative first
pha se with no-fruit present (From l'he end of Deœrnbcr 10

the end o f Mar elu. a second ph ase o f fruit devclopmcnt
ofrcr anthesis which was foll owcd by a third phase
including fru i t sta rch storagc and pull' ripening (from July
10 Ihe end of Novcmber (hg. 21l). The ncrnatodc
popul at ion present in the root s of the resistant cv.
1,\PAR -59. rcmuincd vir tu a llv the sa mc throughour the
ycar . ulthough a very s ligh t increasc \V,IS secn l'rom
No vcrnbcr 10 Fchruarv. ln the root s of t hc hybrid culti var
Xw. the ncma todc population dynam ics vnried wii h Iwo

pcaks (Oc lob er Novcmber then Janu ary - Fcbruary) which
could urn ount la populations that wcrc 4-10 limes larger
than on the resistant cout ro l cv. IAPAR-59. Keeping truck
over the mouihs. il "as found thut the total population of
nemat od es present on the root s of hybrid XIV compa red Il)

the total population of nemat od es on the ro ots of the
susceptible cv. C R· ,)5. va ricd l'rom t 10 to and fcll to JIio in
Apr il, whcu rhcrc was an o uth rca k peak for the susceptible
cultivar. 1\ 11 cxumina uou of the numbcr und types of g.1 1lS
obsc r vcd in situ rcveakd th ar th e s usce ptib le cv. CR-95
cxhibircd many large gall, (Fi g. 4) whilc the rcsisuuu
cuhi\ar only had a jew small galls (n ot shown). MoreovCT.

2000 8000__-cv. IAPAR·59 (R)

; - - - ~ - - Xw hybrid (IR)
Il:

,~~
-« 1500 6000
~~ ----0<- cv CR·95 (S)

~i,;,~ '" .h • Il:

1000 4000
Et>

" .. ~ :>.,'" .,.2-
~~ ~ j ~ "" >-

.\1>
"'oC "
:li~

'" :0"0,. ~ '"500 2000 :li

.~ " .....
..... , , ' "'... ... ' "'''' ... ', .... ...... -......c

0 ~=r+=;= 1 • f,l ~:::;---+::::;:=+=r:+~":'...... 0

!l' <> g > .1/
~ ~ j h. >- " '5 Il'(A, .. 0 Cl « ~ .;: .,« 'J) z «

500
Frwl storage Non-fnl;1 Fruit developmenl

Ê 400
ptlase presence phase

.§. ~ .. ... ~.-

~ 300

~
>- 200
~
0
::E 100

0
DO <> 1:1 > u " .a 0. >- " :;

Il'rB r " .. 0 0 i5 ~ " ~ « ~ ~
...,« 'J) z "- «

Fi~. :. t :~) D} n:Jnl i<: l l ( .H. l ·o.l/r,1I rorULHil1n ln ~ .· H:a~ \'~ :J r "'\.~ ld t r('~~' ~·rom Iwo C i lF<I " I; ~ 1 re" l lo !anl \,: tl l ll "\" :H~ (X\\' h)"hnd ;tn J IAPAR · 5~) and Olle

~ 'J~ \.'pt lb k- (C R ·9 5l. A ...·cril f c nurrttx:r ùf ncrn :Jl(xk · p,:r ~am II I fput \....J " münthty a ~ x':'! 'i a.l ...1\ Cil ',0\ I-- t::. H..' rn .liJ ,ellst.. Rh.:a). lrllt n .-\ ll ~ U, 1 2001 to
..\ C1gusl 11)0: . h l r ~'x ll rK'm~l(mk: .... .mrk. 20!! l \ 1 f;-...,:o~ n l,l l mp; (rtim Hi t r\."{,' >, \\~r(' u~J \\il h thn.·c rï..·rtj,;..· ~j( <:, " . (B ) \1 t1n[h l! r..in::lll fm~1) ;md ( rUl i
Jc ....'C!I.pmm{ d\lli ll~ ~ .... (X"n ll(j ()r' ti n:- :o-t wy.
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Fig ..5. Dist rtbuuon of .H. e.xiaua mot gaUs.nccording 10 tbeir diarncccrfor
{WO C arabica cultivars {Trial Zr. susceptible bomozvgoœ cv. Catuui (5)
and irucrmcduue rc"i..ta rn Xw hybrkl (IR) at Peas de Alujucla. Costa RK:a
(s.umplin~ ....~J.s lbSo'-'Cd in Dt'U:m!x:r ZOOS>"

>31.-3

Gall dlameler (mm)

0.2 -1

150
"0 o Calual (8)e
CI o Xw Hybrld (IR)

0 100..
'iii
CI

'0 50
~
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0

Fi~. 4. Morpho~k;aI uspccrs or C arabica roots ini(..stcd by 1~1_ e:(lgt«l.
(A) Aspect of the numerous and big sizcd-gulls round in the infccted roots
of the susceptible CR-95 cukivur (g.1I diam. >.J mm). (B) Aspect of rbe
fcw and sruall slz.cd-galb fouod in toc infcctcd roots of the irucrmediate
rcsisrant Xw hybrjd tgall diarn. -cJmm).

3000

"0 DCatuai (8)e
ëI 2000 OXwHybrid(IR)

Ë..
1:

s
Q> 1000
~

::;:

0
2002 2003 2004 2005

hybrid Xw had only small ga lls. but in a large. proportion
than in the resistant cv. IAPAR-59 (Figs 3.4).

Fig. J. EVl'HUUOn of M. ('xùJI,a population undcr ûekl conditions in
susccpribie and inter mediate rcsi.!>t3nt cultivars (Trial 2). Average numbcr
of nematodes pcr gram ofroot oc young trees (planted in June 2(01) from
two C arabica cultivars: susceptible homozygous cv, Catuai and
imermcdiare resistant Xw hybrid al Pous de Alajucla. Cl»U:I Rrca
(sampfing was us-c-sed in Deccmber of years ))()2-~OO5).

Yaer

3.2.2. Field stabilit v of the intermcdiate rcsistonce
phenotype

The infestation of young plants of the susceptible cv.
Catuai (196±50nem.g- 1 root) and the hybrid cultivar XW
(164 ±32) werc similar in the first year aftcr plaruing
(Fig. 3). 1n the second ycar (2003). significant differences in
infestation lcvcls appcared. The susceptible cultivar ex
hibited 336 ± 70 ncm. g-I root, whcrcas the hybrid cultivar
Xw decreascd slighrly compared to the previous ycar
(81 ±28nem.g~1 root). In the third year (2004). marked
differences betwcen the susceptible and the hybrid cultivar
wcre obscrved. whcn the ncmatodc population in the
roots of the cv. Catuai (1076±2oonem.g- 1 root ) trcbled.
but it was still stable at a low lcvel in the hvbrid Xw
(104±35 ncm.g " ' root). Lastly, in the Iourth ycar (2005).
the ncrnatodc population continucd to incrcasc consider
ably in the susceptible cultivar (27oo±4ûOnem.g- 1 root).
whcreas in the hybrid Xw thcrc wcre 314 ±4ûO ncm. g-I
rool. Over the 4-year period. the ncmatodc population had
multiplicd by a factor 14 on cv. Catuai and bya factor 1.9
on the hybrid cultivar. In 2005. wc also obscrved the size
and number of galls, 111e galls werc classificd in three
categories according to their diarnctcr (Fig. 5). For both
cultivars. wc found that small galls (with a dia mctcr
compriscd bctwccn 0.2 and 1 mm) were the most numcr
ous. Howcver. thcrc was a large quantitative difference
bctwccn the two cultivars. For the susceptible cultivar.
47% of the galJs wcrc c1assificd in this catcgory, as o pposcd
to 64% for the hybrid cultivar displaying intcrmcdiatc
resistance. Wc found an equivalent distribution bctwccn
the two genotypes (36% and 35%. rcspcctively. for the
hybrid and cv. Catuai) in the medium sizcd-gall ca tcgory
(diamctcr bctwccn 1 and 3111111). More important was the
fact that 17% of the ga lls in the cv. Catuai wcrc large gall
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with a diamctcr ovcr 3 mm. whcrcas this type of ga ll was
ncvcr obscrvcd in the hybrid cultivar. The numbcr o f galls,
was significantly largcr in cv. Catuai than in XW for the
first rwo ca tegories (F ig. 5) with approximatcly four times
more ga lls, Ovcrall . t rees l'rom the cv. Catuai cxhibitcd 193

Fig, 6. Trunsversat sections stained wn h to luidine bhK'01' reet ~a ((s frulu
lA) cv, C R-95 (>u'<·cpliblc). ( 8 ) n '. I....PAR ·59 (resj'l u.,t) :md IL) Xw
hybrid fin[crmedla:e n:~i :!':an l ) mocut:.uct.l \.\ilh ,'1dO"lJ~"'N t:f ig tJtJ. ( ge)
pa nt cdl l. (0 lcmalc n~·malode. (l"i!) en: maS$.. Si.:ak: bar =: 2OJ.uIl .

64

gall s l'cr 10g al' root as opposcd to 38 galls for the hybrid
cultivar.

3.3. tlistolooical obscrvations

Only small galls with a d iamcter of 1mm or lcss wcrc
o bscrvcd to compare the thrcc cultivars . The scctioncd
gnlls on roots of the susceptible c v, C R-95, revcalcd severa]
Icmalc s decpl y huried in the vascutar bundlc s and the
presence of giant œlls and egg masses 1Fig. 6;\ 1. Thèse
results ag recd wiih similar anatorn ical cha nges in coffec
roots caused by M. esiqu« describcd in C. arabica
susceptible matcrials by Di Vito cl a l. (2000 ). Rodrigucs
ct a l. (2000) and more reccntly by Anthony cl al. (2005).
Histologieal sections from galls did not revcal a ny
differen ce bctwcen the susceptib le and res istant cultivars
(F igs. 6B a nd Cl.

~. Discussion

According 10 the hypothesis formulatcd by Noir ct al.
(2003). in ter med iat e resist ance to M . l'Xigua shou ld exist in
C. arabica. In our study, wc dcrnonstr at cd for the first ti rnc.
under con trol lcd condit ions an d two sets of field co ndi
tions. th at such a phenome non does exist . The Xw an d Xy
hybrid cultiva rs grown und er grecnho usc conditions with
high ncmarod c pressure cxprcsscd an intermedia tc lcvel of
resistance 10 the parasite co rnpa rcd 10 the susceptib le a nd
resistant cultivars.

Und er controllcd conditions. the control susceptib le a nd
resistant cult ivars uscd (cv. C R-95 a nd cv. IAPAR-59.
rcspccrivcly) cxprcssed syrnp to ms in relation 10 M. ex iqua.
Ihal tallicd with what was prcviou sly dcscribcd by Bertrand
ct al. (:~00 1 ) and Anthony cl al. (2005). Comparcd to thcsc
two wcll-charactcrized contrais. the two hybr id c ultivars
di splayed interrncdiatc syrnptorns. with an infestation that
was significantly largcr than for the resistant contro l. but
sign ifica ntly srnallcr than for the susccprible co ntrol. In the
study of Anthony ct al. (200 5). the: maximum number of
nematode s cxtractcd pcr gram of roois was from 5-20
times grcater in the susceptible co mpa red with the resistant
cultivar. Similar rcsuhs wcre found in our st udy, with 18
limes more nematodes per g ram of roots in the susceptible
rhan in the resistant culti var. Undc r thcse co nditions.
hybrid s Xw and Xy displayed interm edia te resista nce with
1.7--3.4times the lcvcl of the resistant cultivar. rcspccuvc ly.

Under field conditions, the pop ulation dynam ics mon 
itorcd ovcr 1 ycar charac rcrizc more preciscly the
intcrmcdiarc resistance phen otype of the hybr id cv. Xw in
compari son with the: susceptible a nd resistant phenotypes .
By monit oring the rainfall curvc a nd coffcc fruit dcvclop
ruent periods at the sarnc rime. wc found thar the ncrna todc
populat ion in the roots of the suscept ible control varied
more in rclarion to coffcc fru it dcvelopmcnt than with
ra in fal l, The ncrnatodc populat ion was the smullcst during
the storage phase. Our hypothesis is Ihat fru its arc priorit y
metaboli e sinks that eompete very strongly with rool
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growth. Morcovcr. il IS wcll known thal M. exiqua prcfcrs
10 dcvclop in very acuvcly growing young roots. The
ncmatode population found in the hybrid cultivar roots
varied in proportions close to zero (same number of
nematodes) 10 fivc limes more, whe rcns in the susceptible
conlrol 1he PL'PUIa lion cvolved l'rom 5 100 times du ring
the period of srudy. Following the previous hypothcsis,
therc was '1 first ouibrcak peak in the hybrid cultivar litai
corrcspo ndcd 10 the rnoruhs prcccding and Iollowing
an thcsis. The population rhcn dcen::ased and incrcascd

again dnring the fruit storage phase. This observation.

which sccms la cornradict the previous model. migh 1 he
cxplaincd by the considerable vigour of hybrid cultivars in
C arabica, which are capable of ensuring beau Iilling and
vegetative growth at t hc same lime (pers. obs.). The
nematode population in the roois of the resistant control
was always limucd and stable ovcr the ycar. Rcsulrs l'rom
licld conditions ccnfirmcd the observations under con
rrolled conditions which placcd the phenorype of the
hybrid cultivar in an intcrme dinte resistance position. nul
much closer 10 the rcsistn nt phenotype thau 10 the
susceptible phenotype. In a third appr onch. wc estimatcd
the durabiliry of the mtcrmcdia te resistance phenotype
ovcr 4 successive years. Du ring t ha t rime the ncuuuodc
population did not incrcasc in the roots of the hybrid
eulli\'ar. whcreas lhere w~s ~ large and contimUlI inere'Lse
in the susceptible control. Wc conclude Ihal Ihe imer·
mcdialc resistanee. phenolYpe is stable. However, il is not
possible 10 eonclnde on the durôJl>ility of the rcsLst:.lncc,
whieh has to be obscrved over more yeats.

Gall observatioll" rel'Caled thal Ihe intenllediale resis
lance phenotype was charaelerize.d by Ihe existenœ ofgalls.
but in mueh smaller quanlities than for lhe sllsœptible
nJlti\'ar. The number of galls is doubtless nol a suflicienl
niterion for eharaclerizing intermediate resistance. On Ihe
other hand. gall diametcr scems to he a good characteri7~1

tion erilelion. since the. inlermedinle resislance phenolYpe
only displayed small to verv small I!alls. similarly 10 the
resist~Ult pure line cultivar. As shown by Anlhony Cl al.
/20(5). small galls found ,n rcsistant <H susceplible cultivars
sheltercd fi:nile fcmalcs. (\ccording to thosc authors.
rcsbtancc conlèrred 1", Ihe Mex·/ ~cne is stmllgJy
a.ssoci<lled wilh.l hyperscnsitj,·c rcaelion (tIR) phenolyp~.

This HR prewnls gall fL'rmalio,\. HL)W~'er. as lhal Iyp~ nI'
rcactioll cio'CS flot syslCmatlCï.lll) OC(:Uf. a .:('nain 1l1unlX'r of

galls arc hkely 10 form. In Iile\. Ille rare juveniles thal
l:'Seaped the pianI delènre r~spol\<;(, might e.venlualh reacll
Ihe globose Slage and malllJity. and could cL'lllplele tlleir
reproductive cycle in the. lôiSlanl cultivar Pegard Cl al
(2005), who al\.() ()b>ervcd penelralinn of .HcloliloUl'l/c 'pp.
III fcsis.lant pcppcr. snggl"'sl("J lhal active ppq-prnelralÎol)

biL'Che l1liCOI1 dek110c merhani'llls m,,, ocrur. which blocL
nemalodc reproduction. In Ihe pre<;('nl ,Iudv. Ih.:: hislOlo·
gicu 1;lIlal;.:si~ of (h(O intl'rtllcl!ia te n:~i~t,lIK(' h~·hl ici cLllii, ~n

was Ih)1 precise cnoll~h ln c\'ndndc (ln the c.'{j\lCIlCC {)f a
hypcrsen~itj\c f(:a(lic,n. l'l:rrh("r Jn\"c~lit!:lliClns ar(" rcqnir("J
lo gain ~I ck~\r('r und~l~landinf! ,"If the undt'rlying nh......:h~ln"
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isms of rcsivrancc mvolvcd at noth cellular and molccular
lcvcls. Juquct ct al. /20(5) showcd ,)1] i omaro plants
carrying the Mi resistance I!CJle. thar reproduction of
M. incoqnita wus grcatcr on hetcrozvgous gcnotvpc- ihan
on hornozvgous rcsist.uu genotypes. suggcsting a possible
Mi gene dosage cffcct. They o bservcd that iutcrmcdin tc
resistance was associated with al least Iwo hcrcrozygous
tomate genotypes. Howcvcr , thcir experimenta] designs
wc re not adequate for concluding whcrhcr or nol thut
relation was consistent lzort za kak r- Cl al. l144R) sug
gcsted thar Iurihc r studics wcre necded on the influence or
the number of copies or the Mi gene inscrtcd in to ma to
hybr ids aller controlled hybridization. In co nuuon beau,
the resistance 10 root-kuot nematodes coufcrrcd hv the
gene Mc:' ï Omwcga and Roberts. 1(92) was Iound 10 oc
complctcly dominant al:'o C but <howcd an allclic dosage'
rcsponse of incomplcte dominance al :'S' C

Resisrnuce genes to othcr ncmatode spccics. i c , :VIi in
tomato tHwang cr al.. 20(0). Hslp"~1 in sugar bcet ï Kitle ct
~L. 1949) and Gpa:' in 1'01'110 (van der Vosscn ct nl.. :'0(0),
have bccn validaicd by Aarobactcrium rhizoqcnes gcnctic
transformation procedures. The recent applicuion of this
rechnology in coffcc (Alpizur ct al.. 2(06). and the
ava rlability of the complete sequence of the Mex-l gene
will mak c il possible ID cnrrv üul a funetional analysi< of
Mex-I Itranscriptionlevcl. kineties. lissu," loealization) bnt
also 10 embark upon a struerural sludy of Ihe genc to

undcrs"md Ih.:: basls of its specllkity. Transgenesis will also
pwvide an opportunitv l'or studying how the number of
copies or lIlt' M.::x· J gene in the C al' ah/ca lree gcnonK'
Influences the expression of resislancc 10 ;\f. ('xi(jlla, and
theu vcrify whelher the inteffilediale resistanee phenotype
mighl oc Iinked 10 a I\1cx· 1 dO~lge l'n'l'ct.

T'hl' aUlhors whieh to Ihank N. Va>quL'z lCATIE). L
Salazar 1Ul\iv~rsitv or COSt,1 Rica). Cost" Riran ('ollL'C
Institule (leAI'El and Benciiei" Santa Edu\iges f,w their
leehnieal collaboration. Financial SUppMt for Ihis study
MIS provided by the Europcan Union Ihrnug.h a gfalll ln E.
!\/piT.lr b\' the 'l'lUgramme ,\)(\an' Eurc'p<:an Union
1'1'<'l!ranlllle L)f lJi!!h L'~\'d Schobtships for Lallll America
III): l'O.\DI6144CR) and via I:'-JCO Pwjcci c'nlilled
'Br','Cding tools for durable resLstancc ln root-knN
nemalodes / .Hâoi'/v.'lvlI" sp.) L)f collee elllli\'~rs in Latin
Amelica' (Contracl IC\.J-CT·:'tlOI·101l70)

A!rl/~H, E.. Ûl'\.'!lamp. 1:., L' (1C'v \JL S.. Rl) ~.,: r . \1., l~':OlJb. .'-\.c.. Ni..:nk.
.\L lkrtrJoJ. H.. L..I :-.:'xnl)<:~. P.. I: Ü.:n:\.;: . H. ':01)6. Eni.:~n\

rn~u..:[)U''il (~( A f({l h; l ("icrium rhflo~'-· Ili." ~·lr; I:J' JlInn,-·(] rllll~:" and
l',m[Jof.NI ..· l'bah ! v t ' "lUlI)lll f t"'-' II C l· ...p rl· ......lll-ll IfI 1,.l"111 ....\.: {("ob. Pl;tnt
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Coffee hairy roots: development of reliable proliferation conditions and
characterization of morphological variability

Introduction

Axenic cultures of transformed roots regenerated after Agrobacterium rhizogenes-mediated

genetic transformation have been widely used for various horticultural crops (Mugnier, 1987;

Tepfer, 1990). A. rhizogenes is a pathogenic soil bacterium that induces 'hairy root' disease on

dicotyledonous plants, characterized by root proliferation at the infection site (Gaudin et al. 1994;

Meyer et al. 2000). The term 'hairy root' is commonly used for A. rhizogenes-transformed roots

and refers to the particular phenotype of those roots, often characterized by a highly branching

root pattern and plagiotropic development attributed to increased endogenous auxin content

(Nilsson & Olsson, 1997). Hairy roots have the capacity to grow even when removed from the

plant and offer the interesting property of easily regenerating whole plants, avoiding callus

formation and thus circumventing problems of somaclonal variation in a range of plant species

(Tepfer, 1990). The Agrobacterium genes involved in rhizogenesis through the modification of

plant cell growth and developmental regulation are commonly called rol and aux genes. Those

genes are located in the TR-DNA and TL-DNA regions respectively of the Ri (root-inducing)

plasmid of A. rhizogenes agropine strains. Sorne of the genes are involved in auxin biosynthesis

which causes differences in hairy root growth and morphology when compared to non

transformed roots (Meyer et al. 2000; Christey, 2001).

Hairy roots have been extensively used to produce secondary metabolites for commercial use

(review by Hamill & Lidgett, 1997), in root nodule research (Diouf et al. 1995; Akasaka et al.

1998; Boisson-Dernier et al. 2001), to study genes specifically involved in plant morphology and

development (Mikami et al. 1999) and as a system to validate and study genes of resistance to

root-specific pathogens, such as nematodes. For ex ample, hairy roots have been used successfully

to study Mi, u.r:' and Gpa2 gene function in tomato, sugar beet and potato, respectively (Kifle

et al. 1999; Hwang et al. 2000; van der Vossen et al. 2000). One of the main constraints with

hairy roots for functional analysis studies is their frequent phenotype variability. For example,

was shown to be responsible for large variations in nematode multiplication rates and thereby

complicated the interpretation of results, thus making it necessary subsequentJy to work with

many clones (Plovie et al. 2003).
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Noteworthy phenotype and growth variations (i.e. branching intensiry , root diameter and growth

rate) have often been observed among hairy root clones derived from inde pendent transformation

events, most of the time; this variability was only visually described. Phenotype variations were

attributed to differences in the integration of genes from the TrDNA and TR-DNA regions of A.

rhizogenes in the host genome (Jouanin et al. 1987; Ambros et al. 1986; Mano et al. 1989). ln

Chataranthus, Batra et al. (2004) demonstrated for example that an absence of aux genes did not

affect either hairy root morphology or growth, whereas an absence of rolA&B genes induced

callusing and slow-growing morphology.

ln coffee, protocols for A. rhizogenes rnediated-transformation and plant regeneration were first

described by Spiral et al. (1993) then by Kumar et al. (2006). Although an efficient protocol for

routine regeneration of hairy roots has been recently established for coffee (Alpizar et al. 2006),

the transformed roots were unable to proliferate on serni-solid medium and died after two or three

subcultures. Similar observations were made by Kumar et al. (2006) . To our knowledge, suitable

conditions for the effective maintenance of hairy root axenic cultures of coffee have yet to be

described. The purpose of this study was: i) to establish the culture conditions for efficient

proliferation of hairy roots, ii), to characterize several clones and determine if morphological

differences exist between them , iii) to assess the possibility of eliminating non true-to-type

phenotypes before using the hairy root methodology as a tool for functional analysis.

Material and Methods

Regeneration ofhaity roots

Hairy roots of Coffea arabica var. "Caturra" were regenerated by inoculating germinated zygotic

embryos with A. rhizog enes (strain A4) according to procedures previously described by Alpizar

et al. (2006) . Briefly, zygotic embryos were infected by wounding the hypocotyl with a

contaminated scalpel previously soaked in an agrobacterium culture for 48 h. Co-cultivation with

Agrobacterium was carried out by placing the inoculated embryos on a MS medium (Murashige

& Skoog, 1962) supplemented with sucrose (30 g/I) and solidified by adding 2.8 g/I of phytagel.

Cultures were placed in 50-mm diameter Petri dishes in the dark for 12 days at 20°e. Co

cultivated embryos were decontaminated by immersion in MS liquid medium with cefotaxime

(500 ug/rnl) for 2 hours and washed twice. They were then subcultured every 4 weeks onto MS
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germination medium containing decreasing cefotaxime concentrations (500, 200 , 100 ug/ml) .

Hairy roots appeared at the wound site after 8-10 weeks.

Development ofculture conditions for hairy root maintenance

Root fragments of approximately 40 mm in length were excised from hairy roots derived from

independent transformation events and were cultured on a medium containing full -strength MS

salts and the following vitamins: 10 mg/l L-cystein , 10 mg/I thiamine-HCl, 1 mg/I pyridoxine

HCl, 2 mg/I glycin, 1 mg/l nicotinic acid. The medium was supplemented with 30 g/l sucrose and

solidified by 2.8 g/l of phytagel. Hairy roots were subcultured every 4 weeks by transferring 40

mm root tips onto fresh medium in 9-cm diameter Petri dishes. Cultures were kept at 26Co in the

dark and 55-60% relative hurnidity.

The previous culture conditions were modified in the aim of establishing efficient conditions for

hairy root proliferation :

i) Auxin addition. Different auxins and concentrations were tested: IBA (indole 3-butyric acid)

and NAA (napthelene acetic acid) were added ta the proliferation medium prior to autoclaving,

whereas lAA (indole 3-acetic acid) was filter sterilized. Auxins were added to the medium at

concentrations of 0.125, 0.25 , 0 .5 and 5 /lM .

ii) Light conditions. Three different light conditions were compared: darkness, 50 urnol rn" S-I

(fulllight conditions) and 20 urnol m-2 S-I (indirect Jight) with a 16-h photoperiod.

iii) Sucrose concentration. The proliferation medium inciuding 0.25 uM IBA was supplemented

with 0.5, 1,2,3,4,6 and 8% (w/v) sucrose.

iv) Establishing optimum subculture duration: hairy root cultures were subcuJtured on la a

medium including 0.25 ulvl IBA and 3% (w/v) sucrose every two, three, four or five weeks. For

this experiment, the final evaluation was made after 10 weeks .

For ail experiments, each hairy root clone was maintained for two subcultures in the tested culture

conditions. The growth parameters acquired were root branching, defined as the number of lateral

roots per cm of initial mother root (number of lateral roots/crn) and growth rate , defined as the

average growth of lateral roots over 4 weeks of subculture (mm/day) . The growth rate and

branching were measured at the end of the second subculture. Ten root branches from five

different Petri dishes (replicates) were evaluated for each culture condition. Vitrification was also

69



Chapter Ill. Development ofefficient regeneration and proliferation conditions ofA. rhizogenes in

coffee transformed roots

evaluated in two experiments using a scale of 0 to S, where zero corresponded to non-vitrified

roots and S to totally vitrified roots. Vitrification was characterized by translucent, thick roots

with frequent callusing.

Analysis ofhairy root morphological variability

Phenotype variability was analysed using 62 hairy root clones established for 6 months under the

optimum culture conditions described in this work. Surprisingly, the optimized conditions

enabled the proliferation of non-transformed roots for the first time. Three non-transforrned root

clones were therefore established from independent plants and used as non-transgenic controls.

For the assessment of root morphological characteristics, root images of initial 40 mm long

branched root fragments from both hairy root !ines and non-transforrned roots (controls) were

taken during two 3-week subcultures. The roots from three different Petri dishes, corresponding

to three replicates were evaluated for each root tine. The images were acquired by a scanner (HP

ScanJet 6000) and were analysed using the software procedures ofWhinRHIZO VS.O (Instrument

Regent, Quebec, Canada). For each root clone, the variables acquired were: number of lateral

roots per cm of mother root to evaluate root branching, the total root length (cm) at the end of 3

weeks of subculrure, and the percentage of fine roots (%) with a diameter less than O.S mm .

Statistical analysis

Data from the evaluation of culture condition assays were analysed by an ANOVA and mean

values were compared using the Duncan test at P = 0.001 for light , auxin and sucrose

concentration experiments, and at P = O.OS for subcuJture duration experiments. Data from the

analysis of phenotypic variability between axenic root clones showed a normal distribution, with

the exception of growth rate, for which values were [Iog(x+ 1)] transforrned to standardize

variances prior to analysis. Data collected on the second subculture were analysed by an ANOVA

with the clone factor considered as a classification criterion, followed by the Tukey multiple

comparison at P < O.OS . Ali of the measurements taken after the second subculture were then

compared to the corresponding measurements from the first subculture . The companson was

performed by a discriminant canonical analysis to deterrnine if distribution and correlations

between the variables observed wou Id be affected by subcultures. The redundancy berween the

two sets of measurements enabled an evaluation of phenotype stabiliry over time. Ali the

statistical analysis were performed using Statistica software (2004, Statsoft, France).
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Table 1. Effect of different exogenous auxins (IAA. IBA and NAA) on hairy roots of Coffea arabica

cultured in the dark. Branching (number of lateral roots /cm); Growth rate of lateral roots (mm/day); Root

vitrification index (determined by using the following scale 0 = none and 5 = totally vitrified). Values with

different letters are significantly di fferent at P < 0.001 according to the Scheffe test.

Auxin type

Concentration Branching

(number of lateral

roots /cm)

Growth rate

(mm / day)

Vitrification

(0-5)

No auxin /control

IAA

IBA

NAA

0 2.3 ± 1.0 b 0.05 ± 0.06 d 0.0 a

0.125 8.8 ± 4.2 ab OA8 ± 0.1 1 abc 3.0 ± 0.5 c

0.25 5.8 ± 2.0 b 0.50 ± 0.29 abc 3.2 ± 0.6 c

0.5 9.2 ± 3.8 ab 0.21 ± 0.11 bcd 3.6 ± 0.8 be

5 14.8 ± 2.1 ab 0.14 ± 0.07 cd 4.2 ± .5 c

0.125 5.0 ± 1.8 b OA4 ± 0.15 abcd 0.2 ± 0.3 a

0.25 11.3 ± 3.1 ab 0 .60 ± 0.1 ab 1.2 ± 0.6 ab

0.5 18.5 ± 5.0 a 0.68 ± 0.08 a
3.2 ± 0.6 be

5 0.6 ± 0.1 c 0 .0 d 5.0 ± 0.0 c

0.125 4.8 ± 1.2 b 0.28 ± 0.11 abcd
2A ± 0.9 abc

0.25 19.0±6A a
0.55 ± 0.19 abc 4.0 ± OA c

0.5 lIA ± 5.8 ab 0.26 ± 0.15 abcd 4.6 ± 0.6 c

5 0.0 c 0.0 d 5.0 ± 0.0 c
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Rcsults

Effect ofauxin type and concentration

The effects of adding different auxins (lSA , IAA and NAA) to the culture medium on the growth

of C. arabica hairy roots were compared (Tab. 1). Little or no branching and growth were

observed in the absence of exogenous auxin . Low concentrations of the three auxins enabled

hairy roots to branch and grow. With !BA and NAA, the optimum concentration was 0.25 uM for

both branching and growth. The 5 uM concentration inhibited those two parameters. However,

with lAA, the best branching pattern was obtained for 5 ulvl, although the growth rate was very

weak at that concentration. The incorporation of 0 .5 u M !BA most efficiently stimulated the

growth rate and branching of coffee hairy roots,

Root vitrification was enhanced by NAA and IAA, even at low concentrations (0.125 u M), while

with !BA significant vitrification symptoms only occurred using higher concentrations (0 .5 and

5.0 uM). Using 0.25 uM !BA was the best compromise between root growth and vitrification

status, as it led to high growth intensity and branching rates along with the lowest vitrification

rate . That auxin treatment was adopted in ail the following experiments.

Effect oflight intensity

Light conditions had significant and marked effects on the branching, growth rate and

vitrification of C. arabi ca hairy roots (Table 2). The branching and growth rate of hairy roots in

full light conditions were the weakest among the three conditions that were studied. Significant

enhancement of root growth was observed with an intermediate light intensity (20 umol.mi.s') .

Darkness led to efficient branching but moderate light gave the highest root growth rate. None of

the light conditions provoked marked vitrification symptoms in coffee hairy roots.

Effect ofsucrose

Sucrose concentration moderately affected the growth of coffee hairy roots (Fig. 1). Optimum

sucrose concentrations for branching were found in a wide range, between 1 and 4% . The highest

growth rates were ob served at low sucrose concentrations (1 and 2%) and higher concentrations

caused progressive root growth depletion . 11 was decided to incorpora te 2% sucrose in the

proliferation medium for the following experiments.
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Table 2. Effect of light intensity on root branching (number of lateral roots/cm),
growth rate of lateral roots (mm / day) and root vitrification of C. arabica hairy
roots in a MS medium containing 0.25 /lM IBA. Vitrification was evaluated using
a scale of a to 5, where zero corresponded to non-vitrified roots and 5 to totally
vitrified roots. Means within a column followed by the sarne letter were not
significantly different at P < 0.001 according to Duncan's multiple test.

Light intensity Branching Growth rate Vitrification

(umol.mi.s')
(number of lateral

(mm/day) (0-5)
roots/cm)

0 11.3 ± 3.2" 0.6 ± 0.09& 1.2 ± 0 .6"

20 10.4 ± 2.7" 0.76 ± 0.08" 0.0 ± O.Ob

50 (full light) 0.4 ± O.4b O.OI±O.Olc 0.8 ± 0 .3"

Table 3. ANOVA analysis of morphological variability existing between 62 hairy

root clones of C. arabica and 3 non-transformed root clones established in vitro for 6

months. Ali morphological parameters were analysed at the end of a 3-week

subculture period. SE: mean standard error. (*) significant difTerences at P < 0.00 1

(Tukey test).

Variable Mean ± SE F P

Branching (number of lateral roots crn") 2.1 ± 1.0 1.98 NS

Percentage of fine roots (diam. < 0.5 mm) 86.4 ± 9.5 9.52 *
Total root length (cm) 57.0 ± 1.2 5.42 *
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Effec/ ofsubculture dura/ion

Subculture duration also significantly affected the development of C. arabica bairy root s (Fig. 2).

Although very frequent tran sfers (every 2 weeks) of hairy roots onto fresh culture media had

positive effects on the growth rate, that timing was not an optimum condition for root branching.

The best compromise between branching and growth rate was obtained by subculturing hairy

roots every three week s.

Phenotype variability among hairy root clones

Morphological differences could be visually observed between hairy root s (Fig . 3) . The ANOYA

of morphological variability among 62 hairy raot clones and 3 non -transformed root clones of C.

arabica showed sign ifica nt differences between the clones for the total root length (P < 0.001)

and for the percentage of fine roots (P < 0.001). The branching pattern expressed as the number

of lateral roots per cm of mother root did not display significant differences between hairy raot

clones and was ther efore not kept for the fol1owing analyses sinc e it could not be used to

characterize particuJar altered phenotypes.

An analysis of the percentage of fine raots data (Fig. 4A) showed that 89% of hairy root clones

were significantly similar to the non-transformed controls for the proport ion of fine roots. On the

other hand, seven hairy root clones (amounting to Il % of the total observations) showed less than

70% of fine raot s and werc significantl y different from the non-transforrned control roots . For the

total root length variable (Fig. 4B), it was found that only two hairy root clones (amounting to 3%

of the population) were significantly different from the oth er clon es . The transforrned root clones

tended to grow faster as the majority displayed a higher total root length (two to four times

higher) than non -transgenic control raots.

A correlation analy sis berw een principal components at the end of 3- and 6-week growth periods

showed that canonical R was very high for the percentage of fine root s and total root length

variables (r=0.93 and 0.80 resp ectively). The redundancy between the two sets, i.e. the share of

variance explained by canonical anal ysis amounted to 89% . We then observed that for those two

variables, the average beh aviour of a clone after a 6-week grawth period was similar to that of the

same clone after 3 weeks. Consequ entl y, we assumed that the phenotypes were stab le over lime.
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The data array in Fig. 5 shows that the majority of root clones formed a cluster with an average

total root length of between 20 and 90 cm and a percentage of fine roots between 75 and 95%.

Clones characterized by a high percentage of fine roots (including those of the cluster) showed

higher total root length than clones with thicker roots. The two root clones that were found to be

significantly different from the non-transformed control roots for total root length (Fig . 4A), and

seven others for the percentage of fine roots (Fig. 4B), were distantly positioned from the cluster

ofroot clones showing a normal phenotype and could be considered as phenotypically altered.

Discussion

As soil nematodes are a major pest for coffee growing, the development of protocols for hairy

root regeneration by A. rhizogenes-mediated transformation and for subsequent proliferation has

become a priority in order rapidly to validate different nematode resistance genes such as Mex-I

conferring resistance to M exigua. Although coffee hairy roots are reported to have been obtained

by different authors, the conditions for proliferation and maintenance were yet to be established.

Negative efJects oflight exposure for hairy root multiplication

We demonstrated that coffee hairy root cultures require an absence of light or low light intensity

for successful proliferation. A review of the literature revealed contradictory information about

the effect of the photoperiod and intensity of light on hairy root development. There have been

few reports of such a negative impact of light exposure and for many species hairy roots have

been grown onder light conditions. Banda (1991) reported the successful maintenance of hairy

roots from 30 different plant species under full light conditions. Vanhala et al. (1998) observed

that darkness stimulated root biomass production in yoscyamus compared with a l2h photoperiod.

Opposite results were found by Liu et al. (2002) on Artemisia sp. hairy roots who found higher

growth rates under continuous light conditions and suggested that long periods of illumination

accelerated the uptake of nutrients from the culture medium and accumulated carbohycirates in

root axenic cultures. However, they noted that the hairy roots under continuous light became

"green" after 4 weeks of culture. We also observed that coffee hairy roots under full light

intensity became green and thicker, but exhibited few or no branching. Koll ârov à et al. (2004)

demonstrated that exposure to light contributed to increase in Karwinskia sp. root biomass. They

attributed that result to a higher water uptake that led to the appearance of callus-like cells . Coffee

hairy root cultures required no light or low Iight intensity for normal proliferation.
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Figure 3. Different phenotypes of coffee axenic hairy root clones in comparison with non-transformed
roots (control) . A: X 16 root clone showing a high growth rate and a large percentage of branched fine
roots; B: non-transformed root clone (control) C: X43 root clone with low growth rate and small
percentage of branched fine roots ; 0: X22 root clone exhibiting a normal phenotype with a large
percentage of branched fine roots and an intermediate growth rate (scale bar: 10 mm).
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Requirem ent ofauxin supply for hairy root proliferation

ln our study, we showed that auxins were indispensable for the proliferation of hairy root cultures

in coffee and that the type and concentration of exogenous auxins strongly influenced root

development. ln several plant species, A. rhizogenes- transformed roots can proliferate after

excision from the plant in media devoid of growth regulators. That autonomy is re1ated to the

integration and expression in transformed cells of aux and l'al genes from the Ri plasmid that

enable the production of endogenous auxin (Nilsson & Olsson, 1997) . However, in sorne species

including coffee, that situation does not occur and it becomes essential to add exogenous auxins

to the culture media in order to obtain and/or stimulate hairy root development, although the

presence of aux and l'al genes has been established in transformed roots (Alpizar et al. 2006) .

Depending on the auxin concentration, positive or adverse effects on hairy roots growth have

been described. Kim et al. (2003) and Koll àrovà et al. (2004) found that adding 0.25 IlM lBA to

culture media enhanced hairy root growth in Panax and Karwinskia, though higher

concentrations induced calJusing. Similarly, Park & Facchini (2000) in Papaver & Liu et al.

(2002) in Pueraria found that lM and lBA at 1.0 /lM gave the strongest stimulation of

branching but also caused higher inhibition of root growth, whereas both auxins at 0.1 /lM,

promoted better lateral root formation and growth. Conversely, even if high exogenous auxin

concentration promoted hairy root branching by stimulating cell division in the pericycle, the

process seemed to inhibit bairy root growth because an excessive accumulation of auxin in apex

meristematic cells could inhibit meristematic tip activity (Finlayson et al. 1996) or lead to

alterations in signalling response from other endogenous hormones involved ln hairy root

emergence and growth, such as polyamine (Ben-Hayyim et al. 1996), ethylene (Lorbiecke &

Sauter, 1999) or ABA (De Smet et al. 2003). ln our study, we found that the optimum

concentration for root branching (0.25 /lM lBA) also corresponded to an optimum for the growth

rate. Moreover, that auxin treatment, when applied ton several subcultures, supported very

satisfactory coffee hairy root proliferation over the long term.
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Sucrose supply and subculture duration

Optimization of the suc rose supply and subculture duration did not markedly affect the growth of

coffee hairy root cultures when compared to light and auxin supply. Media with low sucrose

concentrations were optimum for coffee hairy root proliferation. lt had been previously shown

that suc rose was necessary for adventitious root induction and needed to be continuously supplied

for vigorous hairy root growth (Nilsson & Olsson, 1997). However, few data have been reported

on the effects of sucrose concentration on hairy root growth. Romanov et al. (2000) observed that

the effect of auxin on hairy root development in potato highly depended on the sucrose

concentration in the culture media.

In our study, coffee hairy root growth was enhanced by frequent transfers every 3 weeks onto

fresh culture media. Different authors have reported that the metabolic activity and rhizogenesis

of hairy roots were stimulated shortly after sub-culturing. Nin et al. (1997) observed on Artemisia

hairy roots that maximum root growth became exponential during the second week following

subculturing, metabolic activity decreased after the third week and a stationary phase was

observed in the fourth week of culturing. Liu et al. (2002) and Narayan et al. (2005), working on

Pueraria and Tylophora hairy roots respectively, monitored the timing of lateral root appearance

and revealed the presence of primordia only 2 days after subculturing. Both sets of authors

described a maximum linear growth at 14-16 days after subculture. Arroo et al. (1995), measuring

the uptake of labelled lAA by Tagetes hairy roots, found that ail exogenous auxin was

metabolized after 10 days of culturing. Those results confirm the importance of establishing the

optimum subculture frequency in order to maintain optimum physiological activity.

Evidence oflimited phenotypic variability among coffee hairy roots

The improvement of culture conditions for hairy root proliferation is commonly assessed by

assessing weight increase, mainly because most hairy root research focuses on increased root

biomass in order to stimulate the production of secondary metabolites. In the case of a functional

analysis of genes involved in plant root/pathogen interaction, hairy roots can be of great interest

but it is imperative to dispose of transformed roots that are morphologically similar to non

transgenic roots. An analysis of phenotypic variability thus becomes very important before using

hairy roots in gene validation approaches.
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For the first lime, our work describes culture conditions for coffee hairy root proliferation, which

have led to the establishment of long-terrn axenic cultures of numerous transformed roots (62

lines) but also of sorne non-transformed roots. Macroscopic differences were observed between

hairy roots. Since each hairy root is a cellular clone resulting from a s ing le transformation event

(Constantino et al. 1984), hairy root clone cultures and individuals regenerated from su ch roots

retain the phenotype properties conferred by the specifie T-DNA transferred to the plant cel 1

(Meyer et al. 2000). The synergistic activity when ail roi-gene products are sirnultaneously

expressed is important in the induction of hairy roots and enhances development of the root ra/

phenotype (Spena et al. 1987; Schmulling et al. 1988; Spano et al. 1988). Both transformed and

non-transformed root clones were used to characterize the morphological variability between

clones derived from different transformation ev ents , and to define the morphological variables

that might enable an efficient distinction 10 be made between the different phenotypes. Such

information would be useful in limiting the heterogeneity of hairy root material, with a view to

using only those lines displaying less altered phenotypes in functional an alysis studies of coffee

root genes .

Phenotypic alterations su ch as short intemodes, brittle and wrinkled leaves and stunted growth

have been reported in A. rhizogenes-tran sformed coffee plantlets regenerated from somatic

embryos of C. canephora (Spiral et al. )993 ; Kumar et al. 2006) and from transformed roots of C.

arabica (Sugiyama et al. 1995). However, no information has been provided about the phenotype

of transformed roots. ln other plant species, such morphological alteration has been reported for

the root system and has been commonly de scribed as root thickness, excessive branching and

amount of biomass production (Handa, 1991; Nguyen et al. J 997; Nin et al. 1997; Narayan et al.

2005). This intra or inter-line variability among hairy root lines or the degree of phenotype

alteration when compared to non-transformed roots could be major constraints for the utilization

of hairy roots in functional analysis studies. Those constraints may lead 10 an increase in the

number of individuals and replicates (Plov ie et al. 2003) and, in the most extreme situation, to the

A. rhizogenes-mediated method being replaced by transformation methods that do nol induce

phenotypic alterations (i.e. A. lumefaciens-mediated transformation).

Most of the literature on hairy roots highlights the degree of lateral branching, plagiotropism,

presence of numerous hairs and the capacity of hairy roots to grow when isolated from the mother

plant in hormone-free medium (N ilsson & OJsson, 1997). Our results revealed that coffee hairy
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roots did not display most of those particular properties and that the majority of hairy root lines

exhibited !imited phenotype differences when compared to normal non-transformed root lines,

and strong differences were restricted to some particular !ines.

As shown in this work, both coffee hairy roots and non-transformed roots did not express growth

autonomy in the absence of exogenous auxin , ev en though T-DNA from the root- inducing (Ri)

plasmid from A. rhizogenes was previously confirmed to be integrated into the plant genome of

transformed cells (Alpizar et al. 2006). Abundant lateral branching was often mentioned as one of

the most typical traits within the altered phenotype of hairy roots (Tepfer, 1984 ; Spano et al.

1988 ; Guivarc'h el al. 1999). Coffee hairy roots showed a higher degree of lateral branching than

non-transformed roots. However, surprisingly, a statistical analysis of root images of coffee root

clones revealed high intra-c1onal variabi!ity for the branching variable, which led ta that variable

being discarded for efficient differentiation between hairy root phenotypes. Probably, the average

number of laterals per cm of mother root was not sufficient to characterize the root branching

pattern. Previous work (Jourdan et al. 1995 ; Jourdan & Rey, 1997) showed that root branching

could be modelled accurately by Markov chains, which consider the distance between laterals

instead of the number of laterals itself. Future work should integrate that criterion for a more

detailed root branching analysis.

Few authors have compared hairy root growth with that of non -transformed root cultures. In ours

study, a majority of hairy roots displayed a root length between 2- and ô-fold higher than non

transformed roots. Fast growth of hairy roots has often been reported in the bibliography.

Nevertheless , that difference remains slight when compared to other species (Bonhomme et al.

2000). Similar results, but expressed as fresh weight gain , were reported by Park & Parkcchini

(2000) for poppy cultures on a medium enriched with 0.1 uM of lBA. However, Liu et al. (2002),

on kudzu , observed that lateral root elongation was similar for both types of roots . Plagiotropic

development was not characteristic of coffee hairy roots since non-transformed root cultures

proliferated similarly when excised from the mother plant. Moreover, hairy roots belonging ta a

composite plant exhibited a normal positive geotropism wh en grown in sail (Alpizar et al. 2006).

The existence of morphological variability between transformed and non-transformee roots on

the one hand , and between hairy root clones on the other, was reveaJed using two variables: the

percentage of branched fine roots and the total root length. Bath variables were confirmed ta be

77



Chapter Ill. Development ofefficient regenera/ion and prolifera/ion conditions ofA. rhizogenes in

cofJee transformed roofs

stable and to provide immediate application on the routine measurement through image

acquisition and analysis of hairy roots to screen and discard aberrant phenotypes. Most of the

coffee hairy root clones were morphologically similar. Using those two morphological variables,

we found that the frequency of altered phenotypes was rather low and enabled the use of A.

rhizogenes-mediated transformation systems for functional genomics of root genes. Hairy root

clones underwent variable Ri T-DNA integration evens , reflected in the phenotype (Ambros et al.

1986; Jouanin et al. 1987 ; Mano et al. 1989). Further studies are under way to identify the genes

from Ri T-DNA or molecular mechanisms responsible for the two altered phenotypes.

The existence of hairy root proliferation conditions for coffee offers new research perspectives.

Hairy roots could be used for the production of plant secondary metabolites and for functional

genomics studies of root genes. Hairy roots bave been proposed as an easy system to screen for

nematode resistance genes in crop plants and have been successfully used in tomato, sugar beet

and potato (Kifle et al. 1999; Hwang et al. 2000; van der Vossen et al. 2000) . In CofJea arabica, a

localized genetic map of the chromosome carrying the major dominant Mex-I gene conferring

resistance to M. exigua has been constructed (Noir et al. 2003) and physical mapping of the Mex

J region is under way. Hairy roots could be used 10 validate the Mex-I gene by functional

complementation after elimination of aberrant phenotypes to increase the accuracy of the method.
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Expression des gènes rapporteurs GUS et GFP sous contrôle du

promoteur CaMV 35S dans des racines de caféier transformées par

Agrobacterium rhizogenes . mise en évidence d'une expression spatio-temporelle et

utilisation de la GFP comme marqueur de sélection efficace

Introduction

Le caféier est l'arbre tropical le plus largement cultivé et représente le premier produit agricole

d'exportation dans plusieurs pays en développement. La production commerciale repose sur deux

espèces, Coffea arabica L. (75%) et C. canephora P. (25%). Coffea arabica qui est l'espèce la

plus appréciée pour ses qualités sensorielles est très sensible à la plupart des parasites et en

particulier, aux nématodes sédentaires endoparasites à galles (Meloidogyne spp.). Les

Meloidogyne représentent l'une des contraintes agronomique majeures de la caféiculture et leur

présence dans de nombreuses régions de production conduit à des baisses significatives de

rendement et dans certains cas à l'abandon de la culture. Il est reconnu que la meilleure réponse

au problème des nématodes chez le caféier est la lutte génétique. Jusqu'ici , une quinzaine

d'espèces ont été caractérisées comme parasites du caféier (Cameiro et al. 2004). Des sources de

résistance spécifiques ont été identifiées (Bertrand et al. 2001) telles que le gène Mex-l ,

introgressé de C. canephora, conférant la résistance à M. ex igua qui est en cours d'isolement

(Noir et al. 2003).

Le processus d'amélioration de la résistance aux nématodes passe par une meilleure connaissance

des gènes de résistance (R) et des mécanismes associés . Une approche de dissection moléculaire

de ces gènes de résistance et une meilleure compréhension des bases de la spécificité de leur

résistance et de leur évolution devrait permettre d'en optimiser l'utilisation et d'augmenter la

durabilité et l'utilité des gènes de résistance identifiés. Pour ces raisons, un procédé de

transformation génétique par Agrobacterium rhizogenes a été récemment mis au point chez le

caféier (Alpizar et al. 2006). Il permet la production rapide de racines transformées et de plantes

composites ainsi que leur inoculation par M. exigua dans des conditions faciles et donc la

validation de gènes R par complémentation fonctionnelle .
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La compréhension de la régulation de l'expression des transgènes est primordiale pour le succès

de la génomique fonctionnelle chez les ligneux. Bien que la transformation génétique soit

rapportée chez un nombre croissant d'espèces ligneuses, la majorité des analyses détaillées sur

l'expression de promoteurs se limite encore pour l'essentiel aux travaux sur Populus (Studan

Guimaràes et al. 2005 ; Hawkins et al. 2006) mais également sur les Casuarinacées (Ahmadi et al.

2003; Obertello et al. 2005). Le promoteur CaMV 35S (Odell et al. 1985) a été le plus largement

utilisé pour introduire des gènes étrangers dans des plantes, et s 'est révélé très efficace chez les

dicotylédones et chez quelques monocotylédones. Plusieurs études ont confirmé l'aptitude du

promoteur 35S à contrôler l'expression de gènes chez des arbres tropicaux i.e. cacao (Maximova

el al. 2006), Hevea (Blanc et al. 2006), Citrus (Cervera et al. 2000). Différent travaux ont montré

que l'expression contrôlée par le promoteur 35S n'est pas toujours constitutive chez les ligneux,

et des différences dans le profil, le niveau et l'inductibilité de l'expression du transgène ont été

notées en conditions in vitro et ex vitro (Smouni et al. 2002 ; Hawkins et al. 2006). Chez le

caféier, Van Boxtel et al. (1995) ont testé quatre promoteurs différents contrôlant l'expression du

gène uidA et comparé son expression dans des embryons somatiques et des explants foliaires . De

façon étonnante, aucune autre équipe n'a réalisé depuis ce type d 'approche. Ainsi, bien que la

construction chimérique 35S-GUS ait été le plus fréquemment utilisée et que son activité ait été

confirmée, on ne dispose que de très peu d'information sur la spécificité de l'expression conférée

par le promoteur viral 35S dans le caféier. En particulier, nous ne disposons d'aucune information

sur son mode d'expression au niveau racinaire ni sur la stabilité de son expression.

La GFP (green fluorescent prote in) lrouvée chez l'algue Aequorea victoria présente une aptitude

à émettre une fluorescence verte et peut également être exprimée dans un organisme étranger

(Chal fie et al. 1994) . Les différentes formes synthétiques de la GFP qui ont été développées

depuis sa découverte ne sont pas toxiques pour les cellules et n'ont pas besoin de co-facteurs ou

de substrats pour leur fluorescence. En conséquence, l'expression de la GFP peut être induite

directement dans des cellules vivantes, ce qui permet l'identification visuelle des individus ou

organes transformés et a été utilisée récemment comme système rapporteur pour optimiser les

procédés de transformation (Belluci et al. 2003; Baranski et al. 2006). Chez C. canephora, agita

et al. (2004) ont rapporté l'expression d'une forme synthétique de la GFP, en l'occurrence la

sGFP , dans embryons somatiques transformés et les racines des semenceaux transformés par A.

tumefaciens. Un premier objectif de ce travail consiste à vérifier que le gène rapporteur gfp

s'exprime dans des racines de caféier transformées par A. rhizogenes et peut permettre une

sélection visuelle par épi fluorescence des racines transformées. Si c'était le cas , il serait alors
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possible d'optimiser la méthodologie de production de plantes composites pour l'analyse

fonctionnelle des gènes impliqués dans la physiologie des racines et en particulier dans la

résistance aux nématodes.

Le deuxième objectif est de déterminer s'il est possible d 'utiliser le promoteur CaMV 35S pour

exprimer de manière constitutive des gènes de résistance aux nématodes et pouvoir sur- ou sous

exprimer leur expression dans le cadre d'études de génomique fonctionnelle . Nous avons choisi

d'étudier en détail le mode d'expression conféré par la séquence pCaMV 35S après

transformation génétique par A. rhizogenes de racines de C. arabica. Pour cela, nous avons étudié

l'activité GUS et GFP sur une cinquantaine de clones de racines transformées cultivées en

condition in vitro ainsi que sur des galles de M. exig ua issues de racines transformées provenant

chez des plantes composites cultivées en serre.

Matériel et Méthodes

Matériel biologique

Des graines provenant de deux variétés de C. arabica, Caturra and LAPAR-S9, ont subi une

stérilisation superficielle et une élimination superficielle de la parche. Après une imbibition de

48-72h, les embryons ont été extraits en conditions stériles. La germination a été obtenue en

cultivant les embryons zygotiques sur milieu semi-solide GER (Etienne, 200S) dans des boîtes de

Pétri de 5.S cm de diamètre pendant 8 semaines à 27°C et à l'obscurité.

Souche bactérienne et vecteurs binaires

La souche A4RS d'Agrobacterium rhizogenes, de type agropine mannopine (Jouanin et al. 1986),

a été utilisée dans toutes les expérimentations. Cette souche est dérivée de la souche sauvage A4

modifiée par l'introduction d'une résistance aux antibiotiques rifampycine et spectinomycine. Les

trois vecteurs pBJN 19 3SS-uidA, pBIN 19 3SS-gIiJ4 et pCAMBIA2300 3SS-gIiJ4 ont été utilisés

dans les différentes expériences après avo ir été introduits dans la souche A4RS par la méthode

d'électroporation (Sambrook, 1989). Le plasmide binaire pBIN J9 3SS-uidA porte sur son ADN-T

le gène bactérien uidA (GUS) codanl pour la l3-glucuronidase sous contrôle du promoteur CaMV

3SS du virus de la mosaïque du choux fleur (CaMV) avec un intron additionnel permettant une

expression spécifique dans les cellules eucaryotes (Vancanneyt et al. 1990). Le plasmide binaire

pBIN 19 3SS-gfp4 (.Haseloff et al. 1997) porte le gène de la gfP (green fluorescent prote in) sous

contrôle du CaMV p3SS. Enfin, le plasmide pCAMBJA2300 3SS-g{p4 porte également le gène
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gfp sous contrôle du promoteur CaMY 3SS . Par ailleurs, les deux plasmides pBIN portent le gène

nptII (neomycin phosphotransferase) sous contrôle d 'un promoteur nos. alors que le vecteur

pC2 300 porte le gène nptIl sous contrôle du promoteur CaMY 3SS . Les souches armées de A.

rhizogenes ont été cultivées sur milieu LB semi-solide avec les antibiotiques appropriés : SO rng.l'

rifampycine, SOO mg.l' spectinomycine, SO mg.l' kanamycine at 28°C pendant 48h avant leur

utilisation en transformation génétique.

Transformation génétique

Les embryons germ és ont été infectés avec A. rhizogenes en blessant les hypocotyles avec un

scalpel préalablement plongé dans une culture bactérienne de 48h. La co-culture a été conduite

pendant 14 jours à 20 °C en plaçant les embryons infectés dans des boîtes de Pétri de SOmm de

diamètre à l'obscurité sur milieu MS (Murashige & Skoog, 1962) additionné de 30 g.r l

saccharose et solidifié en ajoutant 2.S g.l phytagel (Sigma). Les embryons ayant subi la co

culture ont été décontaminés par immersion dans un milieu MS avec cefotaxime (500 ug.ml") puis

ont été repiqués toutes les 3 semaines sur des concentrations décroissantes de cefotaxime (SOO,

200, 100 ug.ml") , Les racines transformées sont apparues au site de blessure après 4-8 semaines.

L'efficacité de transformation a été calculée comme le pourcentage d 'embryons inoculés qui ont

régénéré au moins une racine transform ée au site de blessure. Le pourcentage de racines co 

transformées, GUS- ou GFP-positives , a été évalué 12 semaines après transformation . Pour les

plantes transform ées par la souche A4-pBIN 19-3SS-gus cette évaluation se fait par trempage

d'une pointe racinaire appartenant à un système bien ramifié dans une solution de coloration (X

Glu). Pour les plantes transformées par les souches A4-pBIN 19-3SS-gfp4 et A4-pCAMBIA2300

3SS-gfp4, l'identification des racines co-transform ées et l'évaluation du pourcentage de co

transformation se fait au stéréomicroscope à fluorescence sur matériel vivant. Les racines GUS

ou GFP négatives sont éliminées et une seule racine bien ramifiée est conservée sur la tige non

transformée pour produire des plantes composites co-transformées. Les embryons transform ées et

les plantes composites sont repiquées toutes les 3 semaines sur milieu MS et maintenues sous une

photopériode de l4h (20 umol m·2s") à 26 °C jusqu 'à l'acclimatation. Des fragments racinaires de

3 cm peuvent être prélevés sur les systèmes racinaires co-transformés bien ramifiés, pour initier

des cultures axéniques entretenues. Ces lignées 'hairy roots' sont conservées in vitro à long-terme

à l'obscurité et à 26 °C par des sub-culrures de 3 semaines sur un milieu MS contenant 0.3%

saccharose et 0,2S flM AIB (Acide indole 3-butyrique) comme défini dans le chapitre précédent.
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Dosages de l'activité CUS

Test histochimigue GUS : Pour vérifier et localiser J'activité /3-glucuronidase, des racines

transformées sectionnées ont été immergées dans une solution colorante contenant ] mM 5

bromo-4-chloro-3-indoly I-~-d-glucuronide(Xgluc) dans des microplaques multi-puits et incubées

une nuit à 37 oC selon les recommandations de Jefferson (1987) . Afin de confiner la localisation

de la coloration bleue, 0,5 mM K3Fe(CN)6 et 0,5 mM K4Fe(CN) ont été ajoutés à la solution

Xgluc.

Dosage fluorimétrigue de l'activité /3-glucurinidase: Des racines en culture ont été broyées avec

du tampon d'extraction (50 mM KP04 buffer, pH 7.0, 1 mM EDTA et 10 mM /3

mercaptoethanol) dans des tubes épendorf. De façon à obtenir une concentration finale de 0,44

mg/ml, du 4-Methyl-umbelliferyl-/3-D-glucoronide (MUG) a été ajouté au tampon de dosage

fluorimétrique /3-glucuronidase (GUS) (50 mM tampon NaP04 , pH 7.0, 10 mM /3

mercaptoethanol , 10 mM EDTA, 0.1% [w/v) sodium lauryl sarcosine et 0.1% [w/v) Triton X-100.

Les dosages ont été réalisés sur des extraits de tissus végétaux de 50 ~I pendant 3 h à 37 °C et

arrêtés avec IOx le volume de 0,2 M Na 2C03. Un spectrophotomètre à fluorescence a été utilisé

pour quantifier la montant de 4-methylumbelliferone (MU) produit à partir du MUG. La

concentration de protéine a été déterminée en accord avec le protocole décrit par Bradford (1976)

avec le BSA comme standard .

Fluorescence de la CFF

L'épifluorescence de la GFP dans des racines de caféier vivantes a été détectée en utilisant un

stéréomicroscope à fluorescence, à travers un jeu de filtres GFP2 [). excitation: 480±40 nm et Â

excitation stop: 51°nm]. Pour l'analyse au CLSM (confocaJ laser scanning microscopy), les

racines ont été immergées dans l'iodure de propidium (5 ,ug/ml) pendant 15 min . Ce produit

permet de marquer les parois cellulaires et de les révéler par fluorescence. Un microscope de type

Zeiss LSM 510 META équipé d'un module de déconvolution spectrale a été utilisé pour effectuer

les observations à des longueurs d'onde d 'excitation de 488 nm pour la GFP et 543 nm pour

l'iodure de propidium. Les émissions de la GFP et de l'iodure de propidium ont été collectées

dans des canaux séparés (505-530 nrn et 560-615 nm respectivement) et ensuite recouverte afin

de créer des images composites.
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Préparations histologiques

Des coupes histologiques des racines transform ées et non transformées ont été observées pour

une comparaison anatomique mais également pour comparer les réactions des tissus aux

nématodes. Des fragments racinaires d' 1 cm ont été prélevés à 2 cm de J'apex pour l'étude

anatomique de racines différenciées. Pour l'étude de l'infection par des nématodes, 3 ou 4 galles

ont été sélectionnées pour chaque motif transgénique ou non transgénique. Les échantillons

racinaires ont été fixés dans du FAA (formaldéhyde, alcool, acide acétique et eau distillée)

pendant 48 h. lis ont été graduellement déshydratés dans une série de bains d'éthanol (70-100%),

1 h dans chaque bain, inclus dans l'historésine 7100 (LKB), à 4°C une nuit et ensuite inclus dans

la résine . Des sections transversales ou longitudinales de 3 urn d'épaisseur ont été coupées et

colorées avec du PAS (periodic acid Schiff), qui colore les polysaccarides en rouge (parois et

amidon), et NBB (naphthol blue black) qui met en évidence par une coloration bleue les protéines

solubles et insolubles (Fisher, 1968).

Dispositif expérimental et analyse des données

1) Efficacité des vecteurs. Les efficacités de transformation et de co-transformation des 3 vecteurs

pBIN 19-35S-uidA, pB IN 19-35S-g/jJ4 et pCAMBIA2300-35S-g/jJ4 seront comparées chez la

variété Caturra en inoculant 36 embryons zygotiques (3 répétitions de 12 embryons) pour chaque

vecteur.

2) Anatomie des racines transform ées vs non transf ormées. Dans une étude précédente (Chap. 3),

nous avons montré l'existence de 3 phénotypes parmi les racines transform ées par A. rhizogenes.

Ces phénotypes sont : 89% de clones au phénotype similaire à celui des racines non transgéniques

caractérisé par une croissance intermédiaire et une proportion élevée de racines fines (diam.<

0,5nun) ; 3% de clones au phénotype altéré à forte proportion de racines fines mais à croissance

rapide; II % de clones au phénotype altéré à faible proportion de racines fines et à croissance

lente . Des échantillons ont été prélevés sur 4 clones représentatifs de chacun des ces phénotypes

ainsi que sur des clones de racines non transgéniques. De plus, pour un même clone, des

échantillons ont été prélevés in vi/ra (culture axénique) et ex vi/ra (sur plante composite

correspondante cultivée sur substrat horticole) pour pouvoir distinguer l 'influence de l'état

transgénique et de l'environnement de culture. Dix coupes histologiques transversales ont été

réalisées pour chaque échantillon pour comparer l'anatomie racinaire. Les mesures de rayons du

cylindre central et du parenchyme cortical sont des moyennes portant sur une vinraigne de
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Table 1. Mise en évidence du phénomène d'e xtinction des transgènes chez des clones de racines de C.
arabica var. Caturra transformés par A. rhizogen es à travers le suivi au cours du temps de l' expression des
gènes rapporteur gus et g[p.

4 months after
transformation

(July 2005)

19 months after transformation
(October 2006)

pBIN19-p35S-gfp4

pBIN 19-p35 S-uidA

No. clones with (+)
reporter gene expression

12

22

No. clones with (+)
reporter gene

expression
5

18

Gene silencing frequency
(%)

58

18

13Transformation (%) 0 Co-transformation (%)

100

80

t!- 60 -
>-u

'"0i;::: 40 ~.....w

20 -

92.5

pBin (GFP) pCarrl:lia 2300 (GFp) pBin (GUS)

Figure 1. Efficacité des vecteurs binaires pBIN 19-35S-uidA , pBJN 19-35 S-mgfp4 et pCAMBJA2300-35S
gfp4 pour la production de racines de caféier transformées par A. rhizogenes. Mesure des efficacités de
transformation et de «co-transformation » 12 semaines après transformation par l'expression des gènes
rapporteurs uidA et gfp.
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mesures. De même, des galles dues à l'infection par Meloidogyne exigua ont été prélevées sur des

plantes composites correspondant à ces mêmes phénotypes (3 galles par phénotype) pour

comparer les réactions des tissu s lors de l'infection par le nématode.

3) Expression du gène rapporteur uidA

L'activité GUS a été vérifiée sur 2 pointes racinaires pour les 19 clones transgéniques. Le dosage

de l'activité B-glucuronidase pour un même clone a été réalisé sur les racines provenant de 3

boîtes de Pétri correspondant à différentes répétitions. Chaque valeur est donc une moyenne

assortie d'un écart-type.

4) Expression du gène rapporteur gfp

Six clones racinaires transformés par le vecteur A4-pBlN 19-35S-g/jJ4 présentant des niveaux

d'intensité plus ou moins forts d'épifluoresence ont été étudiés en microscopie confocale pour

affiner la localisation de l'expression GFP aux niveaux des tissus de la racine ainsi qu 'au niveau

des compartiments cellulaires (cytosol, vacuole, noyau, paroi cellulaire..). Trois galles de

Meloidogyne exigua provenant des racines transformées par le même vecteur appartenant à des

plantes composites de C. arabica var. Caturra ont également été observées.

Résultats

1) Efficacité des vecteurs binaires.

Des fréquences élevées de transformation - supérieures à 65% - ont été obtenues pour les 3

vecteurs binaires pBIN 19-35S-uidA, pBIN 19-35S-g/jJ4 et pCAMBLA2300-35S-g/jJ4 (Fig. 1). Les

deux gènes rapporteurs gus et gjjJ s'expriment bien dans les rac ines transformées de caféier. Les

fréquences de « co-transformation » évaluées grâce à l'expression des gènes rapporteurs gus et

gfp sont inférieures d'environ 15-25% mais restent relativement élevées (39-75%) et donc

compatibles avec une utilisation en analyse fonctionnelle . Les deux vecteurs binaires pBIN 19 et

pCambia2300 insérés dans la souche A4 d'A. rhizogenes représentent donc des vecteurs efficaces

de transformation pour le caféier. Le vecteur PBIN 19 armé du gène rapporteur gfp permet

d'obtenir les meilleures fréquences de transformation et de co-transformation. Cependant, les

niveaux élevés de co-transformation obtenus pour la première fois avec un vecteur pCambia

(pCAMBIA2300-35S-gfp4) permettent d 'envisager l'utilisation en routine de ces vecteurs qui

sont largement plus utilisés et plus stables que les vecteurs pBIN.
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Figure 2. Influence des conditions de culture in vitro et ex vitro sur l'anatomie des racines transformées par
A. rhizogen es. (A et B) Coupes transversales d'un clone au phénotype non altéré (CR-38) en conditions ex
vitro (A) et in vitro (B). (C et D) coupes transversales d'un clone au phénotype altéré à croissance rapide
(CR-13) en conditions ex vi/ra (C) et in vitro (D). cc= cylindre central, a= amidon, pc= parenchyme
cortical, rh= rhizoderme. La barre représente 100 um,
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2) Anatomie des racines transformées par A. rhizogenes

La possibilité de prélever un fragment racinaire sur une plante composite avant de l'acclimater et

de le cloner in vitro (cultures 'hairy roots') a rendu possible la comparaison de la morphologie

d'un même clone racinaire in vitro et ex vitro. Cette étude a montré que l'environnement de

culture a un effer important sur l'anatomie des racines de caféier, qu 'elles soient transgéniques ou

non. Les racines cultivées en terre (Fig . 2A,C) sont environ deux fois plus grosses que celles

maintenues in vitro (diam. 150 um vs 290 urn) (Fig. 2B,D). Cette modification du diamètre est

pour l'essentiel liée à une augmentation de l'épaisseur du parenchyme cortical (Fig. 3A,B)

associée à la présence d'un plus grand nombre d'assises cellulaires chez les racines cultivées en

terre (7-11 vs 4-7) (Fig. 2). Elle est également liée, dans une moindre mesure, à l'augmentation

du diamètre du cylindre central. Par contre le ratio des diamètres du cylindre central /diamètre

racina ire n'est pas affecté et reste similaire in vitro et ex vitro autour d'une valeur de 26-30%

(donnée non présentée). On trouve également d'importantes réserves amylacées dans des tissues

différenciés in vitro que l'on ne retrouve pas chez les racines cultivées ex vitro (Fig. 2). De plus,

les racines des clones cultivées in vitro semblent moins différenciées que leurs homologues en

terre: il semble en effet qu'il y ait au niveau du cylindre central moins de pôles de xylème dans

les racines in vitro / ex vitro.

L'analyse histologique n'a pas permis de mettre en évidence de différence anatomique entre

racines transformées et non transformées cultivées dans les mêmes conditions (Fig. 4). Même les

clones racinaires pour lesquels des phénotypes altérés ont été précédemment mis en évidence, sur

des critères de développement tels que la vitesse de croissance ou la proportion de racines fines

ne présentent aucune particularité anatomique. L'organisation des tissus est la même ainsi que les

proportions des différents tissus. Ainsi le rayon du cylindre central et du parenchyme cortical ne

varie pas significativement entre racines transformées et non transformées (Fig . 3A,B).

3) Expression du gène rapporteur uidA

Le dosage fluorimétrique de l'activité glucuronidase montre qu 'il n'y a aucune activité

enzymatique détectable chez les clones non transgéniques. Les niveaux d'activité GUS mesurés

chez les clones repérés positifs par le test histochimique (3 boîtes par clone) révèlent des

variations assez importantes (Fig. 5), avec des différences autour d'un facteur 10 entre le clone

GUS positif présentant la plus forte activité (cr-13) et celui montrant la plus faible activité (Z22).
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Figure J. Comparaison des rayons du cylindre central et du parenchyme cortical pour des racines
transformées ou non par A. rhizogenes en conditions in vitro (A) ou ex vitro (8). Les conditions ex vitro
correspondent à des racines connectées à des plantes 'composites' cultivées en sol horticole. Les clones de
racines ont été établis à partir de fragments de racines prélevés sur ces mêmes plantes composites et
conservées à long -terme in vitro sous forme de cultures 'hairy roots' en boîtes de Pétri sur milieu semi
solide . Chaque valeur correspond à 20 mesures sur des coupes histologiques réalisées sur 5 clones par type
de racine étudié. Trois phénotypes de racines génétiquement transforrnées ont été comparés. Deux
phénotypes sont morphologiquement altérés: ' cro issance rapide' et 'croissance lente/faible proportion de
racines fines'. (Chap. 3) .
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Le profil d'expression GUS est très variable d'un clone racinaire à l'autre (Fig. 6) . La localisation

de l'activit é GUS peut être limitée aux seules pointes racina ires ou être observée également dans

le cylindre central. Dans quelques cas, l'expression GUS peut affecter l'ensemble des tissus de la

racine (Fig. 6E,F). Dans ce cas, la coloration dans le parenchyme cortical semble assez

hétérogène et se présente sous forme d'une pigmentation. Toutefois, bien que l'expression GUS

présente des profils variables d'un clone à l'autre, elle est homogène au sein d'un même clone

racinaire où ces profils sont conservés dans l'ensemble des ramifications racinaires et dans les

racines primaires comme secondaires (Fig. 6A,C,E) . L'analyse qualitative (détection

histochimique de GUS) de 22 clones racinaires '35S-uidA' révèle (Table 1) que l'expression du

transgène uidA est stable pendant la période comprise entre juillet 2005 et octobre 2006.

Seulement 18% des clones n'expriment plus le transgène après 15 mois.

4) Expression du gène rapporteur gfp

Les observations en épi fluorescence de la GFP permettent de mettre en évidence très tôt et très

efficacement la néoformation des racines transform ées au site d'inoculation . Dès la troisième

semaine après transformation, une activité GFP est facilement détectable au site de blessure (Fig.

7A). Dès leur apparition, les racines transformées sont identifiables par leur fluorescence par

rapport aux autres tissus de l'embryon (Fig. 7B,C,D). L'activité GFP permet aisément de

distinguer et d'identifier sous stéréomicroscope à fluorescence les racines transformées de celles

qui ne le sont pas (Fig. 7E,F). Dans les racines transformées, les observations en épi fluorescence

montrent une expression GFP uniforme et forte dans l'ensemble de la racine. Toutefois, des

variations dans l'intensité de la coloration verte permettent de distinguer les clones pour lesquels

la GFP s'exprime plus fortement (Fig. 7G,H).

Les analyses en microscopie confocale ont permis de préciser le profil d'expression dans des

racines de caféier du gène rapporteur gfp sous contrôle du promoteur CaMV 35S. L'utilisation de

2 canaux, spécifiques de l'iodure de propidium (iP) et de la GFP, permet d'attribuer la

fluorescence verte à la seule activité GFP, la fluorescence rouge étant spécifique de l'iP. Aucune

auto-fluorescence correspondant au spectre d 'émission de la GFP n'est observable dans les

racines non transformées génétiquement (Fig. 8A) . Il semble que la localisation de l'expression

de la GFP sous contrôle du promoteur CaMV 35S soit liée à l'état de différentiation des tissus.

Dans des tissus jeunes indifférenciés tels que le méristème ou les tissus proches du méristème, le

mode d'expression est uniforme et l'activité GFP forte (Fig. 9A,B).
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Figure 4. Comparaison de l'anatomie des racines transformées et non transformées génétiquement par A.
rhizogenes . Coupes transversales sur différents clones cultivés en terre sur plantes composites et présentant
des phénotypes altérés ou non . A) Racine non transformée . B) racine transformée au phénotype non
altéré (CR-3). C) racine transformée au phénotype altéré à croissance rapide (CR-32). D) racine
transformée au phénotype altéré à croissance lente 1 faible proportion de racines fines (diam. < O,Smm)
(CR-6). cc= cylindre central, rh= rhizoderme, pc= parenchyme cortical, x= xylème. La barre représente 100
urn,
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Dans les tissus différenciés, plus éloignés du méristème, cette activité est confinée dans certaines

zones encore indifférenciées tels que le future xylème et apparaît ailleurs de manière sporadique.

Contrairement à l'impression donnée par les observations en épi fluorescence, en microscopie

confocale l'expression GFP apparaît en fait hétérogène. La fluorescence n'est pas observée de

manière constitutive dans toutes les cellules (Fig. 8). Par contre, l'activité GFP est observable en

fonction des racines transformées dans tous les tissus, que ce soit dans le parenchyme cortical

(Fig. 8B), le rhyzoderme (Fig. 8C), le péricycle (Fig. 8E), le cylindre central (Fig. 8E) .

L'appréciation de l'intensité de l'expression GFP établie lors de l'analyse en épifluorescence est

trompeuse parce que ce type de lumière arrive au-dessus du plan focal et en conséquence, toute

l'épaisseur de la racine apparaît fluorescente. Avec le microscope confocal , uniquement la

lumière qui vient du plan observé est analysée. Les clones racinaires transgéniques repérés pour

leur forte expression ont systématiquement une expression GFP assez forte en périphérie au

niveau de l'épiderme (Fig. 8C) ou de l'assise sous épidermique alors que l'expression dans les

autres tissus peut être très limitée (cas de Fig. 8D) .

Au niveau intracellulaire, cette expression de la GFP est également hétérogène. La fluorescence

verte peut être observée dans différents compartiments cellulaires, mais la plupart du temps, elle

est visible au niveau du cytosol plaqué contre la paroi cellulaire (Figs . 8B,C,E). Dans les tissus

encore indifférenciés, l'activité GFP est systématiquement observée dans le cytosol (Fig . 9A,B).

Des analyses en trois dimensions (xyz) ont permis de confirmer que la GFP pouvait parfois

s'exprimer dans l'ensemble de la cellule, y compris dans la vacuole centrale (Fig. IDA). Très

rarement, l'expression a pu être mise en évidence au niveau du noyau par analyse de la co

localisation des activités iP et GFP caractérisée par une fluorescence jaune, grâce à des analyses

bi- (Fig . lOB) et tri-dimensionnelles (Fig. 10C,D). Par contre, aucune fluorescence de la GFP n'a

pu être caractérisée au niveau de la paroi cellulaire (Fig. IDE).

De façon surprenante, l'détection de l'épifluorescence de la GFP chez 12 'clones 35S-gfp4'

transformés âges de 15 moins (Table 1) indique que le pourcentage de clones ayant perdu

t'expression du transgène gfp4 est de 58%. Ce pourcentage calculé après la même période

d 'évaluation (15 mois) apparaît plus élevé que celui obtenu lors de l'évaluation de l'expression du

transgène uidA (18%). Cependant, ce résultat reste très préliminaire et limité à un faible nombre

d 'évènements de transformation. Une expérimentation à plus grande échelle va être initiée pour

mieux apprécier la stabilité de l'expression de ce transgène.
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Figure 5. Activité GUS chez des clones de racines de C. arabica non transformées (NTC) et transformées par
A. rhizogenes, souche A4-pBIN 19-pCAMY 35S-uidA, en utilisant le 4-methylumbelliferyl-I3-D-glucuronide
(MUG) comme substrat. Les barres représentent la moyenne ± ES de 3 mesures indépendantes dans
différentes boîtes de Pétri.
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5) Expression des gènes rapporteurs dans les galles de M. exigua

L'examen histologique des galles présentes sur des racines transformées par le gène p35S-GFP4

ne révèle aucune anomalie au niveau du site nourricier où des femelles et des cellules nourricières

peuvent être observées dans une configuration normale (Fig . 11 A,B). L'expression GUS est très

forte spécifiquement au niveau des sites nourriciers (Fig. lIC,D). L'observation par microscopie

confocale de l'activité GFP dans les galles de M. exigua confirme l'expression forte du gène

rapporteur au niveau des sites nourriciers ainsi qu'une forte concentration dans les parois des

œufs .

Discussion

La CFP est un marqueur de sélection efficace

Une des contraintes majeures des procédés de transformation génétique est liée à l'utilisation

presque incontournable de gènes marqueurs qui sont le plus souvent des antibiotiques ou des

herbicides. Outre le problème bien connu associé à la création d'organismes résistants à ces

produits et à leur possible impact sur l'environnement, leur utilisation présente également des

contraintes importantes pour les procédures de transformation. En effet, le processus de sélection

basé sur la résistance aux antibiotiques ou aux herbicides est lourd, gêne et ralentit le

développement des tissus transformés et allonge donc les temps de régénération . De plus, il n'est

pas totalement efficace puisqu'un certain pourcentage d'individus non transformés parvient à se

développer (notion d'échappements). Un des objectifs majeurs en transformation génétique est de

se passer de ces marqueurs de sélection conventionnels en développant différentes alternatives

telles que la sélection positive basée sur l'utilisation de sucres normalement non assimilables

(xylose, mannose...) (Haldrup et al. 1998; Joersbo, 2001) ou la sélection sans gènes marqueurs

(DeVetten et al. 2003) . Cette dernière approche est la plus attrayante mais requiert une efficacité

de transformation importante, une très bonne maîtrise des processus de régénération et une

expression performante des gènes rapporteurs dans les tissus transformés. Nous avons montré

dans le présent travail que cette option est viable pour la production de racines transformées par

A. rhizogenes et de plantes composites. Les vecteurs pBin 19 et pCambia2300 testés ont permis la

régénération d'un grand nombre de racines adventices montrant une intense fluorescence verte

qui permet une identification aisée, peu coûteuse et non destructrice pour les tissus analysés. Des

résultats comparables ont été récemment publiés par Baranski et al. (2005) chez la carotte pour la

sélection de racines transformées par A. rhizogenes. La proportion de racines de caféier exprimant

la GFP (co-transformées) est très élevée - entre 55 et 76% - et supérieure à celle rapportée par ces
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Figure 6. Localisation histochimique de l'expression du gène de la fl-glucuronidase (GUS) dans des
racines de C. arabica transformées par l'agrobactérie A4-pBIN19-35S-uidA. Les tissus exprimant
activement le gène GUS sont colorés en bleu. Des niveaux d'expression variables sont obtenus en fonction
des clones racinaires. Racines transgéniques avec une forte coloration limitée aux méristèmes (A, B), dans
les méristèmes et le cylindre central (C, D), ou étendue également au parenchyme cortical (E , F). La barre
représente l mm.
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auteurs (20-25%) ainsi que la proportion de racines exprimant l'enzyme GUS (35-45%). De plus,

Baransky et al. (2005) ont doublé la sélection visuelle d 'une sélection à la kanamycine (gène

nptlf) , ce qui a pour effet d'augmenter la proportion de racines exprimant la GFP. A l'inverse,

notre procédé n'est basé que sur la sélection visuelle.

Le processus de sélection utilisant la GFP consiste à identifier et conserver une seule racine

transformée pour générer rapidement une plante composite destinée aux bio-essais pour évaluer la

résistance au x nématodes. Plusieurs racines transformées étant généralement présentes au site

d'inoculation de l'agrobactérie (3 en moyenne), il est possible d'opérer une seconde sélection sur

les critères morphologiques d'intensité de croissance et de bonne ramification. En effet, il est

généralement admis qu 'un certain pourcentage des racines transformées par A. rhizogenes

présente une inaptitude à la croissance. Par exemple, chez la carotte Guivarc'h et al. (1999) n'ont

établi seulement que 30 clones racinaires à partir de 160 pointes racinaires excisées. Nous avions

déjà montré précédemment que l'expression de l'enzyme GUS permettait aussi une sélection

visuelle sur ces mêmes critères (Alpizar et al. 2006). Cependant, ce processus de sélection était

beaucoup plus lourd car l'identification par le test histochimique GUS étant destructif, il

s'agissait de prélever et de repérer autant de pointes racina ires pour évaluation qu'il y avait de

racines présentes. li fallait également attendre que ces racines soient très bien développées pour

que l'élimination d'une pointe racinaire n'hypothèque pas leur développement. La sélection basée

sur l'expression de la GFP est non destructive et se fait rapidement en une seule étape sous le

stéréo-microscope à épifluorescence, sans même devoir ouvrir les récipients de culture. L'impact

sur la quantité de travail et sur sa qualité est important.

Par ailleurs, il ne semble pas y avoir de problème de toxicité lié à la production de la GFP. Les

couples histologiques mettent en évidence une organisation normale au niveau du site nourricier

(femelles et cellules géantes) et les images de microscopie confocale montrent des masses d 'œufs

se développant normalement dans des sites nourriciers exprimant la GFP. Par ailleurs, les bio

essais ont montré des taux de multiplication de M. exigua similaires sur racines transformées

exprimant ce gène rapporteur et sur plantes normales non transformées (résultats non présentés).

L'utilisation du gène rapporteur gfp4 peut donc être envisagée en génomique fonctionnelle pour

étudier l'interaction caféier/n ématodes à galles.
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Figure 7. Observation de l'épifluorescence de la GFP. L'épifluorescence est évidente à l'endroit de la
blessure 3 semaines après transformation (A), et continue d'être identifiée pendant tout le processus de
formation de la racine transformée (R,C,D). L'activité de fluorescence permet d'identifier et de
sélectionner efficacement au stéréoscope les racines co-transformées avec le gène gfp4, (E,F). Dans les
racines ramifiées, la fluorescence est uniforme mais permet cependant d'identifier des différences
d'intensité dans la coloration verte entre différents clones (G,H).
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Le mode d'expression du promoteur 355 n 'est pas constitutif

Les trois vecteurs utilisés ont comme caractéristique commune de posséder une construction

chimérique avec la séquence codante d'un gène rapporteur, gfp ou uidA, sous contrôle du

promoteur 35S du virus de la mosaïque du choux fleur. Ce promoteur a été le plus utilisé jusqu'ici

car son expression est forte et réputée constitutive. Chez le caféier, à l'exception des travaux de

Leroy et al. (2000) et Perthuis et al. (2005) qui ont utilisé le promoteur EF 1n d'Arabidopsis pour

contrôler l'expression d'un gène codant pour une protéine insecticide de Bacillus thuringiensis

pour la résistance à la mineuse des feuilles, le p35S a été presque systématiquement utilisé sans

que son mode d'expression soit précisé. Travaillant sur l'interaction caféier/nématodes à galles et

préparant la validation fonctionnelle du gène de résistance Mex-l (Noir et al. 2003), il nous est

apparu indispensable de caractériser cette expression dans les racines de caféier. En nous

appuyant sur l'activité de deux gènes rapporteurs, nous montrons dans le présent travail que

l'expression du p35S n'est pas constitutive dans les racines de caféier. Les résultats obtenus avec

les 2 gènes rapporteurs convergent pour montrer que cette expression est très variable d'un

événement de transformation à l'autre. Cette variabilité affecte à la fois l'intensité de l'expression

et sa localisation. Cette dernière est hétérogène dans les tissus différenciés, de type mosaïque et

l'activité du gène rapporteur est limitée à certaines cellules, et même, à certains compartiments

cellulaires. La microscopie confocale à permis d'observer que l'activité GFP s'exprimait

préférentiellement dans les tissus les plus indifférenciés (méristème, cylindre central, galles) et

au niveau intracellulaire préférentiellement dans le cytosol. La localisation histochimique de

l'activité GUS était également située dans les pointes racinaires et le cylindre central.

La possibilité pour le promoteur 35S de contrôler l'expression des transgenes a été démontrée

chez beaucoup d'espèces pérennes. La plupart des travaux ont rapporté l'expression des

constructions 35S-GUS et 35S-GFP, et finalement, très peu de détails sont disponibles sur la

spécificité de l'expression conférée par le promoteur viral 35S. De façon similaire à nos résultas ,

Smouni et al. (2002) and Obertello et al. (2005) ont montré chez Casuarina glauca que dans les

racines , le promoteur CaMY 35S entraînait une forte expression GUS dans les apex et les tissus

vasculaires. Hawkins et al. (2006), sur le peuplier ont démontré que l'expression de 35S-GUS

était constitutive et stable dans tous les organes de la plante, après 7 ans de vie en plein champ.

L'analyse détaillée de coupes histologiques a permis de localiser l'expression GUS dans le

xylème et le cambium vascularisé (tissus vivants) alors que les cellules mortes (vacuoles et fibres)

n'ont montré aucune coloration. Chez Hevea brasi/iensis, l'expression de 35S-GUS est forte
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Figure 8. Localisation de l'expression de la OF? par microscopie confocale dans des racines de C. arabica
génétiquement transformées par A. rhizogen es. La souche A4-pBin 19-p35S-0FP4 a été utilisée. (A) Coupe transversale
dans une racine non transformée confirmant l'absence d'activité OFP . (B, C et D) coupes transversales dans des racines
transformées montrant un mode d'expression de type mosaïque et hétérogène entre les évènements de transformat ion .
(E) coupe longitudinale montrant une forte expression dans le cortex et le cylindre central. (F) coupe longitudinale
proche de l'apex révélant une forte activité GFP au niveau du méristème racinaire.
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essentiellement dans les tissus actifs des différents organes de la plante (feuille, tige , racine ) et

plus particulièrement dans les faisceaux vasculaires présents (Blanc et al. 2004; Marteaux, 2004).

Quel promoteur pour l 'étude des interactions caféier/nématodes ?

La plupart des publications sur la transformation génétique du caféier ont décrit des mises au

point technologiques et aucun gène de caféier n'a encore fait l'objet d'une étude en analyse

fonctionnelle. Cependant, depu is quelques années, la génomique du caféier connaît un essor

specta culaire dans le but d'identifier des gènes d'intérêt agronomique. Le gouvernement brésilien

a finan cé un 'Programme de Génome du Caféier' très ambitieux avec comme objectif d'établir

une banque de données de plus de 200 000 EST (expressed sequence tags) qui pourrait conduire à

l'identification de plus de 30 000 gènes. Récemment, une équipe mixte Nestlé-Cornell University

a publié une banque de données d'EST d'environ 47000 clones cDNA, correspondant à 13.175

unigenes (Lin et al. 2005) . Parallèlement, des banques BAC chez les deux espèces de caféier, C.

arabica et C. canephora, ont été établies (Noir et al. 2004, Leroy et al. 2005). De telles cartes

sont d'une importance stratégique pour la sélection assistée par marqueurs, pour avancer sur le

clonage positionnel de gènes d'importance agronomique, et pour l'analyse de la stru cture et de la

fonction des gènes. Enfin , un réseau de génomique international sur le caféier (lCGN) a été crée

en 2005 pour accélérer les recherches dans ce domaine. Quelques gènes d'intérêt agronomique

pour la résistance à des stress abiotiques (sécheresse, froid) et biotiques (nématodes, rouille

orangée, maladie des baies du caféier.) ont été identifiés et sont en cours de clonage (Lashermes

et al. 2005; Andrade et al. 2006) .

Des projets de génomique similaires existent chez d 'autres arbres et ont conduit à l'identification

de nombreux gènes. Jusqu'ici, à part le promoteur 3SS et son dérivé , le 70S ou e3SS, peu de

promoteurs ont été testés chez des espèces pérennes transformées de façon stable en comparaison

avec des plantes annuelles et ceux qui l'ont été proviennent généralement d'espèces herbacées et

de virus (Jouanin & Pilate 1997; Ahuja, 2000). Très peu de promoteurs ont été isolés et

caractérisés chez les plantes pérennes.

Nos résultats révèlent des contraintes pour l'utilisation du promoteur 3SS liées à son mode

d'expression particulier chez le caféier. Ce mode d'expression est très variable d'un clone

racinaire à l'autre et dans nombre de cas , cette expression concerne essentiellement les tissus les

plus indifférenciés et une certaine proportion de cellules dans les zones différenciées. Malgré

cela, pour trois raisons le promoteur CaMY 3SS semble adapté pour la validation fonctionnelle
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Figure 9. Localisation de l'expression de la GFP par microscopie confocale dans des tissus indifférenciés
proches des méristèmes chez des racines de C. arabica transformées par A. rhizogenes. (A) localisation de
l'activité de la GFP dans le cytosol. (8) l'expression est forte et uniforme dans l'ensemble des tissus.
Localisation essentiellement dans le cytosol.
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des gènes de résistance aux Meloidogyne: i) les jeunes racines et plus particulièrement les

premiers centimètres des racines où l'activité du promoteur 35S est forte correspondent aux zones

de pénétration et de reproduction des nématodes à galles; ii) l'expression du promoteur 35S est

stable dans le temps puisque des lignée de près de deux ans continuent à présenter une forte

activité GUS ou GFP; iii) enfin, au niveau du site nourricier, l'expression du 35S est fortement

stimulée. Goverse et al. (2000) ont confirmé cette observation et ont associé cette sur-expression

locale à une augmentation temporaire de la teneur en auxine et à la sensibilité des cellules à cette

hormone. Ces observations indiquent que l'utilisation du promoteur CaMV 35S peut donc être

envisagée pour la validation du gène Mex-I par complémentation fonctionnelle.

Plus généralement, la caractérisation de gènes d'intérêt chez le caféier va s'accélérer et il devient

souhaitable d'identifier des promoteurs plus spécifiques et plus adaptés aux plantes pérennes.

Récemment, le promoteur du gène de la métallothionéine a été isolé chez C. glauca et introduit

chez des espèces annuelles mono- et dicotylédones, Nicotiana tabacum et Oriza sativa (Ahmadi

et al. 2003). Les auteurs ont montré que PcgMTl peut être une séquence adéquate pour contrôler

l'expression de transgènes dont les produits des gènes sont préférentiellement nécessaires dans les

racines. Ce promoteur pourrait être également utilisé chez le caféier. Des essais préliminaires ont

montré qu'il s'exprimait fortement dans les racines de caféier. Cependant, l'idéal serait

d'identifier un promoteur racine-spécifique et assez fort parmi les promoteurs natifs des gènes qui

vont être validés chez le caféier.
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Figure 10. Localisation de l'expression de la GFP au niveau cellulaire par microscopie confocale chez des
racines de C. arabica transformées par A. rhizogenes souche A4-pBin 19-p35S-GFP4. (A, C, 0)
Confirmation par analyse tri-dimensionnelle de la localisation de la GFP dans l'ensemble de la cellule, y
compris le noyau (en jaune) et la vacuole (fluorescence verte). (8) Co-localisation des activités iP et GFP
dans le noyau (en jaune) [étude réalisée à l'aide du logiciel de traitement d'image Volocity®]. (E) Mise en
évidence de l'absence d'activité GFP au niveau pariétal par la non co-localisation des activités iP et GFP
(sélection des pixels allumés en analyse d'image).
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Figure II. Mise en évidence de l'expression des gènes rapporteurs lIidA et gfp au niveau des sites
nourriciers du nématode à galles M. exigua dans des racines de caféier transformées par A. rhizogenes. (A
et B). Coupes histologiques montrant la femelle et les cellules nourricières dans des racines transformées
par la souche A4-pBin 19-p35S-GFP. (B et C) Expression de l'activité GUS dans des galles (sites
nourriciers) sur racines transformées par la souche A4-pCambia2300-p35S-GUS . (D et E) Activité GFP
dans des galles de racines transformées par la souche A4-pBin 19-p35S-GFP. Forte concentration de la GFP
dans les parois des œufs. cn= cellules nourricières, f= femelle, 0= œufs .
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Scheme t. Relative incidence of different parameters on the efficiency of Agrobacterium rhizogenes
mediated transformation protoco! of CofJea arabica, developed for the functional analysis of Mex-f gene .
The factors possessing strong influence on transformation efficacy are describcd in green and those that not
exhibited significant effect, in red color.
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Improvement of coffee transformation protocol

The procedures of coffee transformation reported in the literature before this study were complex,

tedious and inefficient in order to be used for the functional analysis of putative genes (e.g. 0.3%

transformation efficiency reported by Leroy et al. 1997, 3% by Kumar et al. 2006). In that

context, we developed an efficient Agrobacterium rhizogenes-mediated protocol that enables

efficient and rapid regeneration of transformed roots and composite plants exhibiting a suitable

phenotype to be acclimatized within 4 months following the transformation (Scheme 1).

Although the developed protocol (described in Chapter 3) give results that are adequate for the

functional validation of Mex-/ gene, in this section we aim to give sorne insight and perspective

that could help to improve its efficacy in the future. (a) The development of larger binary vectors

(e.g. BIBAC Hamilton et al. 1996, TAC Liu et al. 1999) that allow the cloning and transfer of

large genomic-DNA fragments « 150 kb) allows the possibility to test them in coffee in terms of

compatibility with the A4RS Agrobacterium. They could be useful ta accelerate the cloning and

validation of agronornically important genes. (b) The addition of acetosyringone, a plant phenolic

compound that is reported in other plant species to affect the level of transcription of the vir genes

of Agrobacterium, was tested at different concentrations both during agrobacteria culturing and

co-cultivation with the plant, however no increase of transformation efficiency was found. (c)

Neither the elimination of antibiotic selection marker in the last culture of the agrobacteria during

its multiplication nor, (d) the inoculation of the agrobacteria at diluted concentration or, (e) the

simultaneous co-inoculation of A. rhizogenes + A. tumefaciens, increased the transformation

efficiency (data not shown). (f) The response of different organs from zygotic embryo to A.

rhizogenes infection significantly influenced the transformation efficiency (hypocotyls produced

more transformed roots than leaves or roots). In the future the physiological status of the embryo,

conditioned in particular by the time of seed storage and the duration of the germination period

previous to agroinfection should be studied carefully in order to maintain or increase the

transformation efficiency achieved to date. (g) The results obtained from different co-cultivation

periods and (h) co-cultivation temperature experiments showed a strong influence of these

parameters on transformation efficiency, Both parameters should be adjusted again if different

Coffea sp. must to be transformed.
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Figure l. Comparison between the numbers of M. exigua individuals per gram of fresh root extracted from
A. rhizogenes-transformed vs. normal roots in susceptible Caturra variety. Extraction was done four months
after M. exigua inoculation. Each value represents the mean of three replicates from 34 transformed roots
and Il normal roots, Values were not significantly different at ~O.OO) (Neuman-Keuls test).

Figure 2. Illustration of C. arabica var. Caturra normal roots (control) and transformed root

with A. rhizogenes pBlN 19.3SS-uidA four months after inoculation of M. exigua nematodes.
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Use of composite plants for nematode bioassays

Different important conditions had to be respected before using the Agrobacterium-mediated

transformation procedure for the functional validation of R genes to nematodes: i) the

transformed roots should be morphologically and anatomically similar to non-transformed roots

to ensure that the effect of oncogenes present on the Ri-T DNA on root development is limited.

This verification is important to ensure that the influence of other factors than the expression of

the resistance from the candidate gene is limited and does not disturb the nematode penetration

and multiplication within transformed roots, ii) the composite plants should constitute a reliable

system for the bioassays done with the aim of testing the resistance to the root-knot nematodes

conferred by the candidate R gene (this work constitutes the first time composite plants have been

used to study plant/nematode interactions); iii) the substrate where root and nematode interact,

should allow the normal development of both roots and pathogens (multiplication rates similar to

those obtained in natural conditions).

The average number of nematodes extracted from transformed roots of the susceptible "Caturra"

variety (3001±2687 nem . g. root' , F=1.91 , P=0.61) compared with non-transformed roots

(3258±2200 nem. g. root" , F= 1.91, P=0.6l), was not significanrly different according to ANOVA

test (Fig. 1). These result s prove that M exigua nematodes multiply normally on transformed

roots and that their transgenic status does not represent a problem to develop studies on the

interaction between coffee/M. exigua. A similar trial is under work with the resistant lap ar-59

variety in order to verify on a larger scale that the resistant character is not perturbed. The results

above also showed that reproduction levels varied largely between different transforrned roots as

weil as for control plants. Nematode multiplication variability has been reported in A. rhizogenes

mediated-transformed roots of sugar beet (Cai et al. 2003) and tomato (Plovie et al. 2003) and

sirnilarly, in coffee resistance tests to M. exigua carried in nursery conditions on normal non

transgenic seedlings under natural tropical conditions of substrate, temperature and humidity (F.

Anthony, pers. comm.). We hypothesized three causes that may induce this variability, the first

two ones are specifie to the bioassay on composite plants: i) the fragility and small size of the

plant material induce developrnent delay and losses during the acclimatization to ex vitro

conditions, ii) problems related to the horticultural management: inconsistencies in substrate

composition, lirnited root biomass, timing and localization of nernatode inoculum, iii) a

variability related specificall y to the living rnaterial (i.e. maintenance of nematodes virulence).
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Chapter V. General discussion and perspectives

Based on the results from the experiments carried out during this thesis work, an efficient

protocol for nematode bioassay was proposed in the Scheme 2. This protocol allows the

evaluation of the resistance conferred by candidate sequences of the Mex-l gene seven months

after transformation of the embryos. Different soil substrates were evaluated with the aim to find

the most suitable to replace the native tropical soil conditions. The previous represented one of

the most serious tasks for developing a reliable nematode bioassay in controlled conditions. Ali

the commercially available substrates were too rich in organic matter and presented enormous

different physical proprieties compared with the tropical counterpart. Moreover, when the

commercial substrates were mixed with regular sand, a progressive compactness was observed

limiting the water drainage, enhancing algae proliferation and inhibiting the normal growth of

roots . ln another bioassay, where the substrate was mixed either with vermiculite or mashed cork,

an enormous variability in the nematode multiplication was recorded (in both transgenic and non

transgenic control plants), probably due to fact that porosity spaces were too wide in order for

nematodes to achieve normal penetration of the root. Recently, a culturing substrate composed of

a mixture of pure silica sand and water-absorbent synthetic polymer proposed by Reversat et al.

(1999) allowed us to resolve considerably the drawbacks mentioned above. These authors

dernonstrated that sand particles represent adequate supports that allow nematode penetration.

The use of this alternative substrate led to a considerable reduction of the mortality rate of

composite plants (from 50 to less than 20%) as the time of acclirnatization (from 12 to 7 months).

More than one hundred composite plants of the Caturra variety have been inoculated at the six

leaf pair stage in these improved conditions; at this stage the root system from these composite

plants exhibits an exponential growing phase and the formation of nematode galls is observed

three weeks after the inoculation of 500 nematode individuals per plant. We propose the gall size

analysis as a complementary method for screening the transformed plants . This visual evaluation

can be done rapidly during nematode extraction and counting analysis and wou Id provide

complementary qualitative data to increase the accuracy of the determination of the

resistant/susceptible character. According to the experience accumulated from several

inoculations in controlled conditions, M exigua maintained in tomato or pepper often exhibited

lost of virulence to multiply in either transgenic or non-transgenic coffee roots. The nematode

multiplication on those species is often used since is quicker than coffee. Therefore, an important

improvement for future bioassays is to maintain the nematode inoculum in susceptible coffee

plants at least 4 months before carrying out the experiment.
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Chapter V. General discussion and perspectives

Use of hairy roots morphological analysis to sereen for aberrant root phenotypes

As mentioned above, another major technical challenge facing the functional validation of Mex-I

by A. rhizogenes-mediated transformation is the production of transgenic roots exhibiting

desirable and stable phenotypes (the most similar as possible to non-transformed roots). The

results of the image analysis of morphological parameters confirmed that approximately 90% of

coffee roots transformed by A. rhizogenes are morphologically similar to non-transformed roots

(Chapter 3). For the other 10% showing aberrant phenotype (fast growing or thick diameter) no

correlation was found between the phenotypic alterations and the absence/presence of sorne

oncogenes (roi and aux genes) from the Ri plasmid assessed through PCR analysis (Table 2). Ali

the clones show a similar pattern for the oncogenes and the few differences remarked among

clones seem independent of the morphological variability observed. lnterestingly, we noted that

the TR-DNA from the Ri pJasmid bearing the aux! and aux2 genes was never integrated in coffee

cells although the TL-DNA bearing the roi genes are always transferred. The absence of aux

genes probably explains why the hairy root clones are unable to grow without an exogenous

auxin addition in the culture medium (see chapter 3). These genes are involved in the autonomous

growth of roots transformed by A. rhizogenes . In this perspective, it is planned to quantify the

auxin concentration for each root clone. The morphological variability could also be explained by

other genes present on the TL-DNA of the Ri-plasmid. Other non-roi genes of the TL-DNA (i.e.

ORF3n, ORF8 and ORF13) have been characterized for their capacity to synthesize auxin or to

modify the sensitivity to these hormones in different organs of the plant or altering the plant

morphogenesis (Lemcke and Schrnulling, 1998). This analysis cou Id permit to understand if the

morphological variability of transgenic roots is linked to variable hormone levels (auxin,

cytokinin, abcsisic acid).

On the other hand, our results demonstrated that the absence ofrolA gene ofTL-DNA fragment in

a few independent hairy root clones does not affect its developmental fate , suggesting that only

roiS and rolC gene integration is indispensable for the regeneration of the coffee transformed

root. Similar results were published for other plant species i.e. tobacco (Chriqui et al. J996) and

Populus (Nilsson and Olsson, 1997) who found that roiS presence was determinant for hairy root

induction whereas roiC might be involved in HR elongation . Nevertheless, since 10% of the

clones showing altered phenotypes could not be explained by presence/absence of particular

oncogenes, it may be explained by different expression levels of one or various oncogenes from

the TL region (as observed for the uidA gene in Chapter 4) or by an epigenetic control.
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Chapter V. General discussion and perspectives

Interestingly, no anatomical differences were found through histological annalyses neither

berween transformed roots exhibiting different morphological phenotypes in in vitro and ex vitro

culture conditions, nor berween transformed roots and non-transformed roots . Different research

teams working with hairy roots in other plant species like carrot or tomato have reported

anatomical differences (Guivarch's et al. 1999; Cho et al. 2000). To our knowledge, the detailed

analysis of the integration of Ri T-DNA transferred by A. rhizogenes is the first reported for

coffee plant. In addition, the strategy developed in Scheme 3 to screen composite plants for

aberrant root phenotypes with the aim to discard them before functional analysis of a candidate

gene is the first reported for any plant species.

Decontamination of the agrobacteria

One of the main problems usmg A. rhizogenes-mediated transformation is the difficulty to

eliminate the agrobacteria after co-cultivation period. Il is weil known that this difficulty is

particularly strong with the A4 strain (Kumar et al. 2006). Conventionally, decreasing

concentrations of the bacteriostatic cefotaxime in culture medium is used. However, with this

protocol, a significant percentage of transgenic roots still contain the bacteria. The previous poses

a significantly problem since infected root clones cannot be used in functional analysis studies

because of the impossibility to screen through large scale and reliable molecular analysis (i.e.

PCR test) whether the presence of the reporter gene or transgene belongs to the transformed plant

or to bacteria. The assessment of the efficiency of the decontamination is conventionally realized

through PCR analysis checking for the presence of the virD gene from the Ri plasmid of the

bacteria in a region outside the T-DNA. By consequence, the hairy roots bearing this gene are

supposed to be contaminated by the agrobacteria. At the beginning of our experiments, using

cefotaxime treatment, the efficiency of decontamination achieved was 60% (evaluation assessed

on 62 root clones). We developed a new decontamination treatment (Scheme 2) using a mix of

cefotaxime and PPM® (Plant Cell Technology, WA, USA) which is known to have an affect on

wide spectrum of pathogens (bacteria and fungi). The application of this treatment resulted in a

significantly increase of the decontamination efficiency; only 11 .3% of clones exhibited presence

of virD gene (Table 2). Recently, Kumar et al. (2006) described a mix of potassium clavulanate, a

p-lactamase inhibitor at 100 mg r' along with cefotaxime in the culture medium. We have

planned to test and compare the efficiency of this other "mix" with our protocol in further

experiments.
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Chapter V. General discussion and perspectives

Expression of 35S promoter in coffee roots

For Mex-I complementation analysis, the choice of the promoter is highly dependent upon its

capacity to drive effective expression of the transgene (putative R gene to M. ex igua) in roots and

particularly in nematode feeding sites. ln ail the experiments , we used as promoter the CaMV35S

since it was previously reported in coffee that it drove efficient expression of transgenes in

different plant organs (Spiral et al. 1993; Kumar et al. 2006; Ribas et al. 2006a), although a

precise characterization of its expression pattern in roots has never been done in this plant.

ln transformed roots of C. arabica the analysis of the expression pattern of uidA gene over three

years and gfp gene over 1 year showed that the promoter CaMV35S provides a spatio-temporal

regulation of expression for both reporter genes:

Spatial, because both uidA and g/jJ expression was induced preferably and strongly in

root meristerns and giant cells of the nematode feeding sites compared with differentiated

regions of the root system (Scheme 5A, B). Aiso at the cell level, the expression driven

by the 35S promoter is observed essentially in the cytosol.

Temporal, because in half of the roots harboring 35S-gfp construc t, after an initial strong

fluorescence in the whole root, a substantial decrease was noticed in the following

months. However, this reduction is weak in the roots harboring the 35S-uidA construct

(Table 1, Chapter 4) . The re-activation of the 35S-uidA construct in feeding sites is

another demonstration of this temporal control within clones with low expression levels

(see after).

We illustrated in the scheme 5B that in transforrned coffee roots for a same root clone (X4) of the

susceptible Caturra variety, uidA expression driven by 35S promoter varied throughout the time.

lt evolved from a strong staining in both central cylinder and meristematic region in June 2005 to

a staining restricted to the meristematic regions in October 2005. This root clone was inoculated

with M. exigua in October, and in December of the same year the uidA expression has increased

again in the nematode feeding sites. Based on the previous results, we hypothesized that although

part of the visual expression of the reporter gene is lost within the time ; 35S promoter is latent

and continuously inducing de novo up regulation of the transgene in undifferentiated root sites

where a rise of auxin occurs.
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Chapter V. General discussion and perspectives

A literature review indicates that one research team has discarded the use of the 35S promoter for

the validation of resistance genes to cyst and root-knot nematodes in potato, because of the down

regulation of 35S-GUS expression observed during the lime of exposure with the pathogen

(Urwin et al. 2001; Lilley et al. 2004). On the other hand, the GUS activity driven by 35S

promoter has been found to be variable in different feeding sites of Meloidogyne incognito within

a same root system of transformed tobacco (Bertioli et al. 1999) . Our results in coffee roots

disagree with those of the previous authors since we observed that a strong GUS staining is

revealed to be stable since early events of feeding site development and until weil after the final

moult of female in ail galls of different inoculated roots analyzed. We hypothesized that the same

will occur with the level of expression of Mex-l gene in transformed root of the susceptible

variety; however we can not explain the appearance of transformation events where resistance is

not expressed although the presence of the resistance gene is confirmed by molecular tools. Such

events could be induced by silencing process. Therefore it is important to dispose of a protocoJ to

preserve in axenic conditions ail the transformation events in order to study the causes of

unexpccted low lcvels of resistance (i .e. insertion sites and elevated copy number of inserted

genes, presence of extra-border sequences, morphological alterations and high auxin level). To

our knowledge, our results are the first to show the clear activity of the 35S promoter inside the

giant cells within the feeding sites initiated by Meloidogyne spp . in a tree species and would

contribute in the near future to an increase in our knowledge about the pathway and mechanism

of resistance of coffee to root -knot nematodes.

Finally, we propose for the near validation of Mex-/ gene the use ofa construct without selection

marker gene (antibiotic or herbicide) and with the candidate sequence of Mex-l placed near to the

right border of the T-DNA driven by the CaMV35S promoter. In addition, we suggest the use of

the gfjJ gene as visuaJ selection marker fused to the left of the R-gene candidate sequence, so that

gfp expression guaranties the integration in the plant cell of the Mex-I sequence. Il should be

recalled that as with A. tumefaciens, with A. rhizogenes the T-DNA transfer is carried according

to a polarized process from the right edge towards the left edge. In addition, we recommend the

use of the pCambia2300 binary vector instead of pBin 19 that was commonly used until now in

coffee genetic transformation for two reasons: i) the pBin vectors are reputed to be unstable

(frequent recombinations within the T-DNA have been observed; M. Royer, pers. comm.)

compared to the pCambia family , and ii) the actual progress and wide availability in the pCambia

vectors.
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Table 2 Molecular characterization of 35S-uidA ln transformed coffee hairy roots . Analysis of insertion

(presence/absence) of uidA reporter gen e and TR (aux/ and aux2) and TL (ro /A , B, C, D) sub-fragments of the Ri

plasrnid determinate by PCR (each clone was analyzed three times)

PCRtest
----_ ......----._---------._-----------------_..._--------_..---- ..._--------------_..-._--_.

Clone uidA rolA rol8 raie raID aux1 aux2 virD

Control
A4C1 + + + + + + + +

x1 + + + + +

x2 + + + + +

x3 + + + +

x4 + + + + +

x6 + + + + +

x8 + + + +

x9 + + + + +

x11 + + + + +

x12 + + + +

x13 + + + +

x14 + + + +

x16 + + +

x17 + + + + +

x18 + + + +

x19 + + + +

x20 + + + + +

x21 + + + + + + + +

x22 + + +

x23 + + + + +

x24 + + + +

x25 + + + + +

x26 + + + + +

x27 + + + + + + + +

x28 + + + +

x29 + + +

x30 + + + +

x32 + + + + +

x34 + + + +

x36 + + + +



Table 2 Mole cular charac teriza tio n of 35S-uidA ln transforrned coffee hairy roots, An alysis of insertion

(presence/absen ce) of uidA rep orter gene and T R tauxl and aux2) and TL (ro IA, B, C, D) sub-fragments of the Ri

plasmid deterrn inate by PCR (each clone was an alyzed thr ee times)

PCR test
------------..------- --- - -- ------ -- --- - --- --- -- - ------------..-----.._----------.._------ ---..- --

Clone uldA rolA roIS rote raID aux1 aux2 virD

x37 + + + +

x38 + + + +

x39 + +

x40 + + +

X41 + + + + +

x43 + + + + +

x44 + + + + +

y3 + + + +

y4 + + + + + + +

y5 + + + + +

y6 + + + + + +

y8 + + + +

y9 + + + + +

y11 + + + + + + + +

y12 + + + +

z1 + + + +

z3 + + + + +

z5 + +

z7 + + + + +

z8 + +

z14 + + + + +

z15 + + + +

z16 + + + +

z17 + + + + + +

z18 + + + +

z19 + + +

z20 + + + + + + +

z21 + + + + +

z22 + + +



General conclusion

General conclusion

The purpose of this thesis was to develop efficient tools (transgenesis and bio-assays) for the

functional anal ysis of coffee tree resistance genes (R genes), using a transformation procedure

based on Agrobacterium rhizogenes. This work was part of a project being implemented by a

research tcam seeking to assess biodiversity with a view to optimized exploitation of genetic

resources. A clearer understanding of genetic diversity and of the way in which R genes evolve is

essential for better conservation and exploitation of genetic resources . The transfer of R genes to

cultivars needs to be rational , not only in terms of sustainabi lity, but also controlled, in ordcr to

limit undesirable effects - particularly by uncontrolled introgression of C. canephora genes,

which have a negative impact on beverage quality . By mastering transgenesis - which was the

main aim of this thesis - it should be possible to validate the functionality of the Mex-f gene

identified by our team. That gene of resistance to Meloidogyne exigua , a root-knot nematode that

is widespread in Latin America , is currently undergoing cloning.

During this thesis work, an attempt was made to fulfil the main objective and the specifie

objectives that were fixed. In this final section, the main results are recaIIed and discussed in

relation to the issues raised . Prospects are indicated for using the technologies developed, whilst

also trying to enhance knowIedge of transformation mechanisms.

Attempts have been made to back up the discussion with diagrams and, sometimes, results not

pubIished in the thesis are mentioned to support the statements made.

11 Reminder of the main resuIts and their implications

ln the first section, a comprehensive bibliographicaJ review is developed on the cultivation and

breeding of coffee and more spec ifically on genetic transformation . A trait-wise deliberation

concerning the principal achicvcmcnts of donor gene sources, mcthods ernployed. selection of

transformcd tissue, regeneration of whole plants. and the future prospects of transgencsis for

functional validation o f Mex-I arc described .
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General conclusion

In the second section, it is confirmed that incomplete dominant expression of the Mex-I gene

exists in heterozygous genotypes and entails an intennediate resistance that reduces the

development ofnematodejuveniles into fernales, and not necessarily penetration. We showed that

such intermediate resistance was stable under high pest pressure under both controlled and field

conditions. Il was also demonstrated that gall size was significantly smaller on heterozygous C.

arabica genotypes than on susceptible homozygous genotypes. Those results suggest a possible

dosage effect of the Mcx-I gene.

In the third section, the setting-up of an Agrobacterium rhizogenes-mediated protocol is described

for transformation of CofJea arabica that enables efficient and rapid production of composite

plants (transfonned roots induced on non-transfonned shoots) . Il was shown that transformed

roots under nursery conditions retained the resistance/susceptibility phenotype to M. exigua of the

varieties from which they were derived.

In the fourth section, a description is given of the culture conditions for efficient proliferation of

hairy roots. The similarity of phenotypes between hairy root clones and non-transfonned roots

was revealed. Using a reliable routine image measurement protocol, altered hairy root phenotypes

were efficiently discarded before a functional analysis of root genes.

In the fifth section, it is demonstrated that the A. rhizogenes-mediated transformation protocol

developed in the third section was reliable with three different binary vectors (pBin 19-p35S-uidA,

pBin-p35s-gjp, pCambia2300-p35s-gjp) showing high levels of transformation efficacy. By

histological analysis it was demonstrated that the anatomy of A. rhizogenes transformed roots was

similar to non-transfonned roots under both in vitro and ex vitro culture conditions. We showed

that glucuronidase activity was heterogeneous and showed variable patterns of expression

between different transforrned roots with the uidA gene. Similarly the epifluorescence expression

of gjp gene was heterogeneous between different transformed roots. The analysis perfonned

byconfocal microscopy led to the definite conclusion that the pattern of expression of the

CaMV35 promoter was mosaic and heterogeneous between the transformed root clones. Il was

determined that expression was mosaic (expressed only in a few root tissues and cells) and

localized almost exclusively in the cytosol of the cell.
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Etude de la résistance de Coffea arabica au nématode Meloidogyne exigua conférée par le géne Mex·1 et
mise au point des outils pour son analyse fonctionnelle

Résumé En Aménque Latine, les nématodes à galles (Meloldogyne sp.) sont des parasites fréquents sur les racines

des caféiers (Coffea arabica) et provoquent des baisses de rendement importantes. Concernant Meloidogyne exigua,

la lutte génétique consiste à intragresser dans les variétés cultivées des génes de résistance (génes R) provenant de

t'espèce C. canephora. Le géne nommé Mex-l, identifié récemment est en cours de clonage. Cette thèse avait pour

objectif de développer des outils (transgénèse et « bio-essais ») pour réaliser la validation fonctionnelle des génes

candidats de résistance à M exigua. Différentes expérimentations en pépiniére et en champs ont permis de prouver

que l'expression du gène Mex-1 pouvait être dominant incomplète. Une méthode de transformation basée sur

l'utilisation d'AgrobacteriunJ rhizogenes, a été mise au point permettant la régénération rapide et efficace de racines

transformées sur des hypocotyles d'embryons zygotiques et la production consécutive de plantes composites co

transformées (50-60%) sur lesquelles peuvent être appliqués les tests de résistance au nématode en conditions

contrôlées. Les conditions d'entretien à long terme des racines transformées 'Hairy roots' ont été définies. La

caractérisation morphologique de 62 clones transformés a permis l'identification de deux phénotypes altérés

L'utilisation des gènes rapporteurs gus et gfp a permis une sélection visuelle des racines transformées et a

également permis de préciser le mode et la stabilité de l'expression du promoteur CaMV35S au niveau racinaire. Les

résultats sont discutés pour apprécier l'efficacité des outils développés et la stratégie pour la validation fonctionnelle

du gène Mex-1. L'exploitation de cet outil est également envisagèe pour l'analyse fonctionnelle d'autres gènes de

résistance aux nématodes à galles, ou bien de gènes de résistance aux stress abiotiques (sécheresse) ou impliqués

dans le développement de la racine.

Mots clés: Mex-1 gène, analyse fonctionnelle, Agrobacterium rhizogenes, hairy roots, Mefoidogyne exigua, Coffea arabica

Study of the resistance of Coffea arabica to Meloidogyne exigua root-knot nematode conferred by the Mex-1
gene and development of tools for its functional analysis

Abstract ln Latin America, root-knot nematodes (Meloidogyne sp.) are frequent in the raots of the coffee-trees

(Coffea arabica) and cause important falls of outputs Concerning M exigua, the genetic fight consists in the

introgression of resistance genes (R-genes) introgressed from C. canephora species in the cultivated varieties. The

Mex-1 R-gene was recently identified and cloninq is under work. The objective of this thesis was to develop tools

(transgenesis and bioassays) to carry out the functional analysis of the candidate genes of resistance to Meloidogyne

exique. We demonstrated through experiments in nursery and field conditions that Mex-1 could induce incomplete

dominant expression. A transformation process based on the use of Agrobacterium rhizogenes was developed. This

process allows the fast and effective production of transformed raots from the hypocotyls of germinated zygotic

embryos and the subsequent production of co-transformed composite plants (50-60%) on which the tests of

resistance to the nematode can be carry in controlled conditions. The conditions of long-term maintenance of the

transformed roots 'hairy root' were defined. The morphological characterization of 62 transformed clones allowed the

identification of two altered phenotypes. The use of the reporter genes gus and gfp enabled a visual selection of

transformed roots and to specify the pattern and the stability of the expression of the CaMV 35S promoter at the root

level. The results are discussed to appreciate the effectiveness of the developed tools. The strategy for the functional

validation of the Mex-1 gene is discussed. The exploitation of this genetic transformation process is also considered

for the functional validation of other resistance genes to nematodes, or resistance genes to abiotic stresses (drought)

or involved in root development.

Key words: Mex-1 gene. funclional analysrs. Agrobaclenllm rfJizogenes, hairy roots. Meloidogyne exique. Coffca arabica
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