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methylxanthine, 1-methylxanthine, xanthine, ureides, urea and CO, increased after the 4-h
chase, with more than 40% of the radioactivity taken up during the pulse being incorporated
into 3-methylxanthine. After a further 20-h chase radioactivity associated with theophylline,
ureides and urea declined, while the level of 1C associated with 3-methylxanthine, 1-
methylxanthine and xanthine changed little and '*CO, evolution increased from 8.3% to
24.2% of the recovered radioactivity.

Catabolism of [8-14C]The0phylline.

C. arabica leaves catabolise theophylline much more rapidly than caffeine (Ashihara et al.,
1996). It was, therefore, of interest to investigate the fate of theophylline when incubated with
young and mature leaves of C. salvatrix, C.eugenioides and C. bengalensis. The data obtained
are presented in Table 5. [8-'*C]Theophylline was converted to a range of catabolites, most
extensively by C. eugenioides with the evolution of '*CO, from mature leaves being three
times greater than that from young leaves where more than half of radioactivity was recovered
as 3-methylxanthine. More label was associated with 3-methylxanthine than 1-methylxanthine
indicating that the main route for catabolism of theophylline to xanthine is via 3-
methylxanthine in C. eugenioides. Metabolism of [8-'*C]theophylline was slower in
C. bengalensis with proportionally more radioactivity being recovered as unmetabolised
theophylline and less as '*CO, and intermediates of purine catabolism. There was relatively
little ~atabolism of [8-'*C]theophylline by leaves of C. salvatrix, .with more than 90% of the
total radioactivity taken up leaves bemg the unmetabolised substrate and only minimal
incorporation of label into purine catabolites.

Table 5. Metabolism of [8-14C]the0phylline by young and mature coffee leaves®

“Segments of young leaves were incubated with 9.1 uM [8-"*C]theophylline for 18 h.
Incorporation of radioactivity into metabolites is expressed as percentage of total uptake
+8D (n = 3). Total uptake of radioactivity is expressed as kBq™ of leaf (fw). Theophylline
(Tp), 3-methylxanthine (3-mX), 1-methylxanthine (1-mX), xanthine (X) allantoin (Alln),
allantoic (Alla). "nd, not detected

CONCLUSION

The results of the present study are useful for the long-term aims of using biotechnology to
produce transgenic, caffeine-deficient C. arabica plants. C. eugenioides degrades caffeine via
theophylline and so, unlike the other species, contains a specific 7 N-demethylase activity.
The substrate specificity of this demethylase seems to be different from that of the N-
demethylase isolated from bacteria, such as Pseudomonas putida and Pseudomonas cepacia
(Ashihara and Crozier 1999) which catabolizes caffeine to theobromine rather than
theophylline. Expression of the bacterial demethylase in C. arabica is unlikely to result in
caffeine-deficiency as caffeine will be degraded to theobromine which is the immediate
precursor of caffeine in coffee. In contrast, insertion of the 7N-demethylase encoding gene
from C. eugenioides into the genome of C. arabica is much more likely to produce caffeine-



deficiency because the Eugenioides gene product will catalyse the conversion to caffeine to
theophylline and the native Arabica enzymes have the capacity to rapidly degrade
theophylline. Work on the isolation and characterization of this novel N-demethylase from
C. eugenioides is in progress.

EXPRIMENTAL

Seeds of various Coffea plants were obtained from the Instituto Agronomico, Campinas, Sao
Paulo, Brasil. The leaves used in this study were from two-year old plants two-year old plants
growing under a natural photoperiod in a greenhouse at the University of Glasgow. Young
leaves were the most recently emerged primary leaf while mature leaves comprised the fully
expanded, second and third leaf below the apex. [8-'*C]Caffeine (specific activity 2.07 MBq
umol'l), [8-"*C]adenine (1.96 MBq pmol'l) and [8—14C]Theophylline (2.04 MBq pmol™) were
used. Segments ofCojfea leaves were incubated in 2 ml medium, comprising 30 mM
potassium phosphate buffer, pH 5.6, 10 mM sucrose and a radiolabelled substrate (37 kBq), in
a 30 ml Erlenmeyer flask, in a shaking water bath for 18 h at 27°C. Analysis of '*C-
metabolites was carried out as described elsewhere (Ashihara and Crozier, 1999).

REFERENCES

Ashihara H. and Crozier C. (1999) Adv. Bot. Res. 30: 117-205.
Ashihara H. and Crozier C. (1999) J. Agric. Food Chem. 47: 3425-3431.

Ashihara H., Monteiro A.M., Moritz T., Gillies F.M. and Crozier A. (1996) Planta 198: 334-
339.

Ashihara H., Monteiro A.M., Gillies F.M. and Crozier A. (1996) Plant Physiol. 111:747-753.
Kato M., Mizuno K., Crozier A., Fujimura T. and Ashihara H. (2000) Nature 406: 956-957.1






individuals synthesised or selected many decades ago are still under study, used in
hybridizations, or must be maintained as strategic genetic resource for future work. In some
cases they are maintained in the field or, alternatively, in a special lathhouse where they grow
in 200 liters metal barrels. Despite all the care, they are subjected to occasional diseases, die
back, natural exaustion or they need to be locally rearranged, reasons why they must to be
cloned, rejuvenated and reestablished in other conditions. Otherwise, unvaluable genetic
resources might be irremedialy lost. This social and scientific responsability of saving
endangered germplasm is a chalenging undertaking and methods must be devised for
clonning, cheap and efficiently, hundreds or thousands of unique genotypes securing however
just a few copies of each. With the exception of commercial varieties or pure breeding lines of
Coffea arabica that are self-compatible, autogamous and thus breed true by seeds, their
hybrids and the other species of Coffea as well as the large majority (Medina-Filho et al.,
1984) of related genera are self-incompatible and therefore need to be vegetative propagated
in order to maintain its genetic integrity.

PROBLEMS WITH THE MAINTENANCE OF GERMPLASM COLLECTION BY
VEGETATIVE PROPAGATION

Methods available for vegetative propagation of plants are several (Toogood, 1999), but not
all of them are amenable or appropriate for coffee, specifically in the situation explained
above where it is needed very few copies of a large number of different genotypes.

The experience of almost 70 years of working with an increasinly diverse germplasm of
coffee to be maintened at the Instituto Agrondmico has indicated that there is not yet an ideal
method for cheap and dependable propagation of coffee germplasm.

As to cuttings, a number of variations in ages, conditons, environments, procedures and
hormone applications have been tested through the years. Coffea canephora usually roots
easily, although several specific clones are surprisingly recalcitrant like many C. arabica.
Some of them in very good conditions, under favorable temperature and moisture keep the
original leaves of the cutting green for up to six months, eventually sprout, start to grow
exuberantly but die during weaning because actually they had not callused nor rooted
(Gongalves, personal communication). Moist, temperature, season, physiological condition of
the donnor trees besides the interaction with the species and specific genotypes surely
influence the success of the operation (Cramer, 1957). Although theoretically any genotype
can have the conditions for rooting optimized, for larger number of genotypes, it however
becomes certainly not practical. Vigorous growth and healthy condition of the trees are
usually benneficial and in most cases it is a required condition for rooting. Unfortunately, this
is, most of the time, the opposite situation encountered in the individuals that need to be
cloned and rejuvenated.

Grafting is usually the second choice of propagating plants that are difficult to do by cuttings.
Since the begining of the establishment of the germplasm collection in Campinas, mature high
apical wedge-grafting has been achieved by a few very skillfull and dedicate nurseryworkers,
yet with variable and unreliable results. Spliced side-grafting, whip-and — tongue grafting,
chip, T, rind budding and others tried gave rise to erratic, usually disappointing results.
Again, as with cuttings, the process is genotype dependent with an additional complicating
factor that, in this case, one deals with two different entities, the roostock and the scion that
must be graft compatible on the long run. It should be mentioned that it is commercially used
in Brazil and Central America the hypocotiledonar wedge grafting of C. arabica varieties
onto nematode resistant C. canephora (Reina, 1966; Moraes and Franco, 1979). Millions of
grafting with almost hundred percent of taking are done every year. However this is a very



special case inasmuch as both scions and rootstochs are actually very young seedlings from
seeds of true-breeding lines, which leads to uniform fields but, in fact, biologically speaking
it is not a vegetative propagation.

Figure 1. Air layering of coffee germplasm plants growing in barrels in lath-house {A}.
A ring of bark is removed {B} from 30-100 cm orthotropic stems {C}, sphagnum moss
packed around the stem and wrapped with plastic sleeve {D}. Callus are formed at the
site of the wound and adventious roots developped {E}, some showing through the sleeve
{F}. The ball is then cut through {G}, roots partially teased out {H} and the layer is
potted in plastic bags {I}



Tissue culture technique have been intensively studied in the last three decades and
sucessfully applied to coffee propagation (Ducos et al., 1999). It is a very appropriate
procedure for massive reproduction of a few genotypes after the development of specific
protocols which are, as in the previous cases, unfortunately genotype dependent. Interesting
enough, the genotypes that are recalcitrant in cuttings are also the ones that do not calluse or
propagate in vitro (Gongalves, personal comunication, Ramos, 1993.). An additional
difficulty of the in vitro propagation is the high level of contamination observed in explants
from plants grown in the field or in lath house. Thus, this is also a technique unsuitable for the
coffee germplasm propagation, in the sense and extent above mentioned.

On the course of the investigations, air layering has thus originally attempted in the Campinas
germplasm with quite reasonable results. It is noteworthy that air layering is an ancient — it
was routinely used in China 4000 years ago — natural and simple way of propagating a plant
but to the knowledge of the authors, never used to extensively propagate coffee.

AIR LAYERING TECHNIQUE APPLIED TO COFFEE GERMPLASM
PROPAGATION

Layering is the general process by which plants form adventious roots from the stems, either
naturally or artificially induced (Bellair, 1934; Janick, 1968). Actually, it is a type of cutting
where callusing and the subsequent formation of adventitious roots take place while the stem
or layer is still attached to and nourished by the parent plant. It is therefore a less drastic
process and thus, subjected to less influence of the environment than the required for cuttings.
At first, a ring of bark is removed (Figure 1B), moist sphagnum moss or soil mix is then
patched around and a plastic sleeve is taped in the stem (Figure 1C, 1D). The sap with
nutrients and hormones that otherwise would go to the roots are thus trapped in the phloem at
the site of the wound and induce callusing, eventually promoting the growth of adventitious
roots (Figure 1E, 1H). Usually this takes several months but, during this time, little care is
necessary. After roots are formed the layer is severed from the branch (Figure 1G) and potted
(Figure 11I).

Coffee plants of the living collection in Campinas subjected to air layering were growing in
two extreeme conditions, either in a wooden lathhouse in 200 liters metal barrels (Figure 1A)
and watered daily, or were in the field in full sun condition without any irrigation. A band 5 to
10 cm wide of mature bark (Figure 1B) of 30-100cm stems (Figure 1C) was peelled off with a
grafting knife, sphagnum moss firmely packed around the stem, 1cm above and below the
wounds, moistened, wrapped with a transparent plastic sleeve and tied with a cotton twine at
the extremeties (Figure 1D, 1F). Once a month the ball was checked externaly for rooting and
10-20 ml of water was injected into the balls with a syringe. Occasionally, slow rooting plants
naturally reconstituted the bark which needed to be again removed for rooting. Layering was
done year round but no difference among seasons was noticed.

Adventitious roots developed at the site of the wound (Figure 1E) and some showed through
the sleeve after 3-6 months (Figure 1F). The stem was then cut through just below the ball
(Figure 1G), the sleeve removed, roots teased out, the moss partially taken out (Figure 1H)
and the layer labelled and potted in 5 liters plastic bags (Figure 11) filled with regular nursery
soil. It was watered well at planting time and regularly afterwards. Attempts to prune back the
layers in order to help roots to sustain the plants during weaning invariably killed the potted
layers. A number of plants were lost when this was done. To avoid excessive dehydration of
the newly potted plants an ideal condition during early weaning would be to keep them under
mist or fog and gradually hard them off.



The application of the above procedures has rendered 201 plants of 140 entries, a diverse
germplasm of acessions, genetic, chromosomal and somatic mutants and variations, single,
complex and derivatives of intra and interspecific hybrids as listed in Table 1. It comprises 10
species of the genus Coffea, one of the close related Psilanthus and one of the far related
genus Tricalisia. The conservation of such a fantastic genetic variability that was previously
endangered was achieved in one year by one full time worker that had no previous experience
with the coffee plant.

This testifies the easiness and the universality of the technique as to a broad range of coffee
genotypes. Besides its simplicity, additional relevant attributes of the technique are that it is
relatively inexpensive, reliable, can be done year round and it is not dependent on the
genotype. Evidently, this is not an appropriate procedure of clonning for the establishment of
commercial fields as coffee is planted in very high densities, usually around 5000 plants/ha.
This is very likely the reason why air layering, except for a brief comment on Coffea
canephora (Chevalier, 1929), is not referred in the literature (Coste, 1955; Haarer, 1956;
Cramer, 1957; Snoeck, 1988) as a method of propagating coffee. However, for the purpose of
germplasm conservation one genotype may represent a unique genetic reservoir.
Consequenly, every single plant worth to be preserved. The wealth of genetic resources
preserved amongst the 140 genotypes layered can be seen in Table 1.

PRESENT PROBLEMS AND FUTURE IMPROVEMENTS OF THE TECHNIQUE

Although the results so far obtained can be considered a real achievement for the process of
genetic conservation of coffee germplasm, it must be noticed that this was just an exploratory
attempt to air layer some individuals of the living collection in Campinas. A number of tests
and procedures should be experienced in order to improve the technique and broaden the
knowledge of its application on coffee.

The shorter the layer, the better is the recovered plant. Several of the plants produced so far
are too tall and will need to be forced to develop suckers, carefully pruned back or further
layered. The effect of hormones commonly used for inducing rooting as well as different
substrats and sleeves could also be tested. A major improvement in the efficiency of the
technique could be achieved simply by carefull monitoring the shade, temperature and
moisture during weaning. This phase is quite critical since new roots must form fast in order
to nourish the shoots and avoid dehydration, formely provided by the parent plant while the
layer was still attached to it.

A delicate process that has to be cared for, is the potting operation as the roots of the layer
ball should be teased out, but not completely, otherwise damage of the roots surely occurs.
Also, the soil should be very gently added around and on the top of the ball and never pressed
on the top or laterally, as done with regular transplants. Rigid plastic pots should be prefered
over regular flexible bags as they avoid the disturbance of the roots after potting.

Coffee as some other important tropical plants has two distinct and specialized types of
branches (Cook, 1911) to which attention must be directed when cloning is effected. The
upright or orthortropic branches form the main stem bearing the internodes from which bases
develop the lateral, plagiotropic branches. The lateral branches form secondary lateral
branches, leaves, inflorescences, but usually are not capable of producing uprights. So, the
dimorfism of branches is of utmost importance in the vegetative propagation of coffee since
only the orthotropic ones should be layered. They will reproduce a normal upright growing
plant with the lateral reproductive plagiotropic branches. Instead, if the latter are used, a plant
without orthotropic branch and an inadequate prostrate habit will result.



Table 1. General list of ex-endangered entries of the Coffee Germplasm Bank of the
Centro de Café of the Instituto Agronémico de Campinas, Brazil preserved by the air-
layering technique. It is indicated the species, type of germplasm and the biological
diversity of the genetic backgrounds involved in the hybrids. Number in parenthesis
indicates different genotypes of the same type, n is the ploidy level other than the
normal 2n=44 chromosomes for C. arabica and 2n=22 for the remaining species

Coffea arabica!

Cultivars, acessions and others

Genetic and chromosomal mutants,

variations
Bourbon Vermelho Icatu Purpurascens (3) Polysperma
Introdugdo CIFC Icatu JCG Bullata 4n Bronze (3)
Arabia Saudita Introducédo 4192 Variagdo Semperflorens
Introdugdo Etiopia Maragogipe Bourbon n Nana —> Nana
Obata H66 Catuai n (2) Angustifolia
Nanicéo Mokka Cera

Murta Laurina
# of distinct genotypes.......cceeeeecneeecsanns 11 | # of distinct genotyPes.....ceecceeeeccsssnneecsssnnsnees 19
F; and other intraspecific hybrids Fy, other 1nters.pecgfic hybrids and
derivatives

Cera x Icatu
Mundo Novo x Icatu
Catuai x Icatu (2)

BA 16 x Catuai

Catuai x BA 10 x
Mundo Novo

Diminuta x Erecta

Angustifolia x
Angustifolia

KP x Goiaba

San Ramon x Bourbon
Vermelho x San Ramon

Angustifolia x Nacional

Pacas x Caturra x Tipica

Pacas x Nacional

Pacas x Villa Sarchi

Villa Sarchi x Pacas (2)

Bourbon x Laurina
Catuai x Tupi
Catuai x Crespa

Crespa x Laurina

Angustifolia x
Bourbon

Angustifolia x

Laurina

Icatu x Tupi

Tupi x Cera

Bourbon x Catuai (2)

Catuai x Mundo Novo
x Mundo Novo (2)
Catuai x Icatu

Catimor x Laurina (2)

Purpurascens x
Macrodiscus

Purpurascens x
Crespa

Hibrido Timor

Catuai x Catuai x Hibrido

de Timor (2)
Catuai x BA x C. Catuai x Hibrido de Timor
salvatrix 4n (2)

Catuai x C. salvatrix 4n

4)

Bourbon x C. congensis
Bangelan

Icatu x Catuai x C.
salvatrix 4n

Purpurancens x Nacional
x C. congensis

Nacional x C.
eugenioides

Catuai x C. congensis 4n

Nacional x C. dewevrei

2)

Mundo Novo x Amphilo x
C. canephora guarini 4n x
Catuai

Amphilo x C.
canephora 4n

Catuai x C. canephora
guarini 4n

Nacional x C. salvatrix
4n

Purpurascens x Hibrido de
Timor x Mundo Novo x
San Bernardo x C.
salvatrix

Mundo Novo x C.

Catuai x C. salvatrix 4n

eugenioides x Catuai
Mundo Novo x Hibrido |Acaia x Nacional x C.
de Timor racemosa X Bourbon

Mundo Novo x Catimor

Icatu x C. salvatrix 4n

Catuai x Mundo Novo x
Mundo Novo x Catuai x
C. eugenioides 4n

Icatu x Catuai x Nacional
x C. racemosa x Bourbon
x Icatu (3)

Hibrido de Timor x
Catimor x C. dewevrei X

C. kapakata

Catuai x C. salvatrix x C.
kapakata

Hibrido de Timor x
Catimor

Catuai x Angustifolia x C.
kapakata




Coffea arabica (suite)!

F; and other intraspecific hybrids Fi, other interspecific hybrids and
derivatives
Hibrido de Timor x|Catuai x C. eugenioides x
San Bernardo x Pacas Catuai x Catuai x Icatu |Hibrido de Timor/Mundo Novo
)
Laurina x Purpurascens |Icatu x Icatu
Purpurascens x Nacional
x Anomala x Purpurascens x Nacional
Purpurascens
Mundo Novo x Laurina
# of distinct genotypes......c.ceeveecserssncisnenans 40 |# of distinct genotypes 39
Coffea canephora
Cultivars, acessions and clones Genetic and chromosomal mutants
Robusta (3) Laurentii (4) Angustifolia ‘ Robusta 4n
Apoata (24) Bukobensis
Kouillou (37)
# of distinct genotypes.......coceeeeceeeescerecsnnnes 68 | # of distinct genotypes.......ccceeveeecurecrcnreenns 2
Fi, other interspecific hybrids and
derivatives !
o Listed under C.
Robusta x C. liberica sratgar (19) I
Robusta x C.
eugenioides
# of distinct genotypes......cceeveeeecevennnnnes 15
Coffea congensis
Introductions and clones Variation
Congensis (12) Challotii Folha pequena ‘
Bangelan (7) Uganda (7)
# of distinct genotypes.......coceeeecereccrereesnenes 27 | # of distinct genotypes........ccoceeeecceeecssaeeenns 1
F; and other interspecific hybrids
Congensis x C. Listed under C.
eugenioides arabica (3)
Listed under C.
eugenioides (1)
# of distinct genotypes.......coeeeeeceercscerecsnneens 5
Coffea eugenioides
Acession Fi, other lnters.pec{fic hybrids and
derivatives
.. Eugenioides x C. |Listed under C.
E 4
ugenioides (4) kapakata canephora (1)
Eugenioides x C. |Listed under C.
salvatrix liberica (1)
Listed under C. |Listed under C. arabica
congensis (1) 4)
# of distinct genotypes.......coeeeerceeccssnrccsnneces 4 | # of distinct genotypes.....cccceeveuercrcnrecsnnees 9




Coffea liberica (suite)

Acession F; and other interspecific hybrids
Liberica 4n x Liberica x C oid
Liberica Maragogipe 4n x Mundo erica x & eugeniondes
x C. eugenioides
Novo x Cera
Liberica x C. Listed under C. robusta
eugenioides (1)
# of distinct genotypes 1 | # of distinct genotypes 4
Coffea dewevrei
Acession F; and other interspecific hybrids
Excelsa x C. kapakata Listed under C. arabica
Excelsa 63 @) 3)
# of distinct genotypes 1 | # of distinct genotypPes.....ccececceeerecsccnnercsssnssecsans 5
Coffea kapakata
Acession F; and other interspecific hybrids
Kanakata Listed under C. Listed under C.
P dewevrei (2) eugenioides (1)
Listed under C.
arabica (3)
# of distinct genotypes 1 | # of distinct genotypes 6
Coffea stenophylla Tricalisia spp
Acession Acession
Stenophylla (2) Tricalisia
# of distinct genotypes 2 | # of distinct Senotypes........ceeeeecscerecsseressaressnnnes 1
Coffea salvatrix
Chromosomal mutant F; and other interspecific hybrids
Salvatrix 4n Listed under C. arabica (7)
# of distinct genotypes......ccceeeeeererescnees 1 | # of distinct ZenOtyPes.....cccueeeererecsreressreresseresnns 7
Coffea racemosa
Acession F;, other interspecific hybrids and derivatives
Racemosa (3) Listed under C. arabica (2)
# of different genotypes 3 | # of different Senotypes ...c.cceeveecseceseessnecsanesnnnens 2
Psilanthus bengalensis
Acession
P. bengalensis
# of distinct genotypes .1

Concluding, this first attempt to air layer coffee indicates that this technique is an asset for
conservation activities of endangered genetic germplasm resources that has to be maintained
in living collections. It can be easily improved. The universality and advantageous
perspectives of the technique are evident.
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After the pioneer tetraploid Arabusta hybrid obtained in 1950 that gave rise to the Icatu lines
upon several backcrosses to Arabica and pedigree selections (Monaco et al., 1974; Carvalho,
1982), several others have been developed and planted at the Instituto Agrondmico de
Campinas. Such hybrids show exuberant vigor and have been yielding very well for many
years, reason why further attention is starting to be paid in its characteristics considering the
possibilities of its commercial exploitation.

The outturn of coffee is an important characteristic for, among others, two main reasons. In
breeding programs the yield of individual trees or progenies are usually evaluated by the
weight of cherries as this is much more simple and economical than obtaining the
correspondent weight of dry, clean beans. However, evaluations of yield of different lines or
trees based on weight of cherries are evidently only unbiased estimates if the outturns are
equivalent. Otherwise, they must be compensated for the eventual differences in their rates.
For a practical point of view, the outturn becomes an even more important trait since the
harvesting operation of cherries accounts for over 40% of the production cost. If one takes
into consideration the subsequent handling, drying, dehusking and the other post-harvest
operations, the ratio of cherries to clean beans surely has a proportionally greater impact in
the final revenue of the coffee farmer.

In this paper it is presented data on the outturn of several Arabustas in comparison to
Robustas and Arabicas grown in Campinas (670m altitude, 22° 54°S latitude, 47° 05’ W
longitude, Cwa Koeppen Intl. Climate Classif., Red Clay Soil).

MATERIAL AND METHODS

Outturns of coffees investigated here refer to the percent ratios of clean beans weight relative
to the weight of the correspondent fruits sun dried in the patio. Available samples ranging
from 100g to 4 Kg of 31 cross distinct tetraploid Arabustas (C. canephora 4n x C. arabica),
89 lines/cultivars of C. canephora and 18 acessions/cultivars of C. arabica were assayed.
Prior to drying, the cherries were tested in a recipient filled with tap water in order to
determine the percentage of floaters. As peaberries turned out to be almost half of the
observed seed type in the Arabustas, the influence in the outturn of fruits containing this type
of seed compared to ones with two regular flat seeds were determined in samples of 6 regular
Arabica cultivars and 3 accessions from Ethiopia. Patio dried fruits were individually cut
open, classifyed as containing two normal flat or one peaberry seed and the pulp weighted to
calculate the outturn of each fruit. Thirteen to thirty eight fruits of each type were used in the
evaluations of each sample. Tests of significance, means, medians, quartiles, standard
deviations and box-plot graphics to characterize the samples were performed with MINITAB
13 statistical software.

RESULTS AND DISCUSSION

As depicted in Figure 1, the different C. canephora assayed displayed a very high percent of
outturn (54 £+ 6,9%) as compared to the C. arabica cultivars/acessions (45 + 4,5%). This is in
close agreement with known determinations for both species confirming that Robustas have in
general a better outturn than Arabicas. This is due to their thinner pericarp in most of the lines
with less mucilage and sugars than Arabicas, although there exist considerable variation for
this characteristic among the different lines of C. canephora in the germplasm collection of
Campinas. However, the Arabustas displayed a very low percentage of outturn (28 + 7,2%)).
Those values are statistically high significant (F= 210,6 p < 0,001) Around 50% of the
hybrids were in the range of 22-32%. This represents aproximately half the value obtained for
the Robustas where 50% of lines showed values between 51-58%. This indicates that this



characteristc constitutes an extreemely important selection criteria in a breeding program of
Arabustas provided its ultimate consequence on net yield and the implications in the final
revenue of the farmers.

OUT TURN %

70 — - 90 —

g 80 | . )
1
== 0| .

50 ’F \ & .
| NN | - 1 ;
40 —| : | 50—H L Hi[j j i fﬂ‘
1o B Tafhly L ‘
30 - : -2 ‘égyﬂ ‘a‘% gB/‘T&T%
- 30 r,f\%. | 4% ‘
20 ‘ 20
10 < T e —— i e i s | e
EA, EA; M.novo Tupi Obata
ROBUSTAS ARABUSTAS ARABICAS EA,  Bourbon Catuai Ibari
Amarelo

Figure 1. Left: Outturn percentage (clean bean/fruit patio dry weight x 100) of 89 lines
of C. canephora (ROBUSTAS), 18 cultivars of C. arabica (ARABICAS) and 31 different
tretraploid hybrids of C. canephora 4n x C. arabica (ARABUSTAS). Right: Outturn %
of regular fruits pocessing 2 flat beans and of fruits with a peabean (slanted boxes) in 3
acessions from Ethiopia(EA;;) and 6 cultivars of C. arabica. Box plots depict first and
fourth quartiles (whiskers), median, mean (red dots), outliers (black dots) and 95%
confidence intervals (inner boxes)

A more detailled observation of the Arabustas indicated a very high percentage (67%) of
floaters as compared with Arabicas and Robustas (3-15%). This is probably the major reason
for the low outturn of Arabustas. In a investigation with the Mundo Novo cultivar of
C. arabica it was determined by Monaco (1960) that in an experimental sample constituted
with 100% of floaters, the outturn was reduced 56% as compared to the sample without any
floaters. Thus, it seems that floaters alone does not explain in foto the observed low outturn
values obtained for the Arabustas. Indeed, the comparative study of the fruits containing two
regular flat seeds relative to the ones with a single peaberry indicate (Figure 1) that in all nine
Arabica coffees investigated, the outturn of fruit samples containing a peaberry seed was
invariably lower (31-41%) than the ones with two normal flat seeds (41-50%), an average
reduction of 22% (p < 0,05). Since peaberry containing fruits constituted 47% of the sinkers,
these certainly reduced further the outturn of the Arabustas. Therefore, the low outturn of the
Arabustas was due to the high percentages of both, floaters and fruits with peaberry seeds.
Undesirable fruits containing one or both empty locules (with no or only one flat seed)
normaly referred as floaters, as well as fruits containing one peaberry or mocha seed are due
to interrelated phenomena. Krug (1937), Mendes (1946, 1949), Antunes Filho (1949), Mendes
et al. (1954), report that empty locules result from the arrestment of the endosperm divisions
after the ovary locule had already developed. Frahm-Leliveld (1940), Mendes and Bacchi
(1940) pointed out that an early abortion of one of the two ovules or lack of proper pollination
lead to the formation, due to mechanical reasons, of a peaberry seed in the other locule of the
fruit. Probably, in the case of Arabustas, cytogenetically related collapse of endosperm or
ovule abortion and lack of suitable pollinations might be factors causing high rates of
peaberry seeds and floaters. Another, yet less likely cause, would be the ocurrence of alleles
for endosperm abortion (Mendes and Medina, 1955). The basic reason of these problems lies
in their own origin as interspecific hybrids made up of three genomes, being two from



C. canephora and the remaining one totally unbalanced from C. arabica (n=22 chromosomes)
notwithstanding the fact that both are somewhat related (Medina Filho et al., 1984). Meiosis
and fertility of tetraploid Arabustas have been studied (Grassias, 1977; Owuor and Van der
Vossen, 1981; Boaventura and Cruz, 1987) indicating, as expected, chromosome pairing
irregularities and low germination rates of pollen. Considering that C. canephora is a self
incompatible species of gametophytic type (Mendes and Mendes, 1961), the presence of
incompatibility alleles in the gametophytes of hybrids probably has additional effects
lowering the fertility of the plants. In order to fully exploit the agronomic potentialities of the
Arabustas, in depth studies of biology of reproduction must thus be undertaken.
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RESULTS AND DISCUSSION

To isolate coffee CS cDNA fragment, RT-PCR was carried out. We searched the databases
for sequences similar to that of tea CS (TCS1), using BLAST 2.0 program. The search
identified several proteins encoded by Arabidopsis genes of unknown function that were
approximately 40% identical to TCS1. Three upstream and downstream degenerated
oligonucleotide primers corresponding to conserved regions were synthesized and performed
PCR for amplification of CS cDNA in coffee. The reactions were found to amplify DNA
fragments of expected sizes. The deduced amino acid sequences of the two RT-PCR products
showed approximately 40 % sequence similarity to the corresponding amino acid sequence
from TCS1. The RT-PCR product was used as a CCS probe for screening of cDNA library. A
cDNA library constructed using poly(A)'RNA from young coffee leaves was screened to
isolate full-length CCS ¢DNA clones. Approximately 5.0x10° pfu were screened with the
CCS cDNA probe. Finally, five independent clones were isolated and named CCS1, CTSI,
CTS2, CCS3, and CCS4, respectively. The CTS1 cDNA has 1303 nucleotides, and it has an
open reading frame of 378 codons. The calculated molecular mass of the protein encoded by
this open reading frame is 42,700. The value agrees well with that of TCS protein (41kDa).
The predicted amino acid sequences of the other CCS (CTS) clones are over 80% identical
among those of the clones and share almost 40% identity with those of TCS and salicylic
acid carboxyl methyltransferase from Clarkia breweri (Ross et al., 1999), respectively
(Table 1).

Table 1. Sequence similarity and the degree of relatedness among CS family and the
related methyltransferases

Motif A Motif B Motif C
CCS1 (Coffee) VADLGCASG-==m === === == = = = PGSFYSRLFP
CTS1 (Coffee) VADLGCASG-=-m=== === === == = PGSFYGRLFP
TCS1 (Tea) AADLGCAAG--=-=-=----cceeeua- PGSFHGRLFP
SA-MT (Clarkia breweri) IADLGCSSG--------------- PGSFYGRLFP
NTR1 (Chinese cabbage) IADLGCSSG-----=-=-=-=-=------ PGSFYGRLFP
BA-MT (Snapdragon) MMDMGCSSG=mmm == mmm == m == = PGSFYGRLLP
Putrescine NMT (Tobacco) VLIIGGGIG--------------- ANFNDPRVTL
Caffeoyl-CoA OMT (Tobacco) LVRKIGGLIG--VAPPDAPLRKY--ALAADSRIETI
Catechol OMT (Tobacco) IVDVGGGTG--VPKADAIFMRKW--ALPANGRVII

myo-inositol OMT (Iceplant) LVDVGGNIG--IPQADAIFMKW--SLAKGGKIIL

Consensus OMT LVDVGGXXG--VAXADAXXXKW--ALAXXAKVEL
ILKI C IP P Yy EHEHe CRISH:
v FE G F PVP P v

s s s

Three amino acid sequence motifs that could be involved in the binding of the methyl donor
SAM are conserved in most of the plant SAM-dependent O-methyltransferases (Joshi and
Chiang, 1998) (Figure 1).

However there is no motif B in the amino acid sequences of CCS (CTS) series and the related
methyltransferases, these enzymes define a new class of plant methyltransferases. Northern
blot analysis of total RNA extracted at various stages of leaf expansion showed that the CCS
(CTS) transcripts were present at higher levels during the early stages of leaf expansion
(Figure 2).



1 2 3 4 5 6 7 8 9
100 % 93.2 84.4 80.8 80.0 39.5 39.7 38.6 37.1 1:CTs1
100 85.2 82.9 82.3 38.4 39.1 39.2 37.2 2:CTS2
100 82.9 81.6 39.5 40.6 37.7 37.4 3:CCs1
100 95.6 40.7 39.5 39.0 36.3 4:CCS3
100 40.3 40.0 39.0 37.1 5:CCs4
100 41.8 38.4 38.5 6:TCS1
100 42.8 43.9 7 :SA-MT
100 41.3 8:NTR1
100 9:BA-MT

CTS1 and CTS2: Coffea arabica theobromine synthase

CCS1, CCS3 and CCS4 : Coffea arabica caffeine synthase

TCS1 : Camellia sinensis caffeine synthase (AB031280)

SA-MT : Clarkia breweri S-adenosyl-L-methionine (SAM):salicylic acid carboxyl methyltransferase (AF133053)
NTRI : Brassica rapa subsp. pekinensis floral nectary-specific protein (AAF22289)

BA-MT : Antirrhinum majus SAM:benzoic acid carboxyl methyltransferase (AF198492)

Figure 1. Comparison of amino acid sequences of the CCS (CTS) series with related
methyltransferases

The Sequences of CCS1 at residues 57-65, and 138-147 are compared with those of the
proposed SAM-binding motifs of typical methyltransferases. There is no motif B in the amino
acid sequences of CS family and the related methyltransferases.
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Figure 2. Northern blot analysis of total cellular RNAs from coffee tissues.
Abbreviations: YL, young leaves; ML, mature leaves; OL, old leaves; FB, flower buds

Total RNAs (10 pg) of leaves at various stages and of flower buds were separated by agarose
gel electrophoresis, transferred onto membrane, and then probed by “*P-labeled cDNA
fragment encoding CCS1. There are many transcripts of the genes for CCS (CTS) series in
young leaves and flower buds.

And besides, there are many transcripts of the genes for CCS (CTS) in flower buds (Figure 2).
Expression plasmids for CTS1 and CTS2 were constructed in a pET-23d (Novagen) vector.
Recombinant CTS1 and CTS2 were produced in E. coli BL21 (DE3). The recombinant
proteins were extracted by sonication of the transformed cells in 50 mM Tris-HCI (pH 7.5)
containing 1 mM EDTA-Na; and 0.1 M NaCl. When the crude extracts were used for enzyme
assay, CTS1 and CTS2 have only 3-N-methylation activity (Table 2).



Table 2. Substrate specificity of recombinant coffee enzymes

Substrate Methylated product N-methylation position CTs1 CTS2 TCS1(tea)”
Monomethyixanthines

7-Methylxanthine Theobromine 3 100 100 100
3-Methylxanthine Theophylline 1 n.d. n.d. 1.0
1-Methylxanthine Theophylline 3 n.d. n.d. 12.3
Dimethylxanthines

Theobromine Caffeine 1 n.d. n.d. 18.5
Theophylline Caffeine 7 n.d. n.d. <0.1
Paraxanthine Caffeine 3 14 1.1 230
Others

Xanthosine 7-Methylxanthosine 7 n.d. n.d. n.d.

N -Methyltransferase activity is expressed as percentage of the activity on 7-methylxanthine.

The cloning of the caffeine (theobromine) synthase gene is an important advance towards the
development of transgenic caffeine-deficient Coffea arabica and Camellia sinensis plants
through antisense mRNA technology or by gene silencing.
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Microsat. PARENTS F, PROGENY
Icatuai | IAPAR-59 | 1-30-1-1 | 1-30-1-2 | 1-30-2-1 | I-30-2-2 | 1-30-3-1 |1-30-3-2
34-6CTG | 108/108 | 112/112 | 108/112 | 108/112 | 108/112 | 108/112 | 108/112 | 108/112
37/6CTG | 1217121 | 119/119 | 119/121 | 119/121 | 119/121 | 119/121 | 119/121 | 119/121

More microsatellite should be developed and their association to interesting gene should be
established for a practical use in breeding programmes.&

INTRODUCTION

The cultivated varieties of Coffea arabica show a very low level of genetic diversity
(Bertraud and Charrier, 1988) due to autogamy and the limited number of original plants from
which the main cultivars were derived. Consequently, there are very few allelic variants,
making it difficult to find polymorphisms. Numerous techniques have been applied to study
polymorphisms in C. arabica, such as RFLP (Lashermes et al., 1996a), RAPD (Orozco-
Castillo, 1994; Lashermes et al., 1996b), and AFLP (Lashermes et al., 2000), and positive
results have in fact been obtained. Nonetheless, the same techniques applied to other species
have provided a greater number of polymorphic loci.

Another approach to studying variability in C. arabica and identifying polymorphism is the
analysis of microsatellites. These highly polymorphic repeated sequences are very
informative molecular markers because they are codominant and therefore, in contrast to the
abovementioned techniques, enable the heterozygous samples to be distinguished from the
homozygous. Due to these characteristics microsatellites are powerful tools for following
specific genes in assisted cross programmes.

In this paper we describe the analysis by microsatellites of different crosses of Coffea arabica
and of its progeny, F; or F.

Furthermore, we begun a project of RFLP analysis of different varieties of C. arabica and of
C. canephora for coding sequencies. The aim of this is twofold: firstly, to find markers for the
construction of a low density genetic map and secondly, to create the possibility of finding
differences within the genes of Coffea arabica, that is, polymorphisms capable of marking the
expressed genes

MATERIALS AND METHOD
Amplification of the microsatellites

The microsatellites used for the analysis of the crosses were identified and amplified as
described in Rovelli et al. (2000), beginning with two genomic libraries of C. a. var Caturra
enriched in di- tri- nucleotides TG and ATC.

Identification of the polymorphic microsatellites

The primers which amplified the microsatellites were tested on DNA of the parent samples of
three crosses; if the microsatellites presented different alleles from their parents, we
proceeded with the analysis of the progeny.

The amplification products were analysed on sequencing gel with an ABI automatic
sequencer and the length of the fragments containing microsatellites was calculated with the
GENESCAN 672 (Perkin Elmer) programme.



Samples

The samples examined were: 1) C. a. var Caturra x C. a. var Ethiopica ET-30 cross, and 96
plants of the F2 population, originating from IRD (Montpellier, France); 2) C. a. introgressed
genotype Catimor x C.a. var Icatuai cross, and 6 plants of the F1 population, originating from
IAPAR (Londrina, Brazil); 3) C. a. introgressed genotype Sarchimor x C. a. var Ethiopica
ET-6 cross and 17 plants of the F1 population, originating from CATIE (Turrialba, Costa
Rica).

The DNA was extracted with a modification of the method of Murray and Thompson (1980)
and Orozco-Castillo et al. (1994).

RFLP analysis

The fragments of DNA examined are traits of genomic DNA amplified with primers designed
on EST sequences; the EST were derived from a genomic library of radical meristems of
C. a. var Bourbon red.

For the RFLP analysis we chose those fragments which provided an amplification from
genomic DNA of greater length than the corresponding cDNA, and which therefore
presumably contained introns.

RESULTS
Analysis of the crosses

The C. a. var Caturra x C. a. var Et-30 cross was analysed with 59 microsatellites. Only five
of these proved to be polymorphic in the parental samples. The F, population of 96 plants was
analysed with 5 microsatellites to examine the distribution of the alleles. Table 1 summarises
the results.

Three out of 28 microsatellites analyses in the introgressed genotype Catimor x C. a. var
Icatuai cross demonstrated different alleles in the parents, and therefore we analysed the 6
plants of the F; population. Table 2 shows the alleles, expressed in bp, relative to the three
polymorphic microsatellites.

The introgressed genotype Sarchimor x C. a. var Et-6 cross was analyses with 51
microsatellites and four were polymorphic in the parents, and of these we analysed the 17 F,
plants. The alleles of these are shown in Table 3.

In total 8 polymorphic microsatellites were identified.

RFLP analysis

48 EST sequences were amplified of which 13 produced a genomic amplification with a
length greater than the corresponding EST. We therefore analysed these 13 genomic loci,
presuming that they also contained introns, where mutations are more likely to accumulate.
Table 4 shows the names of the genes with which the EST sequences were the most
homologous in the database.

Varieties of C. arabica (Ethiopica, Caturra, Mundo Novo, Laurina and a wild variety) and
C. canephora were examined.



These traits of genomic DNA were analysed with 8-11 restriction enzymes (Acil, Alul,
BamHI, EcoRI, Fokl, HindIll, Hinfl, Hphl, Mbol, Mnll, Mspl, Tsp45I, Tsp5091). The
analysis of the restriction patterns to date have not uncovered differences between the
varieties of C. arabica in the size and number of bands.

Table 1.
Microsatellit Alleles (expressed in bp)
e C.a. Caturra C.a. Et-30 F2
19-3CTG 200-214 198-200-214 36 samples: 200-214

48 samples: 198-200-214
12 samples: 198-214

17-2CTG 204-215 202-215 39 samples: 204-215
32 samples: 202-204-215

25 samples: 202-215

32-2CTG 121-128 119-126 40 samples: 119-121
56:121-126
E10-3CTG 135 137 23 samples: 135

43 samples: 135-137
30 samples: 137

14-2CTG 130 128-130 96 samples: 130
Table 2.
. . Alleles (expressed in bp)
Microsatellite Catimor C.a. Icatuai F1
20-6CTG 105-109 105-107-109 2 samples: 105-109
4 samples: 105-107-109
37-6CTG 119 121 6 samples: 119-121
24-4CTG 112 108 6 samples: 108-112
Table 3.

Microsatellite Alleles (expressed in bp)

Sarchimor  C.a. Et-6 F1
19-3CTG 200-214 198-200-214 10 samples: 200-214
7 samples: 198-200-214
14-2CTG 204-217 202-217 17 samples: 202-204-217
E10-3CTG 135 137 17 samples: 135-137

20-6CTG 104-106-108 104-106 17 samples: 104-106-108



Varieties of C. arabica (Ethiopica, Caturra, Mundo Novo, Laurina and a wild variety) and C.
canephora were examined.

Nonetheless, we could identify 5 different patterns between the two species of Coffea arabica
and Coffea canephora. Table 5 shows the size of the different bands of the two species.

These traits of genomic DNA were analysed with 8-11 restriction enzymes (Acil, Alul,
BamHI, EcoRI, Fokl, HindIll, Hinfl, Hphl, Mbol, Mnll, Mspl, Tsp45I, Tsp509I). The
analysis of the restriction patterns to date have not uncovered differences between the
varieties of C. arabica in the size and number of bands.

Table 4.
Clone Homology Clone Homology
RM-0-L19 unknown RM D04 thioredoxin h
RM B11 translatlonally controlled tumor RM-0-105 antimicrobial peptides
protein (TCTP) precursor

RM All A thaliana hypothetical protein =~ RM-0-E12 germin-like protein
RM CO05 chlorophyll a/b-binding protein RM B08 unknown
RMi-5-B10 60S ribosomal protein L22 RM B10  40S ribosomal protein S23
RMi-1-E03 cysteine proteinase RM A0l  60S ribosomal protein L34
RM Cl11 A.thaliana hypothetical protein

DISCUSSION

In total we identified 8 polymorphic microsatellites in varieties of C. arabica and 5
polymorphic restriction sites amongst C. arabica and C. canephora.

Table S.
EST ENZYME |C. canephora (in|C. arabica (in bp)
bp)

RM A1l | Mnll 600 400 + 200
Rmi-5-B10 | Mspl not cut 900 + 800

RM C11  |Alul 600 500 + 100

RM Cl11 Mbol not cut 700 + 300

RM D04 | Mspl 800 + 100 not cut

With regard to the microsatellites, we found between one and three alleles in the parental
samples. Where there were two or three alleles, one of these, such as the microsatellites 19-
3CTG or 17-2CTG, was always present both in the parents and the progeny. We therefore
hypothesised that another locus was involved which became coamplified. Only the
microsatellite 20-6CTG in the C. a. Sarchimor x C. a. Et-6 cross presents three alleles in one
parent and the progeny, but two alleles in the other parent. In this case there could be three
alleles for the same locus; however, double haploid plants would be necessary to verify this.

The analysis of the microsatellites such as E10-3CTG, 37-6CTG or 24-4CTG suggests that
even in this allotetraploid species the microsatellites are inherited in accordance with Medel’s



laws: when the parental samples displayed one allele in homozygosis but the parents had
different alleles, then the F, displays the classic Mendelian distribution of 1:2:1.

The microsatellites can be used to follow the traces of certain genes within specific crosses.
Indeed, the C. a. Sarchimor x C. a. Et-6 cross was produced with the intention of selecting
plants resistant to nematodes. With the identification of new polymorphic microsatellites we
should be able to verify the distribution of the progeny of genes linked to resistance.

In general it is worth noting that the parental samples are heterozygotes only in 7 out of 24
loci: this demonstrates the high level of homozygosity in which the species C. arabica is
found and explains the high genetic uniformity of the species.

The RFLP polymorphisms to date have not provided positive results within the species C.
arabica, but even polymorphisms between the two species are highly useful. Moreover, each
polymorphism found in this manner is related to differences in coding regions which could
account for the phenotypic differences between the two species, as well as identify the genes
originating from C. canephora in inter-specific crosses, in which attempts are made to bring
the positive qualities of resistance of C. canephora to the cultivated varieties of C. arabica.
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RELATIONSHIP BETWEEN CGA ISOMERS

1.4 Relationships between CGA isomers are curvilinear (Figure 2) or curvilinea
(Figure 3).

2.4 The shape of the relation explains the use of transformation for additivity test.

3.4 The presence and the importance of the relation agree with our current knowledge on

CGA pathways.
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Figure 2. Curvilinear relationship between 3,4-diCQA and 3,5-diCQA contents
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Figure 3. Linear relationship between 3,4-diCQA and 4,5-diCQA contents






CAFFEINE INHERITANCE

1.4 CAF heritability s./. is high (94.6%) showing the little effect of environment on its
variation.

2.4 Caffeine absence is controlled by one recessive gene (Figure 1).

3.4 CAF is additive: in F1 hybrids, CAF is 0.17% dmb, i.e. 60% lower than the parental
average. Nevertheless, additivity is respected for the square root of CAF as well as for

4.! F1 hybrids than for backcross hybrids with caffeine.

1.6

1.4

1.0

0.8

0.6

Relative heteroside content
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0.2

h1h2 h1h1

Groups

Figure 2. Distribution of heteroside in the BCPSE backcross. Two types of hybrids:
h1h2 (nine genotypes) close to the F1 average and h1lhl (eight genotypes) close to the
PSE average

HETEROSIDE INHERITANCE

1.4 HET heritability s./. is high (92%) showing the little effect of environment on its
variation.

2.4 Heteroside is controlled by one major gene with two co-dominant alleles (Figure 2).

3.4 HET is an additive trait in F1 hybrids as well as in backcross hybrids.

RELATIONSHIP BETWEEN CAFFEINE AND HETEROSIDE CONTENTS

In second-generation hybrids with caffeine and heteroside, an hyperbolic relationship
(Y = 0.03/X+0.08) exists between HET and CAF.






3.4 The orange and yellow segments correspond to dis-tortion segregation in favour to
PSE and DEW respecti-vely. Loci marked with stars (*) deviated from (1:1) ratio at p
< 0,01 (Figure 1).

MAIN RESULTS CONCERNING SEGREGATION DISTORTION

1.4 The figure 2 clearly shows a predominant fraction of markers presenting a Mendelian
segregation of (1:1), and two categories of segregation distortion following a (3:1)

2.4 ratio in favour to PSE and a (1:3) ratio in favour to DEW.

3.4 Segregation distortion was observed for 30% of all loci, with a particular (3:1) and
(1:3) ratios, equally favouring each of the two parents.

4.4 The origin of such ratio suggests the implication of genetic conversion events,
implying DNA heteroduplex formation. Indeed, conversion is known to give such
symmetric and polymodal distribution.
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Figure 2. Distribution of the 180 markers in relation to distortion type






Photo 1. C. pseudozanguebariae flowers
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Figure 1. Inheritance of bean sucrose content (regression analysis). Discrepancy to

additivity in BCPSE was verified on two harvests (BCPSE-1 and -2)
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Figure 1. Trigonelline QTL location on the G linkage group

CONCLUSIONS

The importance of these results with respect to breeding is three-fold: 1) trigonelline content
can be increased in cultivated coffee using PSE as female parent and its cytoplasm in the next
generations; ii) marker-assisted selection could be used in further backcross generations.
MAS, at the plantlet stage, will avoid having to install large progeny populations in the field;
ii1) the existence of a small environmental effect and between-tree variations within [t t] and
[Tt] groups, similar to the within-species variation, should facilitate clonal selection between

hybrids.
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Figure 1. Schematic representation and putative location of conserved protein domains of
cloned R-genes. Five mains peptidic conserved domains were distinguished: NBS
(Nucleotide Binding Site), LRR (Leucine Rich Repeat), TIR (Toll-Interleukin Receptor),
LZ (Leucine Zipper) and Serine/Threonine Kinase

A growing number of disease resistance genes conferring resistance to a wide range of
pathogens have recently been isolated from several plant species. Analysis of the sequences of
some R-genes revealed conservation of specific amino acid domains in the putative products
(Figure 1). Otherwise, remarkable similarities in the general structure of R loci have also been
observed. They are generally members of multigene families and show a complex physical
organization of repeated sequences (i.e. cluster). These recent data have shed light on the
molecular evolution of R-genes. The organization of these R-gene families suggests indeed
that novel sequences and therefore novel specificities are generated by various evolutionary
events such as substitutions, different mechanisms of recombination (i.e. unequal crossing-
over, gene conversion) and more exceptionally, transposable elements (2). However, these
analysis concern mainly plants with short life cycle while perennial plants have retained so far
little attention.

Coffea arabica, an important tropical crop, is characterized by a low genetic diversity. This
allotetraploid species shows a high susceptibility to many pests and diseases, and the diploid
species C. canephora constitutes the main resistance source for breeding purposes. Our
project displays two principal objectives:

* to precise the molecular organization and the evolution of R-genes in this perennial
plant

* to improve the coffee tree for disease resistance, especially against Meloidogyne root-
knot nematodes and Hemileia vastatrix rust fungi.



MATERIALS AND METHODS

Plant material

Plant material involved the accessions of both species C. arabica and C. canephora. Genomic
DNA and mRNA extracted from leaves were used.

Amplification with degenerate primers

NBS domains related to R-genes show a highly conserved backbone of amino acid motifs
offering the possibility of isolating resistance gene analogous sequences (RGAs) by
polymerase chain reaction (PCR) with degenerate primers. Multiple combinations of primers
with low and without degeneracy were designed from two conserved motifs (i.e. P-Loop and
GLPL) in the NBS regions of R-genes of various plants. These primers were used in PCR
amplification from coffee genomic DNA. The amplified products were cloned and sequenced.

Amplification with coffee RGA family-specific primers

Primers specific to the identified coffee RGA families were tested on mRNA samples by RT-
PCR analysis.

RESULTS AND DISCUSSION
Isolation of coffee RGASs

Twenty five combinations of degenerate or non-degenerate primers were tested. From the
amplified products showing the expected size considering the NBS domain length of known
R-genes (~500 bp), 120 clones were isolated and sequenced. On the base of several features,
40 PCR-derived coffee NBS sequences were identified as RGAs. These sequences contained
uninterrupted open reading frames. Moreover, all sequences contained the characteristic
conserved motifs of NBS R-genes. Most coffee RGAs were closely related by sequence to at
least one known R-gene.

A high coffee RGA diversity
The NBS-encoding RGAs isolated from coffee trees showed considerable sequence variation.

Nine distinct families of NBS-like RGAs were identified in both C. arabica and C. canephora
species (Figure 2). More particularly, the analysis of one coffee RGA family suggested point
mutations as the primary source of diversity. Moreover, by transcription analysis based on
RT-PCR experiments, cDNAs corresponding to 8 different coffee RGA families were
detected in coffee leaves of both studied species. Otherwise, RGAs belonging to the 9
distinguished families were observed in a same individual.

Coffee RGA phylogenetic analysis

Phylogenetic relationships between deduced amino acid coffee RGA sequences and a
representative set of NBS domains of known R-gene products (isolated from Arabidopsis,
tomato, potato, pepper, lettuce, maize and rice) were investigated. According to the reported
distinction between the TIR class and the non-TIR class of R-genes (3), all isolated coffee
RGAs seemed to belong to the non-TIR class type of R-genes (Figure 3). In addition, all non-
TIR type NBS domains of R-genes considered in this study (excepted Dm3) were associated
to one of the isolated coffee RGA families. Lastly, the alignment between coffee RGA
peptidic sequences of a particular family and the NBS domain of R-genes related to this



family shows that similarities were shared beyond characteristic conserved NBS motifs of R-

genes (Figure 4).
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Figure 2. Phylogenetic tree for nucleotide RGA sequences isolated from C. arabica (A)
and C. canephora (C) species. This tree was constructed by Neighbor-Joining method.
Coffee RGA families (high sequence identity) are labeled A to I

CONCLUSIONS

In the coffee tree, the genetic diversity analysis between RGA families suggested an
independent evolution of these different families. In this perennial plant, the evolution of
NBS-encoding sequences seems to involve accumulation and slow divergence mechanisms
within distinct R-gene families rather than a fast-evolving process. Otherwise, the high
similarity between particular coffee RGAs and R-genes isolated from other angiosperm
species such as Arabidopsis, tomato and rice indicated a common ancestral origin. This also
supports a duplication and primary diversification of NBS-LRR R-genes more ancient than
the divergence of monocots and dicots. The maintenance since dicot differentiation of
different R-gene families showing sequence divergence and specific signature might result in
fitness superiority and suggests a functional family-specificity.



Figure 3. Neighbor-Joining tree based on alignment of amino acid sequences of
representative coffee RGAs and NBS domains of cloned R-genes. Coffee RGAs are
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Figure 4. Multiple amino acid sequence alignment of coffee RGAs of the H family and
the NBS domain of the closely related R-gene, I2C-1. Strict consensus residues are
shown by shading. Residues sharing high (:) or low (.) physico-chemical proproperties
are specified. Sequence blocks marked with boxes correspond to conserved motifs of

NBS-encoding regregion R-genes
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MATERIALS AND METHODS

Plant material and concentration of extracellular proteins from liquid medium. Cell
suspension cultures of coffee (Coffea arabica cv Catuai) were initiated and maintained as
described previously by Huchin-May, (2000). Cell suspension cultures from 0 to 24 days old
were vacuum filtered through three paper sheets (two Whatman # 1 and one Whatman # 42)
and then through a 0.2 [m cellulose acetate filter (Sartorius®). The free cell medium was
lyophilized, resuspended and then concentrated using Stirred Ultrafiltration Cells (Amicon,
Danvers, Mass.) with a 10-kDa cut-off pore size (Diaflo® YM 10, Amicon, Beverly, Ma).

Protein and peroxidase assays. The amount of protein in the concentrates was determined
using Peterson’s method (1977) with BSA (Sigma, St. Louis, MO) as standard. Peroxidase
activity was measured by Van den Berg’s method (1984). The standard assay mixture
contained 2.2 mM H;0, and 4 mM guaiacol in 50 mM acetate buffer at pH 5, in a final
volume of 3 ml. One unit of peroxidase activity will oxidize 1 [M guaiacol to tetraguaiacol
per minute.

Isoelectric focusing of peroxidase isoenzymes. Isoelectric focusing was performed on thin-
layer polyacrylamide gel (5%) containing carrier ampholytes in the pH range 3.5 to10 (Sigma,
St. Louis, MO). Peroxidase isoenzymes bands were visualized by staining with 4-chloro-1-
naphtol and hydrogen peroxide in phosphate buffer, at pH 7, as described previously
(Robertson et al., 1987)

RESULTS AND DISCUSSION

During the growth of cell suspension cultures, extracellular proteins were detected after six h
until 24 days (Figure 1). The concentration increased with the duration of culture, reaching
up to 63 pg ml"' medium by day 24. At that same time, growth had increased 16-fold. FDA
staining of cells showed that cells were highly viable. Furthermore the intracellular enzyme
marker, glutamate dehydrogenase, was not detected among extracellular proteins, but was
detected intracellularly (data not shown). Therefore, extracellular proteins come from cellular
secretions and not from dead cells. Our results showed a direct relationship between growth
and extracellular protein of coffee cell suspension cultures.

Protein patterns found in a time-course study from zero to 24 days, after subculture, presented
notable changes during the growth cycle. They varied in size from 14 to 90 kDa (Figure 2).
More than 30 bands were detected. These bands can be grouped according to their expression
pattern 1) proteins expressed all the time, 2) proteins increasing in concentration during the
growth cycle, 3) proteins decreasing in concentration and 4) proteins increasing-decreasing
(or vice versa) during growth. Several proteins were abundant, for example 22, 28, 38, 40 and
70 kDa. The extracellular protein profiles of C. arabica were more complex than profiles
observed in D. carota: 15 different proteins (De Vries et al., 1988a), Spinacia oleracea: 16
different proteins (Fry, 1980), and Picea abies: 20 different proteins (Egertsdotter et al.,
1993). The difference between our data and those mentioned above may be due to sensitivity
of the detection method used.

The effect of pH on the peroxidase activity was assayed with different buffers at pH values
between 2.6 and 9. Peroxidases have an optimum pH of 5 at 30°C and rapidly lost activity at
pH between 2.6-4 and 6-9 (Figure 3). Our results are similar to those from cowpea (Moreno-
Valenzuela et al., 1989) and Gossypium hirsutum (Mellon, 1986).
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Figure 1. Protein accumulation in culture medium and cell growth of cell suspension
culture of 1"#$%$&"($
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Figure 2. Electrophoretic pattern of extracellular proteins from !"#$%$&'($ suspension
culture sampled every three days during a 24 day culture cycle. Molecular weight is
indicated on the left. Numbers on each line indicate day after subculture. Five
micrograms of protein was loaded by lane and silver stained. SDS-PAGE 10% was used

At the beginning of the growth cycle there was high activity (4.2 U ml™'") which decreased
until day 6. It then increased to 8.9 U ml' by day 18 (Figure 4). Peroxidase activity was not
detected from the intracellular soluble fraction, but it was detected in cell wall debris (data
not shown).

The isoenzyme peroxidase pattern obtained by isoelectric focusing is shown in Figure 5.
Twelve isoenzymes were detected between pH 3 and 7.9. During the first part of the cycle
(days 0-6) slight activity was detected after which the activity increased steadily up to high
levels in the final days. One major band at pH 7.1 was observed to show the same trend as the



(overall) activity performance. The results showed a direct relationship between growth,
peroxidase activity and isoenzymatic patterns in coffee cell suspension cultures.
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Figure 3. Total peroxidase activity in the culture medium at different values of pH.
Peroxidase activity is expressed as units per 10 pl aliquot
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Figure 4. Total peroxidade activity in culture medium during 24 days growth cycle
sampled every three days. Peroxidase activity is expressed as units per ml of medium

Somatic embryogenesis represents an attractive model system for the study of early events in
plant cell differentiation. Several authors have reported that compounds secreted by the cells
into culture media are involved in somatic embryogenesis (Quiroz-Figueroa et al., 2000). In
D. carota, somatic embryogenesis can be blocked by the addition of tunicamycin, a
glycosylation inhibitor. This inhibition can be removed by the addition of some of the
secreted glycoproteins present in the embryogenic culture medium (De Vries et al., 1988a; De
Vries et al., 1988b). In this work, extracellular peroxidases having a broad pH range (acidic to
basic) were detected, and a major peroxidase isoenzyme, with a pH 7.1 was observed.
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Possible reproductive barriers affecting gene exchange between
the diploid species and C. arabica
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Segregation and cosegregation of both restriction fragments (RFLP) and microsatellite
polymorphic markers were studied in the BC; populations. Part of the analysed RFLP and
microsatellite loci have been previously mapped in C. canephora and are distributed on 7 of
the 11 identified linkage groups (Lashermes et al., 2001). Restriction fragments (i.e. RFLP
locus) as well as PCR-amplified products (i.e. microsatellite locus) of different sizes were
identified and easily interpreted as either canephora or arabica specific markers by comparing
the parental accessions. When two different canephora specific markers were identified in the
arabusta hybrid, the markers (i.e. RFLP or microsatellites) were interpreted as alleles of the
considered locus and designed arbitrary by the letters C; and C, (Figure 2). Allelic
interpretation of microsatellite loci was undertaken only when two different canephora
specific markers were presents in the arabusta hybrids. In contrast, for RFLP loci, variations
in banding intensity within the same lane were considered to represent differences in allele
copy number and were designed by the letter C in single or double dose. Statistical analysis
compared observed vs expected segregation frequencies of canephora alleles assuming
random chromosome segregation in the hybrid.

RESULTS AND DISCUSSION

Analysing segregation patterns of 24 polymorphic loci (11 RFLP and 13 microsatellites) we
scored for the presence of the specific canephora markers in the BC1 plants. Comparison
between the two BC1 populations (i.e. P1 and P2) showed almost equal frequencies of plants
with canephora markers. Overall analyses including both populations revealed that proportion
of plants with canephora markers were consistent (p<0.05) with the expected proportion (i.e.
0.83) assuming random chromosome segregation.

On the other hand, and for almost all loci analysed, segregation of canephora alleles
transmitted by the arabusta hybrids conformed to the expected ratio (i.e. 0.25) assuming
random chromosome segregation and the absence of selection (Figure 3). Recombination
fractions were analysed for seven marker intervals on four different linkage groups. Only two
of the seven intervals analysed, exhibited a significant difference in recombination frequency



(Table 1). Although local differences in recombination may exist, these results suggest that
overall recombination in the arabusta hybrid is not significantly restricted by genetic
differentiation between chromosomes belonging to the different constitutive genomes (i.e. C.
arabica and C. canephora genomes).
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Figure 1. Origin of the surveyed populations BC,
CONCLUSIONS

Enlarging the genetic base and improvement of arabica cultivars have become a priority for
coffee breeders. Likewise, understanding of introgression mechanism could provide new
perspectives to develop suitable strategies of field selection. In this report we present new
evidence about the particulary favorable disposition of the arabusta hybrid (C. arabica x C.
canephora 4x) to the introgression. Our results suggest that gene transfer from C. canephora
(and probably from other diploid related species) to the cultivated C. arabica, should not be
limited by differences either in sequence homology or in chromosome structure.

These preliminar results provides an optimistic view on major utilisation of coffee genetic
ressources in coffee breeding programs. Although further investigations about genome
interactions between C. arabica and others diploid related species are needed, monitoring of
gene introgression using molecular tools, represent a first step towards real implementation of
marker-assited selection in coffee.
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showing “canephora” allele segregation among BC; individuals resulting from the
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Table 1. Genome recombination: Comparison for different chromosome segments of the
recombination frequencies estimated in the arabusta hybrid an in C. canephora

Linkage group Recomb ination fractions
of the Marker

canephora map Intervals  Arabusta C. canephora

3 M4l-gATl 0.24 031
gAT1-M157 037 032
M157-M42 0.13* 0.04

M41-M42 027 0.40

4 M47-cR167 0.10 0.07

7 gA72.gA61 037* 020

9 gAl.gAl9 035 0.49

* , ** indicate statistical significant differences in the p rop ortion ofp arental and recomb inant
gametesatP < 0.05 and P < 001, respectively, as indicated by the chi-square test.
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MATERIAL AND METHODS

A genomic library enriched in repeated sequences and containing 193 clones, was established
from total DNA isolated from F1 plants issued from a cross between C. pseudozanguebariae
and C. liberica var Dewevrei. 36 clones were sequenced on one strand and sequence
comparisons with GenBank data were made using Blast.

Figure 1. Coffee center of origin and possible spread across the African continent

Table 2. Identification of some coffee sequences present in an enriched repeated
sequences library

Seq# Length %AT Comments, similitude

bp.

12 513 (568) 61 (60) Rep Seq, (AS=cytochrome?)

6 569 58 Hs.?

33 563 61 Rep Seq

55 528 64  H. sapiens

36 527 63 7, Rep Seq

40 466 60 H. sapiens, Rep Seq

54 448 61 Rep Seq

38 444 65 cp DNA

4 266 64  Copia-like, gag-pol polyprotein
35 265 68 L. esculentum Rep Seq

10 186 63  Ty3/gypsy like, Integrase

11b 185 53  Athila like?

12b 185 60  Spacer iIDNA

7a 153 64  Prot CLBI (L. esc) Cal.B (A. t.)
21d 143 59 URF?
21c 132 70 Ty3/gypsy like, gag-pol polyprotéine
l1a 53 60 transcription factor

12d 35 57 cp DNA rDNA spacer + ARNt Ile et Ala




CONCLUSION AND PERSPECTIVE

Coffee genome appears to be rich in repeated sequences. On a small sample, different types
were identified including several kinds of retrotransposons. Further work will include
finishing the sequencing of the repeated sequence library. Presence of the different repeated
sequences will be investigated in different species. Number of repeats will be estimated
through DNA blotting and/or quantitative PCR. Their chromosomal location will be observed
using fluorescent in situ hybridization. (FISH). Relationships between repeated sequences
presence; copy number, location and biogeographic repartition of coffee species will be
studied and their role in coffee evolution will be evaluated.






Sur les 400 hybrides naturels collectés, les observations sur le terrain, les analyses en
cytométrie de flux et moléculaires indiquent une trés importante diversité des hybrides.
Toutes les combinaisons génétiques allant de la diploidie a 1’hexaploidie sont présentes. Les
hybrides sont en train d'évoluer vers de nouveaux génotypes arabica introgressés résistants.
Ainsi, le processus évolutif in situ de C. arabica, en contact avec les hybrides naturels, a
permis d’isoler un génotype de caféier Le Roy qui cumule la mutation récessive laurina a
I'état homozygote (Ir/lr) et la résistance apportée par l'introgression d’une partie du génome
C. canephora.

Les flux de genes créent des ressources génétiques nouvelles originales dans les caféicres
abandonnées de Nouvelle-Calédonie. Constitueraient-elles un centre secondaire de
diversification de C. arabica?

INTRODUCTION

The hybridization between the two cultivated species C. arabica and C. canephora has for
main objective to improve organoleptic qualities of the low altitude coffees or to bring
resistance to the cultivated arabica. Their tetraploid F1 hybrids (arabusta) are half-fertile,
while their triploid F1 are nearly sterile (Le Pierres, 1995).

Such hybrids can occur naturally in areas where the two parent species coexist. It is the case
in the mixed coffee neglected plantations in New Caledonia. The hybrid population,
constituted of successive generations, has the particularity to be very variable and to produce
some special types of arabica resistant to rust.

The succession of backcrossing with C. arabica gives new genotypes in which a large part of
the C. canephora genome has been eliminated. Only parts of the genome that procure a
selective advantage to hybrids that carry them, in particular these concerning the resistance to
diseases, remain in the backcrossing. Such natural introgression case is well known: that is the
Timor hybrid, which is extensively used to transfer the resistance to rust (and to other
diseases) to C. arabica with its derivatives (catimor, Sarchimor, etc.).

The objective of our work is to find new genotypes efficient to replace advantageously the
Timor hybrid.

MATERIAL AND METHODS

The natural hybrids have been known for the past 40 years in New Caledonia. Two hybrid
collecting missions have been done in the 1990’s (Charmetant and Le Pierres, 1991;
Le Pierrés, 1999). More than 400 natural hybrids have been collected from forty sites. Most of
the genotypes are resistant to rust.

The genetic diversity of the parent species is very unequal: C. canephora is very variable,
while C. arabica is essentially composed of related varieties: Typica, Bourbon and Laurina.
The genetic variability analyses have been done by molecular techniques (RAPD and AFLP),
while the ploidy levels (Figure 1) are valued by the flow cytometry (Dolezel et al., 1989;
Barre, 1997).

Some complementary verifications were also realized by chromosomal counting.



RESULTS

The favourable factors to the natural hybridization are the neglected plantations, the
conditions of low temperatures and permanent rainy weather, the resistance to rust of hybrids,
and the interest of planters for these hybrids.

The hybrid population is divided in two major compartments (Figure 1):

of triploid, intermediate between C. canephora and C. arabica;
of tétraploid, closed to C. arabica which has 44 chromosomes.

The 3x hybrids are more numerous than the 4x. The gDNA classes distribution, going from
the diploidy (2x=22 chromosomes) to the hexaploidy (6x=66), shows many aneuploid
hybrids.

The natural hybrid progenies are heterogeneous, what proves the genetic instability of their
hybrid parents. The obtained genotypes have variable genome sizes or chomosomal numbers.
The progenies of an hybrid 4x (“A”) can be classified in two groups. The first major group
from the normal beans is composed of genotypes quite homogeneous of the 4x type, as their
mother. On the other hand, the second group, appeared from the badly formed seeds, shows a
heterogeneous progeny similar to the one of the hybrid 3x progeny (“B”), with nuclear DNA
quantities between those of 3x hybrids and the arabica. The cold weather, at meiosis, induces
a great proportion of no-reduced gametes which produce, by fertilization, bigger genome sizes
until 5x and 6x levels (“C”). This process does not reduce the progeny variability. Indeed,
reporting to Veilleux's studies (1985), two types of gametes formation mechanisms explain
their 5x or 6x variability: by FDR (first division restitution) or by SDR (second division
restitution). The FDR contributes to increase the hybrid variability by varying the genetic
polyploid combinations. Finally, multiple dependent factors, such genotypes, environments,
and their interactions, promote the enlargement of the genetic diversification and the natural
selection.

The whole of studies achieved on the hybrid material permitted to select some genotypes of
interest for the improvement.

An original genotype, introgressed resistant Laurina, has been identified. It accumulates the
recessive mutation /aurina at the homozygous state (Ir/lr), the resistance to rust brought by the
introgression of a C. canephora genome part, and a balanced number of chromosomes (44).

Remember that the Laurina mutation at the homozygous state is carried by the “Le Roy”
arabica variety, obtained from the Bourbon variety. Its cup qualities are reputed the top-of-
the-range by the taste and the aroma. This mutation expression makes half-size of the
arabica caffeine content (Sondahl et al., 1995)

CONCLUSION

The genes flows between the two cultivated species and the genetic mixing of natural
hybrids conduct to new C. arabica genotypes.

The natural hybrids contribute to the creation of a secondary center of C. arabica
diversification in evolution at the New Caledonian old coffee plantations (Figure 2). This



new original natural genetic resource is required to enlarge the current genetic basis of the
cultivated arabica and for improvements of the coffee quality.
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Figure 1. Nuclear DNA quantities (qDNA) of the natural hybrid coffee trees.
Comparison with their progenies (“A” from a 4x, “B” from a 3x, and “C” from the same
3x under cold weather)
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CONCLUSIONS

Flow cytometry allows to sort hybrids with nuclear DNA content and DEW chromosome
number close to the cultivated species.

In introgression programmes, the aim is to produce plants with the interesting wild trait, but
conserving the back-ground of the cultivated species. This is usually done by backcrossing the
hybrids having the favourable trait on the cultivated species and this process have to be
carried out on about ten generations. This is time-consuming, especially for coffee trees which
yield after four years. The use of molecular markers and flow cytometry for early selection
could accelerate this pro-cess.
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Figure 1. Linear relationship (y =-71.41 x + 102.42 r = 0.98) between the nuclear DNA
content and the number of chromosomes on DEW and PSE, F1 and G2 hybrids. Results
of the Newmann & Keuls test on qDNA are indicated with letters






In the Indian context, leaf rust caused by Hemileia vastatrix is a serious disease of concern for
arabica causing substantial crop losses. In early coffee breeding programmes of India, S.26 a
putative natural interspecific hybrid between C. arabica and a diploid coffee species was used
as main source for rust resistance and two commercial strains viz. S.288 and S.795 were
evolved (Anonymous, 1985). S.795 was under commercial cultivation since 1947 because of
its good vegetative vigour, high productivity, superior quality and field tolerance to leaf rust
especially races I and II (Srinivasan and Narasimhaswamy, 1975; Ramachandran and
Srinivasan, 1979) prevalent in Indian coffee tracts. These early Indian selections carry SH3
resistance factor for coffee rust, only known to be present in Coffea liberica (Wagner and
Bettencourt, 1965). Hence, it has been assumed that C. /iberica was likely involved in origin
of this natural hybrid. An insight at molecular level would be particularly useful for
understanding the genetic constitution of these populations, for a better exploitation of
available variability.

The conventional breeding efforts towards improved cultivars especially in arabica coffee are
often faced with constraints of low genetic diversity, long pre bearing periods and difference
in ploidy level between potential donors and recipient species. Further, difficulties in
enlarging the genetic base is also a limitation for cultivar development. Recent advancements
in molecular marker technologies however opened up new possibilities to overcome some of
these limitations and provide new tools for enhanced use of available genetic resources. The
potential use of DNA marker technologies in coffee genetics have been demonstrated
(Lashermes et al., 1996; Paillard et al., 1996; Lashermes et al., 1997; Agwanda et al., 1997;
Combes et al., 2000; Lashermes et al., 1999a; Lashermes et al., 2000a; Lashermes et al.,
2000b, Prakash et al., 2001). The present study is therefore aimed at successful application of
two PCR based DNA marker technologies, Amplified Fragment Length Polymorphism
(AFLPs) and Simple Sequence Repeats (SSRs) for characterizing the genome diversity in
early Indian cultivars and robusta coffee genepool available in India.

MATERIALS AND METHODS
Plant material

Eighteen C. arabica genotypes covering the commercial accessions S.288, S.795 and S.1934
were subjected to AFLP analysis using 36 different primer combinations. S.795 and S.1934
represent F2 and F4 respectively, derived from the cross between S.288 (selfed offspring of
S.26, a putative natural hybrid between C. arabica and C. liberica) and x ‘Kent’, a pure
arabica selection. Besides the parents (S.288 and Kent), five representative accessions each of
C. arabica and C. liberica species were also included in the analysis.

Further, 39 accessions of C. canephora representing indigenous and exotic gene bank
collections available in India were subjected to genetic diversity analysis. For comparison, 16
accessions (13 robusta and three C. congensis) representative of the genetic diversity collected
in different geographical regions of the world, available at IRD (ex ORSTOM), Montpellier,
France were also included. DNA profiles of these selected materials were generated using 15
AFLP primer combinations and 12 SSR primer sets.

DNA isolation

Genomic DNA was isolated from lyophilised leaves of arabica materials using QIAGEN
DNeasy plant mini kit-1999, as specified by the manufacturer. Genomic DNA of the robusta
materials was extracted from the lyophilized leaves through a nuclei isolation step as
described by Agwanda et al. (1997).



AFLP assay

AFLP analysis was performed essentially as described by Vos et al. (1995) with minor
modifications (Lashermes et al., 2000a). The primers used are detailed in Table 1.

SSR polymorphism
The 12 SSR primers (Table 1) evaluated in the present study were developed jointly by
Department of Biology, Trieste University, Italy and GeneTrop, IRD, Montpellier, France
under INCO-DC project (Contract No.ERBIC 18CT 970181) of European Community.

Table 1. AFLP and SSR primers used for analysis

AFLP primers used for analysis AFLP primers used for analysis Microsatellites used

E+3 \ M +3 E+3 M+3

AAC CAG AACH* CAA* Satl1

AAC \ CTA AAC* CAC* Sat25

AAC CTC AACH* CTG* Sat27

AAC | CTT AAG* CTA* Sat29

AAG CTT AAG* CTG* Sat42

ACG | CAA ACGH* CTA* Sat157
ACG CTC ACG* CAT* Sat158
ACG | CTG ACT* CAT* Sat161
ACG CTT ACT* CTG* Sat162
AGC \ CAC AGC* CTG* Sat166
AGC CAG ACA¥* CAG* Sat167
AGG \ CAC ACA* CTT* Sat177
AGG CTA AGG* CTC*

AGC | CTC ACA¥* CAC*

ACT CAC ACA* CAT*

ACT | CTA

ACT CTT

ACA \ CAA

ACA CTC

ACA \ CTG

AGG CTT

* Primers used for AFLP analysis of both arabica and robusta materials

The methodology followed for preparation of genomic libraries, enrichment, sequencing of
positive clones and primer design has already been reported elsewhere (Vascotto et al., 1999;
Rovelli et al., 2000). The PCR assays of SSR primers were carried out as reported by Combes
et al. (2000).

Electrophoresis

Amplification products were electrophoresed on 6% denaturing polyacrylamide gel with 8 M
urea and 1 X TBE. The dried gels were exposed to Kodak Biomax X-ray film.



Data analysis

The AFLP amplification products were designated in order of decreasing fragment size and
according to the restriction enzymes as well as primer combinations used. Only clear
polymorphic bands were scored for each genotype as present (1) or absent (0). SSR loci were
scored individually and different alleles at each loci were recorded. Presence of single bands
per sample was considered as presence of two identical alleles and two bands as two different
alleles. Data analysis was carried out separately for AFLP and SSR data using TREECON
(version 1.1) package (Van der Peer and De Wachter, 1994) as described elsewhere (Prakash
etal., 2001)

RESULTS AND DISCUSSION

AFLP profiles of early Indian strains and extent of polymorphism

Analysis of AFLP fingerprints revealed that the number of clearly amplified products per
sample ranged from 18 to 45, based on the genotype and primer combination used. A total of
137 polymorphic bands were scored in all the 29 accessions analysed (Figure 1). The number
of polymorphic fragments within arabica accessions analysed was only 35. Among the natural
hybrid derived genotypes 1.e.; S.288, (offspring of the natural hybrid) and subsequent F2
(S.795) and F4 (S.1934) lines, 115 polymorphic bands were observed. Of these 115 bands, 13
were invariably present in ‘Kent’ but not in any other arabica accessions indicating that these

C. arabica

accessions - 3 Additional marker bands - 65

Figure 1. Pie chart depicting the number of polymorphic bands (AFLP) observed among
individuals of each group i.e. accessions of C. arabica and natural hybrid derivatives.
The introgressed markers associated with additional bands and missing bands were
distinguished

marker bands were specific to ‘Kent’ parent. Of the remaining 102 marker bands, 63 were
observed in S.288 parent and also seen in at least one of the C. /iberica accessions analysed.
None of these markers were seen either in ‘Kent’ or in other arabica accessions and were
therefore considered as markers introgressed from C. liberica. Interestingly, only two
introgression bands seen in some introgression lines were found absent in S.288 parent. The
remaining 37 markers identified in introgression lines corresponds to the missing bands. In
most of the cases, the marker bands due to band absence (missing bands) were also found
absent in at least one of the five C. liberica accessions analysed and always present in C.
arabica accessions including ‘Kent’. It may be rather difficult to explain precisely the origin
of these markers in introgressed hybrid derivatives. However, as opined by Lashermes et al.,
(2000a), these markers could be considered as ‘related to introgression process’.



Further, the number of additional bands representing introgression varied from 10 to 56
among the 17 introgression genotypes as against 63 additional marker bands in introgressed
parent S.288. The number of additional introgressed bands ranged between 10 to 56 in F,
(S.795) and 18 to 56 in F4 (S.1934) lines analysed. No genotype among F, and F4 lines
contained all these 63 introgressed bands.

The limited number of introgressed markers in general indicated that the introgression was
restricted to few chromosome segments. Further, relatively less variation observed in the
number of introgressed bands between F, and F4 and some genotypes showing almost as many
bands as that of introgressed parent suggested that there was neither elimination of
introgressed segments nor counter-selection during generation advancement.

Based on the results, it could be inferred that C. liberica was involved in origin of natural
hybrid, S.26. It may be assumed that the natural hybrid S.26 might have originated either from
a natural tetraploid F; progenitor (union of reduced gamete from tetraploid C. arabica and
unreduced gamete from diploid C. liberica) or triploid F; progenitor (by union of reduced
gametes). The polymorphism identified in these hybrid derivatives was therefore the
consequences of introgressive hybridizations involving C. liberica. As stated in history of
coffee cultivation in India (Anonymous, 1985), C. arabica was the only species under
commercial cultivation until 1900. In order to check the ravages of leaf rust (Hemileia
vastatrix) during later part of 18" century, other tolerant species like C. liberica and C.
canephora were introduced. Cultivation of these species together with C. arabica might have
offered the possibility for natural hybridization resulting in spontaneous interspecific hybrids.
Thus, our results clearly established the molecular evidence on origin of natural hybrid
between C. arabica and C. liberica.

Genetic diversity analysis of robusta genepool
SSR polymorphism

A total of 72 alleles were identified with 12 different primer pairs and the banding patterns
resolved by each primer pair are in accordance with single locus variation. An example of
SSR alleles as resolved with the PCR assay is illustrated in Figure 2. The number of alleles
varied widely among these 12 loci and ranged from three (Sat 11) to 10 (Sat 157). On average
six alleles per loci were detected. For comparison, the total population analysed was divided
in to three groups i.e.; collections of indigenous gene bank, exotic gene bank and IRD gene
bank. The total number of alleles representing each group were 44, 51 and 62 in Indigenous,
exotic and IRD collections, respectively. Furthermore, 13 group specific alleles were detected
in IRD collections as against two (exotic) and three (indigenous collections of India). This
clearly indicates the high amount of diversity present in world genepool, which is not
represented by Indian genepool. It is interesting to note that, in terms of specific alleles the
three accessions of C. congensis originating from both Central African and Congo did not
exhibit any significant diversity from other robusta accessions except having only one
different allele. This supports the school of thought that C. congensis forms a biotype of
robusta (C. canephora).

A cluster analysis (UPGMA) was performed using the similarity matrix based on the
proportion of shared alleles across the 12 SSR loci. From the dendrogram it is apparent that
there is a clustering of small sub-groups forming six groups. However, the associations
between the groups were not strong. Broadly the collections from both indigenous and exotic
gene banks of India grouped together with the robusta types identified as diversity group ‘E’
(Dussert et al., 1999).



Figure 2. SSR polymorphism in robusta accessions with Sat.166
AFLP polymorphism in robusta collections

In total, 15 primer combinations were used in the study. The number of clearly amplified
products per sample ranged from 25 to 45, depending on the genotype and primer
combination. A total of 205 polymorphic bands were scored in all the 55 accessions analysed.
The number of polymorphic bands varied from 51 to 94 and no single accession contained all
polymorphic bands.

Group wise comparisons were made as in the case of SSR polymorphisms. The indigenous
collections represented the low number of polymorphic bands (151) than exotic introductions
(194) and IRD collections (189). The genetic diversity in indigenous collections reflected by
AFLP marker data is in conformity with the results obtained with SSR markers. The grouping
associations more or less followed the similar pattern (Figure 3) as seen with SSR markers.

Thus both AFLP and SSR techniques reflected similar results and revealed that the accessions
originating from Indian gene banks tend to show good amount of genetic diversity and higher
inter-accession differentiation. However, on comparison with the representative world
collections from different geographic regions, it was found that the Indian robusta genepool
mainly represents the diversity group E (Dussert et al., 1999) and by large other diversity
groups (A,B, C and D) are not represented.

Further, as most of the commercially cultivated types in India forms the selections from
indigenous collections, the exotic gene bank provide good source of additional variability for
robusta breeding purposes.

CONCLUSIONS AND PROSPECTS
Germplasm characterization

The microsatellite and AFLP markers have been found useful in genotyping of germplasm,
quantification of genetic diversity, establishing relationships with collections of different
geographic origin and structure of genepool. In the Indian context, the preliminary findings
obtained in present study provided opportunity towards detailed characterization of coffee
germplasm. This helps in identifying core collections for easy management and efficient
exploitation of genetic resources.
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Figure 3. Dendrogram of the robusta accessions generated by group average clustering
(UPGMA), using genetic distance based on AFLP polymorphism. Red, black and blue
colours indicates collections from indigenous, exotic gene banks of India and IRD gene
bank, respectively

Cultivar identification

Both SSR markers and AFLPs found are suitable for cultivar identification in coffee and it is
possible to generate reliable genome fingerprints for establishing the plant proprietary rights.

Analysis of alien genome introgression

The efficiency of AFLP technology for polymorphism detection and analysis of alien genome
introgression was demonstrated in Indian arabica coffee cultivars, there by offering wide
scope of application in marker aided breeding programmes of coffee. The study established
the uniqueness of these strains due to Liberica—introgression. The variability generated in



C. arabica due to introgressive hybridizations from C. liberica has potential implications
especially in relation to leaf rust resistance sources. It is possible to exploit these introgressed
lines for the purpose of gene pyramiding. Further, the molecular information and fingerprints
generated on early Indian arabica strains could be utilised for claiming the national
proprietary rights of the material. In similar lines, alien genome introgression in several other
proven interspecific (Congensis x Robusta and Robusta x arabica) hybrids and promising
genotypes derived from natural interspecific hybrids like ‘Devamachy’ could be analysed.
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SUMMARY

Genetic diversity of Coffea arabica varieties was estimated using amplified fragment length
polymorphism (AFLP) markers. The natural variation within arabica varieties is the source of
variants of genes that control agronomic traits. The degree of this natural variation has direct
impact on coffee variety improvement program. Fifty-seven arabica accessions representing
five major arabica variety groups, including Typica, Bourbon, Catimor, Catuai, and Mokka
hybrid, and two related Coffea species were analyzed with six EcoR 1 — Mse 1 primer
combinations. A total of 274 informative AFLP markers was generated and scored as binary
data. These data were analyzed using cluster methods in the software package NTSYSpc.
The differences among varieties at the DNA level were small with an average genetic
similarity of 0.933. Most accessions within a variety clustered together, although deviant
samples occurred in all five varieties examined due to residue heterozygosity from the
ancestral materials each variety was derived from. Among the five varieties fingerprinted, the
highest level of genetic diversity was found within the variety Catimor, with an average
genetic similarity of 0.880. The lowest level was found within Typica accessions with an
average genetic similarity of 0.966. The genetic similarities of Bourbon, Catuai, and Mokka
hybrid were 0.933, 0.942, and 0.944, respectively. We also compared the diversity between
arabica and two other Coffea species, C. canephora and C. liberica with average genetic
similarities of 0.540 and 0.413, respectively, indicating that C. canephora is more closely
related to C. arabica. Although arabica varieties appear to have a very narrow genetic base,
our results show that sufficient polymorphism can be found among some arabica varieties
with genetic similarity as low as 0.767. AFLP appears to be applicable to genetic and QTL
mapping in coffee, as it rapidly generates a large number of informative markers. This
information is necessary as a first step in using marker-assisted selection for coffee breeding.






The F1 hybrid # 2C017, which flowered abundantly, was fertilised by CAN pollen, generating
back-crosses. A subset of 74 plants was used as segregating population

DNA extraction

Lyophilised leaves were crushed in a ball mill. About 1 g of the powder obtained was mixed
with 100 mL of slightly modified lysis buffer of Dolezel (1989) in an Erlenmeyer flask The
Erlenmeyer flask was shaked for 2 h. The suspension was centrifuged for 20 min at 3000 g.
The pellets were resuspended with MATAB lysis buffer. The nuclei suspension is incubated
at 65°C for 4 h and then centrifuged at 3000 g for 10 mn. The supernatant is mixed with
chloroform-isoamyl alcohol (24/1 : v/v) and then briefly agitated. The emulsion is centrifuged
for 10 min at 3000 g. This step is repeated. RNA is suppressed from the supernatant by
incubation for 30 mn at 37°C with Rnase solution. DNA is precipitated with isopropyl alcohol
and then centrifuged with at 3000g for 10 min. The pellet is resuspended in TE (Tris-HCI, 1
mM EDTA, pH 8). DNA is reprecipitated with isopropyl alcohol and 3 M sodium acetate into
1.5 ml tube. The mix is centrifuged at 12000 g for 10 min. The pellet is washed in 70%
ethanol and the mix centrifuged at 12000g for 10min. The pellet is dried and re-suspended in
TE. The DNA was quantified in agarose gels by comparison with standard lambda DNA.

AFLP analysis

The protocol for the AFLP was carried out as described by Zabeau and Vos (1993) with
minor modifications. Genomic DNA (250 ng) were digested with the restriction enzymes
EcoRI and Msel for 2 h at 37°C. After ligation with EcoRI and Msel adaptors,
preamplifications were performed with primers carrying one selective nucleotide at the 3’end.
The selective amplification reaction was performed using primers EcoRI and Msel with 3
additional selective nucleotides at the 3’ end of each primer. The EcoRI primers were labeled
by phosphorylating the 5’end with [y > P] ATP for fragment detection. The reaction products
were separated on 6% denaturing polyacrylamide sequencing gels and autoradiographed.

Scoring AFLP markers and map construction

Clearly readable AFLP bands specific to HET were scored as dominant genetic markers from
top to bottom of the sequencing gels. HET specific bands were detected by comparison with
10 trees of CAN. The bands were designated with two triplets of nucleotides followed by a
number. The two triplets correspond respectively to the three selective nucleotides of EcoRI
and Msel primers which generated the band. The number designated the position of the band,
with smaller numbers representing fragments of greater sizes. Markers were recorded as
present or absent.

The software program MAPMAKER/Exp version 3.0b was used to determine linkage groups
and to order loci. Analysis were performed with a LOD score threshold of 5.0 and a
maximum recombination value of 30% for grouping and ordering markers. Markers order was
confirmed with the ripple command. Map distances were calculated using Kosambi’s
mapping function (Kosambi, 1944). The software MapDisto v.1.2 was used to estimate
segregation distortion and draw map. Distorted markers and non-distorted markers were
mapped separately in order to avoid false linkages. Then, linkage groups of the two types
were regrouped at LOD score threshold of 3 and maximum distance of 30 cM.



Self-compatibility evaluation

The day before flowering, two branches (with at least 100 closed flowers) per tree were
bagged. Next day, these branches were shake to allow self-pollination (SP). Two days later,
bags were removed. All new floral buds were removed in order to avoid a second flowering.
For each plant, two branches — the control - were also observed in open pollination (OP).
Fruit-set (fruit number/flower number) was estimated 10 months later for each branch. A tree
is classified self-compatible when fruit-set occured on SP branches or self-incompatible when
there is absence of fruit.

Pollen tube growth

Pollen—pistil interactions were observed in self-pollination by ultraviolet fluorescence
microscopy as described by Martin (1959). About 36 hours after pollination, pistils were fixed
in a FAA solution [formaldehyde at 40%, pure acetic acid and ethanol (at 95%) in a 1:1:8
ratio]. Following first wash in water, the pistils were softened by submerging in a 1 N NaOH
solution for 24 hours. They were thereafter washed again before being stained during 12
hours at least with 1% aniline blue prepared in 0.1 M K,PO,. Pistils were observed by
fluorescence microscopy in ultra-violet lighting at 350-400 nm. Five pistils were observed per
branch. Pollen germination on stigma and penetration level of pollen tubes into style were
observed.

RESULTS
DNA marker generation

A total of 57 primer pairs were tested on HET plant and 10 CAN plants in order to determine
which ones produced maximum of HET specific clearly detectable bands. Twelve primer
pairs were selected which produced an average of 17 polymorphic bands per primer
combination ranging from 11 to 25 (Table 1). Finally 207 markers were scored on the 74
backcrosses progeny. Of this, deviation from the expected ratio (1:1) was significant at
P<0.01 for 66 markers. Among those distorted markers, 14 were skewed towards HET alleles
and the remaining 52 were skewed towards CAN alleles.

Linkage analysis and map construction

Among non-distorted markers 117 markers were assigned to 12 linkages groups while 13
markers were unlinked and 5 pairs of linked markers were detected. Among distorted
markers, 19 markers were unlinked while 4 linkages groups containing at least 4 markers and
4 small-sized linkage groups, containing 3 markers at the most, were identified. The step of
regrouping linkage groups at LOD score 3 led to a final map of 14 linkage groups covering
1353,3 cM. The average distance between adjacent markers was 8.9 cM. Linkage groups were
named based upon their cM length, from the longest to the shortest. Linkage group 1
displayed the longest genetic distance but not the largest number of markers. Linkage group
14 had the shortest genetic distance and the lowest number of matkers. Markers skewed
towards HET alleles were gathered in linkage group 3. About half of markers skewed towards
CAN alleles formed linkage group 1 while the other half were located at the end of 3 linkage
groups. Five clusters were observed.



Table 1. Number of polymorphic bands generated by 12 AFLP primer combinations.
Eco + 3 : 3’ end selective nucleotides complementary to the Eco and Msel
adapters, respectively

Primer combinations Number of
EcoRI + 3 Msel + 3 polymorphic bands
AAC CAA 15
AAC CAG 19
AAC CAT 18
AAC CTA 15
AAG CAA 21
AAG CAC 25
AAG CAG 22
AAG CTG 21
AAG CTT 11
ACA CAA 13
ACC CTT 14
ACT CAA 13

Mapping of self-compatibility gene

In pistils of self-incompatible plants detected, pollen tubes were short with vesicle formation
at the tip. In pistils of self-compatible plants, mainly long pollen tubes run through the length
transmitting tract of style towards ovary. In this latter situation, we could also observe
inhibited pollen tubes in stigma region. Three plants could not be classified for their branches
broke or pollen did not germinate on stigma or pollen tubes were very thin and thus hardly
observable.

In total, within a population of 29 back-crossed plants segregating for self-fertility, 12 were
self-compatible and 17 were self-incompatible (Table 2).

This segregation did not deviate significantly from the 1:1 ratio at p<0.01 in the hypotheses of
a monogenic control of the trait. For mapping, self-compatibility was scored as qualitative
trait. Linkage analysis place the corresponding gene at the end of the linkage group 11.

DISCUSSION

The number of linkage groups is higher than the 11 chromosome pairs of diploid coffee. This
indicates that gaps or breakpoints still remain in this map. It will be necessary to increase the
number of molecular markers and the size of the segregating population to saturate this
linkage map and bridge the gaps.

Third of markers did not follow Mendelian segregation. Segregation distortion of molecular
markers has commonly been reported in mapping population of several annual and perennial
crops. Irregular meiosis had been reported for F1 hybrid (Louarn, 1992) generating
segregating population. One could think that the skewed segregation here observed is due to
gametic, zygotic or/and post-zygotic selection. It could also be explained simply by sampling
error or linked lethal genes.
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Figure 1. Genetic linkage map and S locus. Map was constructed from 74 backcross
hybrids deived from the interspecific cross (CAN xHET) x CAN showing AFLP loci.
Recombination distances are given in ¢cM (Kosambi) on the left side of each linkage
group and markers names are given on the right side. Loci marked *¥, %% #¥k¥ shdkik
deviated significantly from 1:1 ration at p < 0.01, p < 0.001, p < 0.01, p < 0.0001. The
hachured segments correspond to distortion towards CAN or HET alleles. An arrow
indicates the S locus location on LG 11



Table 2. Linkage groups main characteristics

Linkage groups Length (cM) Number of markers Means distances

1 172,6 15 11,5
2 155,1 20 7,7
3 140,3 12 11,7
4 132,8 11 12,1
5 131,7 16 8,2
6 126,5 10 12,6
7 103,4 11 9,4
8 90,0 18 5

9 86,8 9 9,6
10 77,5 12 6,5
11 77,1 6 12,8
12 51,2 8 6,4
13 34,7 6 5,8
14 25,1 4 6,3

Table 3. Self-compatibility segregation and pollen behavior

Fruit-set (%) Pollen tube growth

Self-incompatible plants (17) 0 -
Self-compatible plants (12) ( 6}25) + -

+ compatible pollen - incompatible pollen

Self-compatibility segregated following a 1-1 ratio. These results are consistent with the
assumption of monofactorial control of self-incompatibility (Devreux et al., 1959; Berthaud,
1986; Lashermes et al., 1996). ABF experiments showed that back-crossed self-compatible
plants produced simultaneously self-compatible pollen and self-incompatible pollen. The first
set of pollen have the Sy allele inherited from HET and the second set of pollen have S, alleles
inherited from CAN. S allele originating from C. heterocalyx have no inhibitor effect on self-
pollen (Koyama et al., 1994; Socias i Company et al., 1995), allowing self-fertilisation.
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SUMMARY

DNA markers (AFLP, RAPD, RFLP, SSR) were recently used to assess the genetic diversity
among wild and cultivated C. arabica accessions, and to detect introgressions from
C. canephora and C. liberica into C. arabica genome. The results allowed for the definition
of breeding strategies using the whole genetic diversity that are conserved in field genebanks
and for the control of alien gene transfer to improve arabica cultivars.

Almost all polymorphism was generated by the Ethiopian material. The southwestern
Ethiopian accessions were grouped separately from the southeastern Ethiopian accessions.
The cultivars were classified according to their genetic origin (i.e. Typica or Bourbon). The
Yemen cultivars were grouped with the Typica-derived accessions, confirming the Yemen
origin of the coffee plant cultivated in Amsterdam and Paris at the beginning of the 18"
century and later known as Typica.

Introgressions of C. canephora and C. liberica were identified in derivatives from natural
interspecific hybrids (i.e. Timor Hybrid and S.26). The introgressed genotypes were
distinguished from the C. arabica accessions by additional bands (i.e. introgressed markers)
and missing bands (i.e. markers related to introgression process). The missing bands might be
associated with the stabilization process of introgressed fragments over the generations.

Segregation of the C. canephora genome in the tetraploid interspecific hybrid (C. arabica x
C. canephora) was studied using a complete linkage map of C. canephora. The chromosomes
segregated at random in the tetraploid hybrid, indicating the absence of preferential pairing of
the four sets of chromosomes. Recombination in the tetraploid hybrid was not significantly
restricted by the genetic differentiation of chromosomes belonging to the different genomes.

RESUME

Des marqueurs de I’ADN (AFLP, RAPD, RFLP, SSR) furent récemment utilisés pour évaluer
la diversité génétique présente chez les caféiers (C. arabica) sauvages et cultivés, et pour
détecter les introgressions de C. canephora et C. liberica dans le génome C. arabica. Les
résultats permettent de définir des stratégies d’amélioration qui utilisent ’ensemble de la
diversité génétique conservée dans les collections en champ et de contrdler les transferts de
genes pour améliorer les cultivars C. arabica.

Presque tout le polymorphisme fut généré par le matériel d’Ethiopie. Les accessions du sud
ouest de I’Ethiopie se sont classées séparément des accessions du sud est. Les cultivars se sont



regroupés selon leur origine génétique (Typica ou Bourbon). Les cultivars du Yémen furent
associés avec les accessions dérivées du Typica, ce qui confirme I’origine yéménite du caféier
cultivé a Amsterdam et Paris au début du XVIlle siecle et connu plus tard comme Typica.

Les introgressions de C. canephora et C. liberica furent identifiées dans des descendances
d’hybrides interspécifiques naturels (Hybride de Timor et S26). Les génotypes introgressés se
sont distingués des accessions C. arabica par la présence de bandes additionnelles (marqueurs
introgressés) et I’absence de bandes (marqueurs liés au processus d’introgression). Les bandes
manquantes pourraient étre associées au processus de stabilisation des fragments introgressés
au cours des générations.

Les ségrégations du génome C. canephora furent étudiées chez 1’hybride interspécifique
tétraploide (C. arabica x C. canephora), en utilisant une carte de liaison de C. canephora. Les
chromosomes ségrégent au hasard chez I’hybride tétraploide, ce qui indique 1’absence
d’appariements préférentiels des quatre ensembles de chromosomes. Les recombinaisons chez
I’hybride tétraploide ne sont pas significativement limitées par la différentiation génétique des
chromosomes appartenant aux différents génomes.

INTRODUCTION

Coffea arabica L. is an amphidiploid species (2n=4x=44) (Lashermes et al., 1999) native to
the highlands of South West Ethiopia (Sylvain, 1955), the Boma Plateau of Sudan (Thomas,
1942) and Mount Marsabit of Kenya (Anthony et al., 1987). It is the only polyploid coffee
species and is self-fertile at approximately 90% (Carvalho et al., 1991) while other coffee
species are generally self-incompatible. Arabica coffee has been cultivated in Yemen for at
least five centuries but spread to South East Asia about 1700. In the early 18" century,
progenies of a single plant from Indonesia, cultivated in Amsterdam and Paris, were spread to
Latin America (Chevalier and Dagron, 1928). Other introductions followed in the late 18"
century from Yemen to Brazil, via Bourbon Island (now Réunion) (Haarer, 1956). These base
populations gave rise to many cultivars and were described as two distinct varieties,
respectively C. arabica var. arabica, usually called C. arabica var. typica Cramer, and C.
arabica var. bourbon (B. Rodr.) Choussy, commonly called Typica and Bourbon respectively
(Krug et al., 1939; Carvalho et al., 1969). The cultivars present an homogeneous agronomic
behaviour, characterised by a high susceptibility to many pests and diseases (Bertrand et al.,
1999).

Enlarging the genetic base and improvement of arabica cultivars have become priorities.
Spontaneous accessions collected in the primary centre of diversity as well as wild relative
Coffea species constitute a valuable gene reservoir for breeding purposes (Anthony et al.,
1999). Genes from diploid species can be transfer into C. arabica cultivars exploiting natural
and controlled interspecific hybrids. However, transferring various resistance genes without
reducing coffee quality appears as a very difficult task in an acceptable time-frame through
traditional breeding approaches.

In recent years, DNA-based genetic markers have gained widespread applications in many
fields of plant genetics and breeding. Several results related to C. arabica genetics and based
on molecular markers utilisation have been already reported in ASIC conferences on: genetic
diversity and phylogenetic relationships in Coffea (Cros et al., 1993), the origin of C. arabica
genome (Lashermes et al.,, 1995), the use of molecular markers for assisting selection
(Lashermes et al., 1997a) and the development of microsatellite markers (Mettulio et al.,
1999) which constitute powerful markers for breeding and genetic mapping. The results
presented here concern the genetic diversity available in wild and cultivated C. arabica



accessions, and an analysis of introgressions from C. canephora and C. liberica into C.
arabica genome.

GENETIC DIVERSITY ANALYSIS
Genetic diversity of wild coffee

The genetic diversity was studied using Random Amplified Polymorphic DNA (RAPD)
markers among 119 coffee individuals representing 88 accessions derived from spontaneous
and subspontaneous trees in Ethiopia, 6 cultivars grown locally in Ethiopia and 2 Typica- and
Bourbon-derived accessions (Anthony et al., 2001). The sampling could be considered
representative of the FAO (1968) and ORSTOM (Guillaumet and Hall¢, 1978) material
conserved in the CATIE field genebank. Only 16 of the 150 10-mer oligonucleotides used in
the study (10.7%) detected polymorphism between accessions. This result confirmed the low
polymorphism observed in the species C. arabica at the level of the rDNA (Lashermes et al.,
1997b) and cpDNA (Cros et al., 1998). The Ethiopian accessions tended to form groups
according to their origin (Figure 1). Ethiopian 1 was composed of 78 accessions and 2
Ethiopian cultivars (Anfilo, Dalle). It comprised all accessions from Gojjam, Ilubabor and
Shoa provinces, all accessions except three from Kefa, one from Harerge and two from
Sidamo. Except for 1 accession from Kefa province, all accessions classified in the other
groups (Ethiopian 2, 3, 4) originated from Harerge province in the South East and Sidamo
province in the South. Most of the detected diversity was found in accessions classified as
Ethiopian 1. They presented 28 of the 29 identified markers whereas the accessions classified
in other groups presented only 5 to 16 markers. The Typica- and Bourbon-derived accessions
presented only 3 and 7 markers, respectively. This should increase interest in spontaneous and
subspontaneous coffee for enlarging the genetic base of cultivars.

Ethiopian 1 South West

, Ethiopian 2
— Ethiopian 4
Typica
Cultivated Bourbon
12 8 4 0

Figure 1. Structure of the genetic diversity in spontaneous and subspontaneous coffee
(C. arabica) collected in Ethiopia, using RAPD markers (Anthony et al., 2001)

The distinction between the southwestern and southern Ethiopian coffee trees is not a
consequence of their genetic isolation due to the presence of the tectonic break “the Great Rift
Valley”, which crosses Ethiopia from North East to South West, since the molecular
characterisation of C. arabica genome suggested a recent origin of the species (Lashermes et
al., 1999). The genetic distance estimated by RAPD markers showed that southern and
southeastern coffee trees presented a low differentiation from southwestern coffee trees. This
supports the hypothesis that southern and southeastern coffee trees were not selected from
wild coffee growing locally but introduced from the South West where Lejeune (1958)
situated the first cultivation of coffee. Moreover, no references mention the existence of wild
coffee on the east side of the tectonic break.



Genetic diversity of cultivated coffee

Amplified Fragment Length Polymorphism (AFLP) markers were used to assess
polymorphism among 8 accessions derived from the Typica and Bourbon genetic bases, 2
accessions of cv. Catuai ((Typica x Bourbon) x Bourbon), 4 cultivars growing in the Popular
Democratic Republic of Yemen (Eskes, 1989) and 11 subspontaneous-derived accessions
(Anthony et al., in press). A total of 107 AFLP polymorphic markers were used to construct a
dendrogram using genetic distances between accession pairs (Figure 2). The Typica- and
Bourbon-derived accessions were classified in 2 distinct groups according to their genetic
origin, each group being supported by a high bootstrap value (89%). The 2 accessions of cv.
Catuai were classified closer to the Typica-derived accessions than to the Bourbon-derived
accessions. The subspontaneous accessions were clearly separated from the cultivated
accessions, confirming the classification based on RAPD data. They did not constitute a
structured group, but rather chains, with poor bootstrap values. The subspontaneous accession
from South Ethiopia (E-238), which was classified in the Ethiopian 4 group by RAPD data,
was separated from the southwestern Ethiopian and Sudan accessions. The 4 Yemen cultivars
were associated with the Typica-derived accessions. This result was in accordance with the
historical data about the diffusion of the Typica genetic base from Yemen to Amsterdam, via
Java. The estimation of the genetic distances showed that the cultivars were closer to the
subspontaneous coffee of the west side of the Great Rift Valley than to the east side. If the
coffee of Yemen came from seeds harvested in the Harar region, as affirmed by Wellman
(1961), it was an intermediate step in the introduction to Yemen.
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Figure 2. Dendrogram generated after UPGMA using AFLP-based genetic distance.
Numbers on the branches are bootstrap values (%) obtained from 200 replicate analyses
(Anthony et al., in press)

The number of polymorphic markers varied significantly within the cultivated and wild
accessions. Whereas 94 AFLP markers were polymorphic within wild coffee, only 7 and 14
were respectively polymorphic within the Typica-derived accessions and the Yemen cultivars,
and within the Bourbon-derived accessions. The mode of diffusion of coffee and the selection
that followed have strongly reduced the genetic diversity present in the wild coffee. The
higher polymorphism observed in the Bourbon group indicated that the genetic base of
Bourbon was constituted by the descendants of several individuals and not from one single



individual as for the genetic base of Typica. This result confirmed the historical data given by
Haarer (1956) in which several introductions took place from Yemen to the Reunion Island.

INTROGRESSION ANALYSIS
Introgression from C. canephora

Twenty-one Timor Hybrid-derived accessions were analysed for the introgression of C.
canephora genetic material using AFLP markers (Lashermes et al., 2000). They were
compared to 23 C. arabica accessions and 8 C. canephora accessions. The Timor Hybrid-
derived accessions were distinguished from the C. arabica accessions by 178 markers
consisting of 109 additional bands and 69 missing bands. The additional bands corresponded
to introgressed fragments whereas a part of the missing bands might be associated with the
stabilization process of introgressed fragments over the generations. The number of additional
and missing bands varied respectively from 18 to 59 and from 0 to 32 among the Timor
Hybrid-derived accessions (Figure 3). The introgressed fragments were estimated to represent
from 8% to 27% of the C. canephora genome. Assuming a unique genotype of C. canephora
was involved in the formation of the Timor Hybrid, the overall 109 introgressed fragments
identified in the Timor Hybrid-derived accessions were estimated to represent 51% of the C.
canephora genome. Most of the introgressed chromosome segments were not eliminated or
counter-selected during the process of selfing and selection. These results should justify the
development of adapted breeding strategies.

90 -

80 M

70

60

50

40

30 A

MMOIO,Osrerrerrrar:

20 ~

I I .
[N R

IO OSy

)

AFLP markers associated with introgressio

ZAdditional bands OMissing bands

Figure 3. Number of AFLP polymorphic bands attributable to introgression detected in
Timor Hybrid-derived accessions (Lashermes et al., 2000)

Behaviour of the C. canephora genome and its interaction with the C. arabica genome were
investigated in tetraploid hybrids (C. arabica x C. canephora 4x) called arabusta hybrids
(Herrera et al., in press). Segregation and co-segregation of Restriction Fragment Length
Polymorphism (RFLP) and microsatellite loci-markers were studied in two back-cross (BC1)
populations of 28 and 45 individuals. The presence of specific C. canephora markers were
scored for 11 RFLP and 13 microsatellite loci, distributed on at least 7 of the 11 linkage
groups identified in C. canephora by Lashermes et al. (in press). The segregation of C.
canephora alleles in the BC1 plants conformed to the expected values of a theoretical
binomial distribution assuming a random chromosome segregation (Figure 4). The
recombination rate of C. canephora chromosome segments estimated in the arabusta hybrids



was found to be similar to the recombination rate observed in C. canephora. The
recombination in the tetraploid hybrids appeared therefore not to be affected significantly by
the genetic differentiation between chromosomes belonging to the different genomes. The
arabusta hybrids appeared to be particularly favourable to intergenomic recombinations.
Genes of C. canephora might be more readily introgressed into C. arabica genome than
originally believed.
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Figure 4. Frequencies of C. canephora alleles observed in BC; hybrids (C. arabica x C.
canephora) and expected values for a theoretical binomial distribution assuming a
random segregation at all loci (Herrera et al., in press)

Introgression from C. liberica

The offspring S.288 of a putative spontaneous hybrid (C. arabica x C. liberica), and 17
introgression lines derived from the cross (S.288 x Kent) were evaluated for introgression of
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Figure 5. Numbers of AFLP polymorphic bands attributable to introgression in S.288
parent and introgressed lines (Prakash et al., in press)

C. liberica genetic material, using AFLP markers (Prakash et al., in press). The AFLP profiles
of introgression lines were compared to 5 accessions each of C. arabica and C. liberica. The
introgression lines were distinguished from the C. arabica accessions by 102 markers
consisting of 65 additional bands and 37 missing bands. Large variation was observed in the
number of additional bands (10 to 56) and missing bands (7 to 35) among the introgression
lines (Figure 5). The differences in the level of introgression between introgressed parents, F2



and F4 progenies was not pronounced. The alien genetic material appeared to be fixed and not
eliminated or counter-selected over generations. The limited number of introgressed markers
in general indicated that the introgression was restricted to few chromosome segments.
Considering the 36 AFLP primer combinations common to this study and to the analysis of C.
canephora introgression (Lashermes et al., 2000), the number of polymorphic bands
attributed to introgression was found less in the C. liberica introgressed lines than in the
Timor Hybrid-derived lines.

CONCLUSION

Molecular markers appeared particularly relevant to fingerprint coffee accessions, to reveal
the structure of genetic diversity present in wild and cultivated accessions, and to detect
chromosome segments introgressed from diploid relative species. They were also used
successfully for characterising mechanisms of introgression in interspecific hybrids between
C. arabica and diploid relative species. The results allow for the definition of breeding
strategies using the whole genetic diversity that are conserved in field genebanks. Wild
genitors can be chosen based on the diversity structure revealed by molecular markers and on
field characterisation data.

Efforts should now be concentrated on the identification and localisation of resistance genes
available in the genetic resources for C. arabica breeding. The development of a genetic map
would constitute a powerful tool for a molecular control of alien gene transfer. The
development of a method of selection assisted by molecular markers would increase the
efficiency of coffee breeding programs by 1) allowing for selection at early stage and on a
large number of breeding lines, 2) reducing the number of backcross cycles required to restore
the quality of the Typica and Bourbon cultivars, and 3) selecting in one-step for various traits
or resistance genes.
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En ce qui concerne le caféier, la finalité pratique de 'utilisation de ce gene est la lutte contre
les tres nuisibles 1épidopteéres mineurs des feuilles qui attaquent surtout C. arabica.

Apreés importante étape de laboratoire concernant C. canephora, le CIRAD a décidé de
poursuivre par une étape de terrain comportant la plantation d’un essai, le premier essai au
champ de caféiers transgéniques (Leroy et al., 1999). Le but est d’évaluer au cours du temps
I’expression des geénes introduits et d’observer les perturbations causées par la transformation
sur le comportement agronomique de la plante. Grace a cet essai, on pourra également étudier
certains effets potentiels des caféiers génétiquement modifiés pour I’environnement et la santé
humaine: déplacement du pollen des caféiers transformés, effets sur les abeilles et autres
insectes, concentration en protéines insecticides dans les plantes. Le choix du lieu de I’essai
s’est port¢ sur la Guyane frangaise. Les réglementations concernant les essais de plantes
transformées en vigueur sur le territoire frangais obligent a prendre des mesures de précaution
rigoureuses. Des observations préliminaires ont confirmé la présence de la mineuse sud
américaine des feuilles du caféier Perileucoptera coffeella Guérin-Méneville sur de vieilles
plantations et collections de C. canephora. Cet insecte pouvait donc étre utilisé pour étudier la
résistance de C. canephora aux chenilles de Lépidoptéres conférée par le géne crylAc
introduit.

Cette présentation expose les premiers résultats sur la résistance au champ contre P. coffeella
exprimée par les plantes de C. canephora transformées.

MATERIELS ET METHODES

L’essai de caféiers génétiquement modifiés a ét¢ implanté apres autorisation par la
Commission du Génie Biomoléculaire frangaise (CGB) pour une durée de 5 ans. La parcelle a
été plantée dans les conditions suivantes :

ol ¢loignement de toute culture de caféiers,

o absence de plante du genre Coffea de la flore spontanée d’ Amérique du sud,

o{ cordon forestier trés large entourant la parcelle, plantation d’arbres a croissance rapide
autour de la parcelle (Acacia sp. ),

of plantation des caféiers sous un léger ombrage d’hévéas préexistant pour limiter la
dissémination du pollen,

o ¢loignement par rapport a toute ruche.

Toute la récolte devra étre détruite par incinération apreés mesures et analyses. Apres la fin de
I’essai, tous les caféiers devront étre coupés et briilés, et le sol laissé en jachére durant un an
puis labouré. L’exécution du cahier des charges est sous le controle du service départementale
de la Protection des Végétaux. Matériel végétal On parle de «clone transformé» pour désigner
les plantes issues d’un éveénement de transformation indépendant obtenu. Dans le cadre de
I’essai, un seul génotype a été transformé: le génotype C. canephora 126, qui est un génotype
hybride congolais X guinéen.

Cinquante clones de C. canephora 126 transformés par la bactérie C3/LBA ont été plantés. La
construction génétique C3 comporte un gene B.t. crylAc synthétique (pour la synthése de la
protéine CrylAc active contre les Lépidopteres), le geéne csrl-1 (gene de résistance a
I’herbicide chlorsulfuron pour le tri des plants transformés), le géne uidA (géne GUS
marqueur de la transformation). La construction génétique a été introduite par le plasmide
pBinl9 de la souche désarmée LBA 4404 d’Agrobacterium tumefaciens. Par analyse
moléculaire de type Southem blotting, on connait sur 37 clones le nombre de copies de la
construction insérées dans le génome (Leroy et al., 2000).



Huit clones transformés ont été obtenus a 1’aide d’une souche A4 d’A.rhizogenes ont aussi été
plantés. Quatre présentent I’anomalie «hairy root», due a la transformation avec cette souche
sauvage d’Agrobacterium qui confére a la plante transformée ce faciés particulier, avec
comme conséquences un phénotype modifié et une croissance perturbée. Il y a 3 clones
transformés par la bactérie C3/A4, comportant la construction génétique C3. Il y a 2 clones
transformés par la bactérie C2/A4 dont la construction génétique C2 contient un gene B.t.
crylAc naturel (dit “natif”) et le géne csr1-1. Il y a 3 clones transformés par la bactérie B2/A4
dont la construction génétique B2 contient le géne B.t. crylAc naturel et un geéne de résistance
a un autre herbicide.

Dispositif expérimental

L’essai a été planté¢ en mai 2000. Quatre lignes élémentaires de cinq plants ont été plantées
pour chaque clone transformé (soit 20 plants par clone), sauf pour les quatre clones «hairy
root» pour lesquels il y a moins de plants. Seize lignes élémentaires du génotype 126 non
transformé ont été installées comme témoins (soit 80 plants). Les emplacements des lignes
¢lémentaires ont été tirés au sort. Entre deux lignes élémentaires sur les lignes de plantation se
trouve un plant de C. canephora tout venant pour assurer la pollinisation, car les génotypes de
C. canephora sont auto-stériles. Au total, I’essai comporte 1955 caféiers répartis sur 1,79
hectares (140 m X 128 m): 1115 caféiers pour les 58 clones transformés du génotype 126, 80
témoins du génotype 126, 760 C. canephora pollinisateurs.

Photo 1. Vue d’ensemble de P’essai
Notations agronomiques

La mortalité en pépiniere et au champ, le diameétre au collet et le nombre de rameaux ont été
notés pied par pied. L’aspect général des plants a été évalué sur des arbres 4gés de neuf mois.

Elevage et lachers de Perileucoptera coffeella

Perileucoptera coffeella est un tres petit Lépidoptere Lyonetiidae, la longueur maximale d’un
papillon est 2,5 mm. Il s’¢léve mieux sur C. arabica que sur C. canephora. Sur plants de
C. arabica (lignées Guinée Pita et Catuai), on a observé a Kourou pendant les mois les plus
chauds et secs (septembre-novembre) un taux de multiplication supérieur a 4 d’une génération
a ’autre dans des cages de 60 cm X 60 cm X 80 cm placées sous abris extérieurs.

Pendant les mois pluvieux, le taux de multiplication est proche de 2. La durée d’une
génération est d’environ 20 jours en période séche et de 30 jours en période pluvieuse. Des
cocons sont placés dans la cage avec des plants de C. arabica de 30-60 cm de haut. Apres la



ponte des papillons on sort les plants. Le développement larvaire a I’intérieur des feuilles a
lieu. Avant la fin du développement, une poche de polyéthyléne transparent est mise autour
des plants pour que les chenilles qui sortent puissent s’y laisser tomber et tisser leur cocon de
nymphose. Le cocon adhére bien sur ce support. Des carrés de plastique sont ensuite découpés
autour des cocons, afin de pouvoir introduire de nouveau des cocons en cage ou bien pour les
introduire sur la parcelle.

Photo 2. Vue de 2 lignes de caféiers en expérimentation

Dans la parcelle, les cocons sont répartis uniformément, placés sous de petits abris ou bien
sous les feuilles du Pueraria phaseolides (liane de couverture) poussant dans les andains. Ils y
sont bien protégés du soleil, de la pluie, et des fourmis, avant I’émergence des papillons.

Notation des développements larvaires

Les oeufs sont pondus a la face supérieure des feuilles. Les chenilles pénétrent dans
I’épaisseur de la feuille et se développent dans le parenchyme pendant 10 a 20 jours selon la
température, causant la formation de galeries et de plaques appelées “mines”. Au fur et a
mesure des lachers de cocons et des pontes, les mines apparaissent sur le feuillage des plants
sensibles aux chenilles. On procéde a une notation des développements de mines quand il y en
a un nombre significatif sur les plants témoins. On ne peut pas savoir si le développement
larvaire a été complet dans une mine. La variabilité d’attaque entre lignes élémentaires peut
étre forte.

RESULTATS
Données agronomiques

Neuf clones sur 50 plantés obtenus avec 4. tumefaciens sont peu vigoureux a 6 mois; ils ont
présenté une mortalité significative en pépiniere. Pour le moment, on ne constate pas de
phénotypes ayant un aspect différant de maniére évidente du génotype 126 témoin non
transformé. Les caféiers issus de transformation avec A. rhizogenes présentent des
développements trés différents, selon qu’ils présentent ou non I’anomalie phénotypique
«Hairy root»: les trois clones transformés avec cette bactérie qui ne présentent pas cette



anomalie phénotypique ont un développement similaire a celui des plantes transformés avec
A. tumefaciens, alors que les autres se développent tres peu.

Lachers de P. coffeella

12.000 cocons ont été introduits d’octobre 2000 a janvier 2001, tout au long d’une période
ensoleillée, chaude, peu pluvieuse. Aprés chaque introduction des développements de mines
de premicre génération ont été constatés. Les papillons semblent mieux se disperser dans la
direction des vents dominants. En mars 2001, une recherche de mines jeunes a été effectuée
pour évaluer 1’éventuelle installation d’une population résidente de mineuses dans la parcelle.
Aucune mine jeune n’a été trouvée, la population d’insectes de deuxiéme génération est donc
encore trés peu importante malgré un apport initial de 12 000 cocons. Le faible ombrage de
cette jeune parcelle située sur la cdte guyanaise (2500 heures de soleil par an) semble
prépondérant pour expliquer le phénomene.

Résistance des clones transformés aux chenilles de P. leucoptera
Les résultats sont présentés dans le Tableau 1.

Tableau 1. Résistance aux chenilles de mineuse des clones transformés

Témoin Catégorie
126 C3/LBA C2/A4 B2/A4 C3/A4
Sensibles  Résistants  Sensible Sensibles Résistants
S
7 clones/47 40 clones/47 1 clone/l 2 clones/2 1 clone/l
Mines/ligne
¢élémentaire 9,5 3,5-6,5 0-0,5 9 9,5 0
(moy.)

Trois clones C3/LLBA ne peuvent étre classés car seul un plant du clone présente des mines en
abondance.

Il s’avere que 40 clones C3/LBA sur 47 classés paraissent résistants, avec moins de 0.5 mine
observée par ligne de 5 plantes. 7 clones C3/LBA sur 47 sont non différentiables du témoin. Il
s’agit donc de clones sensibles, qui présentent en moyenne 5 mines observées par ligne.

Un seul des 4 clones complets transformés avec A. rhizogenes apparait résistant, les autres
sont aussi sensibles que le témoin, avec 9 mines observées en moyenne sur chaque ligne. Ces
clones contiennent les constructions génétiques C2 et B2 au lieu de C3. Cette mauvaise
performance est due soit a la bactérie transformante soit aux constructions.

DISCUSSION

Le but principal des observations entomologiques sur 1’essai est la compréhension de
I’accumulation de la protéine CrylAc par les clones transformés et par conséquent la preuve
et la compréhension de I’expression du geéne insecticide.

Clones sensibles

Le fait de ne pas pouvoir différencier les clones sensibles des témoins peut-étre li¢ au faible
nombre de mines. On ne sait pas non plus si le développement larvaire est complet et la



nymphose normale. Certains de ces clones présentent peut-&tre une sensibilité inférieure au
témoin, avec une concentration significative en CrylAc. Une sensibilité intermédiaire peut
étre suffisante pour lutter contre un ravageur (en favorisant cependant I’apparition de
résistances a la protéine chez celui-ci). L’obtention d'une densité de mines plus élevée, des
mesures de mines et des dosages de protéine CrylAc seront donc indispensables.

Photo 4. Clone résistant

Clones résistants

Ceux-ci ne permettent pas le développement larvaire de P. coffeella. Pour I’interprétation, il
est important de prendre en compte le phénoméne de mauvaise adaptation des chenilles a
I’alimentation offerte par les feuilles de C. canephora non transformés. La mortalité larvaire
est supérieure a ce qu’elle est sur C. arabica, les cocons et les adultes provenant des chenilles
y sont plus petits. Il est par conséquent possible que des concentrations faibles en protéine
cryl Ac soient suffisantes pour expliquer les résistances constatées. Des dosages de protéine
B.t. permettront une interprétation plus précise.

PERSPECTIVES A COURT TERME

Avec plus de répétitions de lachers de P. coffeella suivis de comptages et de mesures de
mines, les résultats sur les résistances des plantes au développement des chenilles devraient
étre plus précis et permettre de différencier plus de catégories. Ils permettront aussi de suivre
I’évolution de la résistance aux chenilles au cours de la croissance des plants. Une population



résidente de I’insecte, si elle s'installait sur les caféiers pollinisateurs, faciliterait le bon
déroulement de I’essai.

D’autre part la mise en ceuvre d’'une méthode de dosage de la protéine cryl Ac augmentera
aussi la précision des résultats. Une connaissance de la corrélation entre niveaux d’attaque et
concentration en protéine insecticide pourra alors permettre de conclure sur I’accumulation de
la protéine dans les clones. Ces connaissances faciliteront le troisieme volet de la présente
¢tude, c'est-a-dire 1’évaluation des risques potentiels des protéines de B.t. sur
I’environnement.

CONCLUSION

Les clones transformés de C. canephora 126 ne présentent pas de nettes modifications
d’aspect un an apres leur plantation. Ils sont, a cet age, résistants aux chenilles de la mineuse
sud-américaine des feuilles dans leur large majorité. Il conviendra de suivre 1’évolution de
cette résistance au cours du temps et de doser la protéine insecticide présente dans les plantes.
L’essai servira aussi a évaluer les effets des transformations sur le phénotype, 1’impact sur les
abeilles, le déplacement du pollen. Les prochaines expériences porteront sur I’introduction de
nouvelles constructions génétiques dans C. canephora et C. arabica. Dans un premier type de
constructions, deux genes de B.t. seront combinés pour conférer une résistance aux mineuses
des feuilles; d’autres constructions génétiques seront réalisées avec des génes B.t. conférant la
résistance a un coléoptere ravageur, le scolyte des baies.
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embryogenic callus, without amplification in liquid medium. Germinated embryos were
acclimatised directly.

Coffea arabica

Many F1 hybrid progenies have been created between commercial varieties, Ethiopians
accessions, and Catimor lines. Twenty high yielding individual trees were selected for yield,
vigour, and cup quality. They were multiplied using somatic Embryogenesis in order to
validate the technique, and to establish multilocational clone trials.

\

Photo a.

Photo b.



After culturing leaf explants using the method developed by CIRAD (Berthouly and
Michaux-Ferriére, 1996) high frequency embryogenic callus was produced on solid medium.
This callus was then

of either amplified in liquid medium by cell suspensions in erlens for 5 months. Somatic
embryos were regenerated every 3 months in 600 bioreactors. The effect of the culture
duration on the frequencies and types of variants could thus be studied;

o or regenerated directly without amplification, so as to limit the apparition of variants.
Pre-germinated embryos obtained by this method were dispatched directly to 5 Central
American countries for direct sowing, acclimatisation and hardening.

In both cases regeneration and germination (Photos a, b) took place in temporary immersion
devices (RITA). The germinated embryos were transferred into simple trays for
acclimatisation (Photo c) until plantlets develop. The latter were transplanted into normal
nurseries for six-month hardening (Photo e).

Photo c.
Tanzania / CIRAD

Based on the selection within selected progenies of twelve hybrid trees (Table 1), leaf
explants were cultured from the beginning of 1999 on Lyamungu Research Station
(Tanzania), and transferred to Cirad (France) for multiplication. They belong to various, more
or less complex, crosses between commercial lines susceptible to Leaf Rust and to CBD, and
progenitors like Rume Sudan and Hybrid of Timor, that are resistant to either or both diseases
(Kilmambo et al., 2000; Nyange et al., 2000). The transfer of fresh leaves from Tanzania to
Montpellier for culturing was not successful.

After 6 months on solid medium high frequency embryogenic callus (Berthouly and Michaux-
Ferriere, 1996) was amplified in liquid medium using temporary immersion (Berthouly et al.,



1995). Regeneration medium (Van Boxtel and Berthouly, 1996) was used for 2 to 3 cycles of
6 weeks. Unlike at CATIE regeneration did not use cell suspension (Van Boxtel and
Berthouly, 1996).

Then the embryos were dispatched into more RITAs in order to get a density suitable for good
development and germination (Photos a, b). Embryos at the right stage were then stored in
sterile plastic containers at 20°C before being sent to Tanzania for acclimatisation (Photo c¢),
and after six weeks transferred in nurseries (Photo d).

Photo d.
They were dispatched in 4 batches:

ot March 2000: 43,000 germinated embryos

of July 2000: 39,000 germinated embryos

oi October 2000: 8,000 germinated embryos
of February 2001: 22,000 germinated embryos

These various batches will allow to study the effect of the duration of the culture on
somaclonal variation.

RESULTS

Central America

C. canephora

Over 20,000 plants of the parent clones of the hybrid variety have been produced. No variants

have been detected up to now. The plants are being established in seed gardens in various
countries in Central America.



C. arabica

Somaclonal variation was assessed on these plants issued from cell suspensions in a trial field
(Photo f). Indeed it is well known that the culture duration influences the apparition, type

(Photo g) and proportions of variants.

The types of variants observed in this material are described in Table 2 show some of the

variants.
Table 1. Mother trees used for multiplication, Tanzania
Yield Availability | Stem
Clone |kg gb/ha of leaves Diameter | Parentage
@ 2 (mm)
1 1630 ++ 108 (N39 x Hdt) x RS
2 2170 + 125 (N39 x Hdt) x RS
3 1988 ++ 115 Kaffa x (‘N39 x Geisha) x Hdt)
4 2464 +++ 117 (N39 x kaffa) x (RS x Hdt)
5 1963 +++ 110 (N39 x kaffa) x (RS x Hdt)
6 1979 ++ 107 ((N39 x OP729)xHdt) x (H66 x Hdt)
7 1973 +++ 118 ((N39 x OP729)xHdt) x (H66 x Hdt)
8 2020 +++ 129 (N39 x Hdt) x (N39x(N39 x Geisha) x Hdt)
9 2078 ++ 99 N39 x Hdt
10 2020 + N/A H66 x Hdt
11 2468 + 126 N39 xRS
12 2020 ++ N/A KP423 x Hdt

(1)Average yield (5 years) of the mother tree
(2)Presence of leaves at the right stage for culturing explants

Photo e.




Table 2. Description of variant types observed

Variants types | Phenotypes Specific weight of | Stomates No. of
leaves density chloroplasts/
g‘s xm™ No x m™® Guard Cell
Thick leaves 9,5-10,3 176-199 16,4-20,3
Thick Leaves |Large fruits (6,4-9,7) (164,3-191,6) |(15,3-15,8)
Star flowers
Dwarf 5,8-8,6 171-277 13,23-14,93
Dwarf Small leaves (8,7-9,7) (172-192) (15,8-16,97)
Small fruit
Low viguor
Dwarf 6,4 278 13,8
Dwarf with Small leaves (6,4-9,7) (164-191,6) (15,3-15,8)
peaberries Small fruit
Low vigour
>50% peaberries

However the results in Table 3 indicate that, although it may depend on the genotype, the
percentage of variants as a whole is low.

Also, 100,000 plants have been produced using another process. High frequency callus was
produced on solid medium (3) but regenerated directly by temporary immersion without the
preliminary amplification phase, in order to minimise the apparition of variants. These plants
will be established this year in multilocational trials for final selection. The effect of this
process on the rate of variants will be assessed.

Tanzania

At Lyamungu the embryos were transferred to plastic trays for acclimatisation. Various
substrates were tested at Lyamungu for acclimatisation; the best results were obtained using a
2:1 mixture of forest soil/rice husks. After six weeks normally plants with 2 to 3 pairs of
leaves were transferred to the nursery. Some delays were experienced during the cold season,
and fungus attacks were responsible for some mortality.

We expect these plants to be established in 2001 as a large-scale multilocational trial in
Arusha and Kilimanjaro regions. This will allow us to assess their conformity thus the
somaclonal variation but also their adaptation to various agro-ecological conditions and to
confirm their resistance to CBD and to Leaf Rust.

Table 3. Types of variants and their frequency within plants derived from four
C. arabica hybrid genotypes

Genotype |Number of |Thickleaf |Dwarf Dwarf/ Total frequency
(Clone) plants Pea berries

1 199 1 2 0 0,5

2 136 0 1 0 0,7

3 161 8 1 1 6,2

4 148 0 0 0 0

Total 644 9 4 1 2,1




Photo f.

CONCLUSION AND PERSPECTIVES

One should notice that this technique, elaborated thanks to partnership between Cirad, Central
America and Tanzania, might be applied to both cultivated coffee species, C. arabica and C.
canephora, and to various genotypes. The results of the two pilot projects presented here
confirm the feasibility and the industrial potential of this process. Indeed 100,000 germinated
embryos could be produced in quite different conditions, Central America versus East
Africa/France.

Software was developed in order to calculate production costs. It will allow the identification
and optimisation of the bottleneck phases of the process.

Assessment of somaclonal variation goes on in Central America and should start soon in
Tanzania before and after the plants are established in the field.

The next steps towards the complete validation of the technique for its use at industrial stage
are:

oi perfect control of somaclonal variation (less than 5%);
o/ development of routine industrial production;
ol commercial valorisation of the hybrids in the middle term.



Photo g.
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