
Theor Appl Genet (2003) 107:1148–1155
DOI 10.1007/s00122-003-1355-4

I. Coulibaly · B. Revol · M. Noirot · V. Poncet ·
M. Lorieux · C. Carasco-Lacombe · J. Minier ·
M. Dufour · P. Hamon

AFLP and SSR polymorphism in a Coffea interspecific backcross
progeny [(C. heterocalyx � C. canephora) � C. canephora]

Received: 10 March 2003 / Accepted: 25 March 2003 / Published online: 23 July 2003
� Springer-Verlag 2003

Abstract An interspecific cross (BC 1) involving a
species with one of the largest genomes in the Coffea
genus [Coffea heterocalyx (HET), qDNA = 1.74 pg] and a
species with a medium-sized genome [Coffea canephora
(CAN), qDNA = 1.43 pg] was studied using two types of
molecular markers, AFLP and SSR. One hundred and
eighty eight AFLP bands and 34 SSR primer pairs were
suitable for mapping. The total map length was 1,360 cM
with 190 loci distributed in 15 linkage groups. The results
were compared to those obtained previously on an
interspecific BC 1 progeny involving a species with a
medium-sized genome (Coffea liberica var dewevrei,
DEW) and a species with one of the smallest genomes
(Coffea pseudozanguebariae, PSE). They are discussed
relative to three main points: (1) the relevance of the
different marker types, (2) the genomic distribution of
AFLP and SSR markers, and (3) the relation between
AFLP polymorphism and genome size.

Keywords Coffea · AFLP · SSR · Genomic distribution

Introduction

The Coffea sub-genus includes about 80 taxa originating
from the intertropical forests of Africa, Malagasy and
Comoro islands. All but one (Coffea arabica) are diploid

and share the same basic chromosome number (x = 11).
However, within diploid species, the 2C nuclear DNA
content (qDNA) ranges from about 1 pg in Coffea
racemosa Lour., an East African species, to 1.8 pg in
Coffea humilis Chev., a West African species (Cros et al.
1995; Noirot et al., in press).

Interspecific crosses between a large range of African
species were performed by Louarn (1992). Studies on F1
hybrid fertility yielded two major conclusions: (1) hybrid
fertility is higher for crosses involving species from the
same geographical group (East African or West and
Central African) than between the two groups; (2) the F1
hybrid fertility increases as the qDNA difference de-
creases.

These results gave rise to some questions on the
speciation mode, the direction of DNA changes (DNA
gain/loss) and the genomic distribution of the qDNA
difference. Considering only this last point, Barre et al.
(1998) focused on a cross involving a species with one of
the smallest genomes [Coffea pseudozanguebariae (PSE),
1.13 pg per 2C genome] and another with a medium-sized
one [Coffea liberica var dewevrei (DEW), 1.43 pg]. The
genome size-difference between PSE and DEW concerns
all chromosomes, as shown by in situ hybridization
(GISH) of the F1 hybrids, and observed in Allium sp. by
Narayan (1988). Staining differences indicated the pres-
ence of species-specific repeated sequences. Their loca-
tion in centromeric and sub-telomeric regions were
suggested by stronger stain intensity. In backcross-1
hybrids (BC 1), the genome size of the BC 1 hybrid
increased as the chromosome number from DEW in-
creased.

Based on this same progeny, Ky et al. (2000) published
the first Coffea interspecific linkage map. Because of the
strategy applied, this has become a reference map for any
potential crosses involving parents from the two species
considered. Indeed, it was based on species-specific
AFLPs corresponding to bands present in all PSE
genotypes (representative of the species) and absent in
all DEW genotypes. Moreover, although these markers
were PSE species-specific, they were either clustered or
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not, and distributed throughout the genome. Amplified
fragment length polymorphism (AFLPs) were generated
with a non-methylation-sensitive restriction enzyme
(EcoRI). Consequently, both coding and non-coding
regions should be equally accessible, and thus species-
specific regions could most-likely be tagged with these
AFLPs. These results raised the question as to whether the
species-specific regions could be associated with DNA
gain/loss, i.e. with the qDNA that distinguishes these
species. In this work, we mainly applied the strategy
developed by Ky et al. (2000) to study an interspecific
cross involving one of the largest genomes [Coffea
heterocalyx (HET), qDNA = 1.74 pg] and a medium-
sized genome [Coffea canephora (CAN), qDNA =
1.43 pg]. C. heterocalyx is a wild species supposedly
originating from Cameroon (Stoffelen et al. 1996). This
self-fertile species is only represented by a single
currently available genotype, and was previously used
to study potential self-fertility introgression (Coulibaly et
al. 2002). C. canephora, the diploid species that is
cultivated worldwide, originated from West and Central
Africa. Two types of molecular markers, AFLP and
simple sequence repeats (SSRs), were used to analyse the
segregating progeny. The bands were characterised
according to the polymorphism observed at two levels,
i.e. within-species, when possible, and between-species.
The results are discussed together with previous results
obtained with Coffea species with different genome sizes.

Materials and methods

Plant material

The mapping population involved backcross progeny derived from
an interspecific cross [C. canephora (CAN) � C. heterocalyx
(HET)] � C. canephora (CAN).

Plant material was maintained at the IRD station at Man (C�te
d’Ivoire). C. canephora (CAN, genotype IF182) was hand-
pollinated by the only known genotype of C. heterocalyx (HET)
in 1976. Among the 17 F1 hybrids produced, only one (2CO17) –
the most fertile – was pollinated with a mixture of pollen from a
dozen C. canephora genotypes. The initial BC1 mapping popula-
tion consisted of 84 plants. Before analysing the segregating
population, polymorphism was tested in 12 CAN genotypes, the
sole HET and the F1 hybrid.

Fresh coffee leaves were collected, packed in wet newspaper
and then sent to Montpellier (France) in an isotherm box. Until
lyophilization, they were stored at –80 �C. After 3-days lyophil-
ization, they were stored at 4 �C and 20% relative humidity.

AFLP markers

Genomic DNA was isolated using the Ky et al. (2000) procedure.
The AFLP protocol of Zabeau and Vos (1993) and Vos et al.
(1995), and adapted for Coffea by Ky et al. (2000), was carried out.
AFLP markers were named with the three extra selective nucle-
otides of the EcoRI and MseI primers, respectively, followed by a
number giving the fragment position on the gel. The numbers are
given in order of decreasing molecular weight.

SSR markers

One hundred and thirteen Coffea microsatellite sequences produced
from C. arabica by Rovelli et al. (2000) were retrieved from the
Genbank/EMBL databases and 47 sequences from C. canephora
were kindly provided by CIRAD (Dufour et al. 2001).

Amplification reactions

PCR amplifications were carried out in a Biometra thermocycler.
Each 10-ml reaction contained 25 ng of genomic DNA, 1� reaction
buffer (Promega), 2.5 mM of MgCl2, 200 mM of each dNTP,
0.1 mM of each primer and 0.05 U/ml of Taq polymerase (Promega).
Most of the amplifications were performed using a “touchdown”
PCR profile consisting of an initial 2-min denaturation at 94 �C
followed by five denaturation cycles at 94 �C for 45 s, 1 min
primer-annealing at 60 �C (or 55 �C) with the temperature
decreasing by one degree at each cycle, and 1 min 30 s elongation
at 72 �C. Then, 30 cycles of 45 s at 90 �C, 1 min at 55 �C (or 50 �C)
and 1 min 30 s at 72 �C were performed and followed by a final 8-
min elongation at 72 �C. In a few cases, amplification was
performed with 35 denaturation cycles at 94 �C for 1 min, 1 min
primer-annealing at 58 �C and 1 min elongation at 72 �C.

Pre-screening

Pre-screening was carried out after migration of PCR products on a
1.2% agarose gel, TBE 1� and visualisation by staining with
ethidium bromide. Primers giving good amplifications were
selected. New PCRs including labelled M13 [0.06 mM IRD700-
or IRD800-labeled M13 Primer (MWG-Biotech AG)], were carried
out for analyses on an IR2 Automated DNA Sequencer (LI-COR,
Lincoln, Neb, USA).

Detection of microsatellite polymorphism

PCR products were separated on a gel containing a 6.5%
polyacrylamide mix from Sciencetech at 55 W constant power
and the images were directly visualised on the IR2 Automated DNA
Sequencer. The bands were scored visually. The primers and
annealing temperatures used for the progeny analysis are reported
in Table 1.

Data analyses

We considered markers only present both in the HET genotype and
the F1 hybrid, but absent in all CAN genotypes. In these conditions,
we mapped only specific HET bands. This strategy was applied
whatever the marker used. Consequently, both SSRs and AFLPs
were considered here as dominant markers. HET bands were scored
1 for presence and 0 for absence independently by two persons in
order to minimize reading errors. Marker segregation was checked
by the c2 test for goodness of fit with the expected 1:1 ratio at the
0.01 significant level.

The linkage analysis was carried out using MAPMAKER/EXP
3.0 (Lander et al. 1987) and Mapdisto (available via http://
www.mpl.ird.fr/mapdisto/). Given the small chromosome size, it
was assumed that the Kosambi (1944) mapping function would be
more suitable. The map construction strategy was described by Ky
et al. (2000). In a first step, normal and distorted markers were
separately treated to form linkage groups using a LOD score of 5
and a theta value of 0.3. In a second step, the merging of linkage
groups belonging to these two sets was tested at a LOD score of 3.
We considered a linkage group to be a group of at least four linked
markers.
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Results

Marker selection

In this study, as only one HET genotype was compared to
ten CAN genotypes, whatever the molecular marker,
specific HET bands represented both species-specific and
genotype-specific HET bands. In the latter case, this
meant that bands present in the HET genotype might not
be present in all other potential HET genotypes.

In the AFLP assay, 57 primer combinations were
tested. Irrespective of the species, i.e. HET or CAN, the
total number of bands produced was not significantly
dependent on the AT content of the 3+/3+ selective
nucleotides (F = 1.77, p = 0.19).

The total number of AFLP bands per individual
observed for CAN was higher than for HET (980 vs 780).

Depending on the AFLP primer pairs, between two and
25 specific HET bands could be scored (mean 13). Out of
these, 12 couples gave a total of 188/780 (24.1%) HET
bands suitable for the mapping (Table 2).

Each couple revealed a high level of within-CAN
species polymorphism (51.8–72.2%). In the SSR assay,
out of 160 couples tested, 133 and 125 were amplified on
agarose gels with CAN and HET, respectively. Using
acrylamide gels for the PCR product migration, 70 SSR
couples revealed polymorphism within CAN species and/
or between HET and CAN species. Out of these, 45
couples were suitable for detecting specific-HET alleles.

Only 34 couples were easily readable on the BC1
progeny. In two cases, the locus was duplicated both in
HET and CAN (M328 and M389, Table 1) and two bands
were scored. For all loci but three (M306, M389a and
M389b), only one band was detected for HET (heterozy-
gosity rate of 3/36 = 8.3%), while no locus appeared to be
homozygous for all CAN genotypes.

At this stage, ten non-legitimate offspring were
identified, thus reducing the mapping progeny to 74
plants.

Genetic linkage map

Sixteen percent of the 225 bands (15.9% of the AFLPs
and 16.6% of the SSRs) displayed distorted segregation at
a = 0.01, and 75% of these distortions were in favour of
CAN bands. A unimodal distribution of segregation rates
was obtained regardless of the type of marker.

Linkage analysis was carried out with 188 AFLPs, 36
SSRs and one qualitative trait (presence/absence of self-
compatibility as recorded by Coulibaly et al. (2002).

One hundred and ninety markers (84.4%) were
mapped on 15 linkage groups, each containing at least
four markers. The total map length was 1,360 cM and the
mean distance between markers was 7.2 cM (Fig. 1).
Skewed loci were mainly distributed in two linkage
groups (LG B and LG G). In both cases, the distortion was
in favour of CAN alleles.

The distribution within linkage groups appeared to be
uniform, except for three linkage groups (LG A, LG B
and LG I) which showed clusters.

Discussion

Relevance of the different marker types

Although the number of species-specific bands in Coffea
species was 20 to 35% lower than the number of
polymorphic bands in intraspecific crosses (11.3% in
barley, Becker et al. 1995; 14.8% in sorghum Boivin et al.
1999), these results indicated that AFLPs are very
interesting markers for interspecific maps when parental
data are not available. Such progenies are probably not
that rare in perennial long-cycle plants used in mapping
programmes.

SSR markers permitted the identification of ten
illegitimate progeny. Despite a few cases where the
illegitimate AFLP pattern was completely different from
the legitimate pattern, SSRs appeared to be more efficient
than AFLPs in error identification.

Table 2 AFLP primer combinations analysed in the BC1 [(CAN � HET) � CAN] progeny. The type and number of amplified bands
produced per species are noted. X/Y: species comparison – X relative to Y

Primers Total
CAN
bands

Total mono-
morphic CAN
bands

Species-specific
CAN/HET bands

Intra-CAN
polymorphic
bands (%)

Total
HET
bands

Specific
HET/CAN
bands

E-AAC/M-CAA 108 38 17 70 (64.8%) 65 14
E-AAC/M-CAG 78 23 9 55(70.5%) 50 19
E-AAC/M-CAT 84 31 9 53 (63.1%) 67 18
E-AAC/M-CTA 85 41 14 44 (51.8%) 53 15
E-AAG/M-CAA 141 54 12 87 (61.7%) 102 21
E-AAG/M-CAC 103 42 16 61 (59.2%) 77 25
E-AAG/M-CAG 95 32 9 63 (66.3%) 66 22
E-AAG/M-CTG 84 27 10 57 (67.8%) 50 21
E-AAG/M-CTT 130 52 20 78 (60%) 86 11
E-ACA/M-CAA 107 37 12 70 (65.4%) 72 13
E-ACC/M-CTT 90 25 10 65 (72.2%) 44 14
E-ACT/M-CAA 75 26 9 49 (65.3%) 48 13

Total 1,180 428 (36.3%) 147 (12.5%) 752 (63.7%) 780 206 (26.5%)
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SSR markers were developed from C. arabica and C.
canephora but they could also amplify genomes of
different Coffea species, including C. heterocalyx (125
couples out of 160 initially tested) and PSE (data not
shown). This demonstrates the transferability of SSRs,
across different Coffea species, even genetically distant
species such as CAN, HET and PSE. Our results are in
agreement with those of Dirlewanger et al. (2002) who
concluded on the cross-species transportability of SSRs
derived from Prunus persica (peach) to other Prunus
species, and other genera within the Rosaceae as well as
other genera not belonging to the Rosaceae. Similar
observations were reported by Guyomarc’h et al. (2002)
on the transferability of SSRs from Triticum tauschii to
bread wheat (Triticum aestivum) and diploid related
species.

The high level of polymorphism revealed by SSRs has
increased their use in genetic mapping. Testolin et al.
(2000) obtained 102/251 (40%) primers suitable for
mapping a controlled interspecific cross within the

Actinidia genus. In our conditions, 34/70 (48.6%) could
be scored. However, despite the relatively low percentage
of SSRs useful for mapping obtained in this study, further
research is required in order to produce a saturated SSR
Coffea map.

Genomic distribution of AFLP and SSR markers

As observed by Ky et al. (2000), AFLPs can be produced
in Coffea to construct a genetic linkage map. Conse-
quently, they have a dual advantage, since (1) they allow
mapping of qualitative morphological traits, as well as
QTLs, and (2) they give a core map that can be further
used to locate additional loci (SSRs, cloned genes,
SCARs); 87.4% of scored AFLPs were mapped and
distributed throughout the 15 linkage groups. Similarly,
80.5% of scored SSRs have been mapped and were
evenly distributed throughout the map (12 out of the 15
linkage groups). Only one SSR locus was located within

Fig. 1 Genetic linkage map of a [(C. heterocalyx � C. canephora)
� C. canephora] interspecific backcross based on combined 160
AFLPs, 29 SSRs and 1 phenotypic marker analysis of 74 BC1
hybrids. Genetic distances are given in centiMorgans (cM) and
marker names given to the right of each linkage group (LG). Fifteen
LGs covering 1,360 cM are indicated by letters A through O,
ordered by length. Loci marked **, *** and **** deviated

significantly from a 1:1 ratio at P < 0.001, P < 0.0001 and P <
0.00001, respectively. AFLP markers are described in terms of the
three selective nucleotides used. The EcoRI primer is given by the
letter E and the MseI primer by the letter M according to the
following correspondance: E1: AAC, E2: AAG, E3: ACA, E4:
ACC, E6: ACT, M1: CAA, M2: CAC, M3: CAG, M4: CAT, M5:
CTA, M7: CTG, M8: CTT
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an AFLP cluster on linkage group A. This marker
distribution is in line with those reported by Roder et al.
(1998), Lespinasse et al. (1999) and Testolin et al. (2000),
and in agreement with the assumed random SSR distri-
bution on the genome.

In a previous study, Coulibaly et al. (2002) demon-
strated that one locus controlled self-compatibility in
HET. The S locus mapped in a terminal position on a
short linkage group 14 cM from the nearest locus. The use
of SSRs allowed us to reduce this distance since the M809
locus is located between the S locus and the nearest AFLP
locus (8.8 cM from the S locus). The above-mentioned
SSRs could be used instead of the AFLP marker to
facilitate marker-assisted selection and reduce introgres-
sion of undesirable traits.

AFLP polymorphism and genome size

AFLPs do not preferentially tag specific
genomic regions except for three clusters

In this study, the A/T content of +3/+3 selective
nucleotides was neither correlated with the total number
of bands obtained nor with the number of polymorphic
bands within-CAN species, contrary to reports on soybean
(Glycine max L. Merr., Keim et al. 1997; Young et al.
1999). Coffee trees differ from soybean by some features
which could explain these observations. The soybean
genome is large (2.4 pg per 2C genome, Bennett and
Leitch 1995) and repeated sequences are abundant
(Young et al. 1999). Furthermore, non-coding soybean
sequences have a higher AT content than coding
sequences (Zhu et al. 1994). Coffea has a small genome
(one- to two-fold larger than the rice genome) and,
although the proportion of repeated sequences has not yet
been determined, they most likely represent a lower
portion of the genome as in other plants of similar
genome size (e.g. about 50% in rice). In such a situation,
the production of Eco-AFLP bands in coding or non-
coding sequences (supposedly AT-rich) should be ran-
dom, and could explain our results.

The AFLP polymorphism we observed herein was not
correlated with the proportion of repeated sequences or
with their AT richness.

The number of AFLP loci does not depend
on the genome size

CAN has a smaller genome than HET (a qDNA difference
of 0.31 pg) but more total bands were amplified (980 vs
780 in a one-by-one comparison). Conversely, despite a
qDNA difference of 0.27 pg and considering another 12
polymorphic couples, Ky et al. (2000, original data)
observed a similar total number of bands for PSE and
DEW (1,103 and 1,087). The same degree of magnitude
was noted for the total CAN bands. These results suggest
that the total number of amplified bands per species is
independent of the genome size (HET has the biggest one,
i.e. 1.74 pg, and PSE the smallest, 1.13 pg). This could
more likely be explained by the heterozygosity level
which mainly depends on the mating system. CAN, PSE
and DEW are self-incompatible and actually highly
heterozygous (for ten genotypes per species and 73 SSR
loci analysed, about 40% of the genotypes were hetero-
zygous, data not shown), while the self-fertile HET is
highly homozygous (three out of the 36 scored loci were
heterozygous). In these conditions, higher levels of AFLP
intraspecific polymorphism are expected and indeed
noted within the strictly allogamous species studied
(64% for CAN, 63% for PSE and 61% for DEW).

In conclusion, when comparing species with the same
mating system but different genome sizes, the total
number of bands was similar, suggesting that loci that
could be tagged with AFLP markers are not correlated
with the genome size differences.

This hypothesis should be further tested by analysing
self-incompatible Coffea species with the largest genome
size (C. humilis).

Species-specific AFLP band differentiation is independent
of genome-size evolution

Within each CAN, PSE and DEW species, a similar
number of total monomorphic AFLP bands was recorded
(36.3%, 36.8% and 39%, respectively, Table 3). More-
over, the species-specific band percentages were similar
when comparing PSE and DEW genomes (8.9 and 9.5%,
respectively, Table 3) while the percentage was higher for
CAN in comparison to HET (12.5%). In fact, these
discrepancies could be explained by the peculiarity of the
cross studied here since one (HET � CAN) hybrid was

Table 3 Characterisation of AFLP bands obtained in different
genome comparisons. The total numbers of bands amplified were
calculated from the sole HET genotype and ten genotypes for the

three species analysed (CAN: C. canephora, PSE: C. pseu-
dozanguebariae and DEW: C. liberica var dewevrei)

Bands Total monomorphic bands (%) Species-specific bands (%) Within-species polymorphic bands (%)

CAN/HET 428/1180 (36.3) 147/1180 (12.5) 752/1180 (63.7)
HET/CANa 188/780 (24.1)
PSE/DEWb 463/1259 (36.8) 112/1259 (8.9) 796/1259 (63.2)
DEW/PSEb 506/1296 (39) 123/1296 (9.5) 790/1296 (60.9)

a Bands present in HET and absent in the ten CAN genotypes tested, representing both species-specific and genotype-specific HET bands
b Unpublished data from Ky et al. (2000), calculated from the 12 primer combinations giving the highest species-specific PSE/DEW bands
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pollinated with a mixture of CAN pollen. Consequently,
only one HET genotype was compared to ten CAN
genotypes. In these conditions, the number of CAN
species-specific bands is inevitably over-estimated as it is
for HET species. These results highlighted a reciprocal
phenomenon in genome differentiation. Species-specific
bands seemed to be similar in number, irrespective of the
genome sizes considered and their position on the
phylogenetic tree (Lashermes et al. 1997, Cros et al.
1998). These results strongly suggest that radiative
speciation has occurred within the Coffea genus, a
process already proposed by Leroy (1980). Our results
suggest that two independent mechanisms are involved:
genomic differentiation affecting all species simulta-
neously, and directional DNA expansion/contraction in
genomes over an east-to-west geographical distribution
gradient (Noirot et al., submitted).

Genomic distribution of species-specific
loci vs genotype-specific loci

Assuming that genome differentiation within the Coffea
genus is a symmetrical phenomenon involving about 10%
of all AFLP bands (as discussed above), about 10% of the
24.1% HET specific bands should correspond to HET
species-specific bands. In this case, 14% should be
genotype-specific HET bands, which are currently scored
for the mapping. In general, their distribution is uniform
and covers the entire genome, despite some clusters.
Using an intraspecific Coffea progeny, Lashermes et al.
(2001) observed such a distribution and we hypothesised
a similar even-distribution in our map. Thus the question
is where are the 10% HET species-specific loci located?
In our map, the even-distribution indicated a uniform
distribution of these bands since only three clusters were
detected but did not represent 10% of the markers used
for the mapping. This distribution is in agreement with
that of Ky et al. (2000).

Mapping efforts are required to saturate this map,
while focusing especially on additional SSRs and SCARs
(obtained from bands mapped on other progenies). Once
the first complete locus-specific map is available, AFLPs
will become less suitable, as already noted in rice, maize
and other widely studied plants. However, as species-
specific bands could be mapped in (PSE � CAN) � CAN
progeny, it would be possible to map PSE species-specific
monomorphic bands partially common to those mapped
by Ky et al. (2000) in (PSE � DEW) � DEW progeny. In
such conditions, recombination rates could be compared
for linked couples of loci while gaining insight into the
genome organisation of the different Coffea species.
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