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The genus Coffea L. has around 100 native species distributed in tropical and subtropical areas in Africa, and the most important
economic species are C. arabica and C. canephora. C. arabica is exceptional in the genus since it is the only species so far
analyzed which is self-compatible, and a natural polyploid with 2n=4x=44 chromosomes; it is considered to be a segmental
allopolyploid because it presents a disomic inheritance and a regular meiotic behavior. All other species in the genus are self-
incompatible diploids with 2n=2x=22. Cytogenetic studies in Coffea, undertaken since 1912, have followed various phases:
initial studies were limited only to establishing chromosome counts. Subsequent studies characterized the karyotypes of
various species using conventional cytological techniques. As the somatic metaphase chromosomes of coffee are very small
(1 = 3 wm) and morphologically symmetrical, these studies resulted in uniform karyotypes that show almost no differences
among species. Since genetic improvement of coffee trees has progressed mainly by means of interspecific hybridizations
involving wild species, analyses of microsporogenesis in species and hybrids were needed to establish their genetic affinity
and relationships. The first successful attempts to differentiate coffee chromosomes longitudinally were made by mapping
pachytene chromomeric patterns and by C and NOR banding techniques. From 1998 onwards, the use of banding techniques
with the fluorochromes DAPI and CMA; and also the cytomolecular technique FISH using rDNA probes, has increased the
longitudinal differentiation of coffee chromosomes. The use of the GISH technique with total genomic DNA has revealed the
parental species that originated C. arabica species.

Key words: Coffea, chromosomal characterization, karyotype, meiotic behavior, chromomere pattern, chromosome banding,
molecular cytogenetics.

Citogenética de café (Coffea L.): O género Coffea L., com cerca de 100 espécies nativas de regides tropicais ¢ subtropicais
da Africa, tem as espécies Coffea arabica e C. canephora como comercialmente importantes. C. arabica é uma exce¢io no
género por ser o Unico polipléide natural com 2n=4x=44 cromossomos ¢ autocompativel sendo considerado um alopolipléide
segmental devido a heranga dissomica e comportamento meiotico regular. As demais espécies sdo diploides autoincompativeis
com 2n=2x=22. Estudos citogenéticos em Coffea tém sido realizados, desde 1912, com diferentes finalidades. Os primeiros
visaram apenas a contagem de cromossomos. Em seguida, estudos morfologicos em cromossomos somaticos com técnicas
citologicas convencionais objetivaram a caracterizagdo das diferentes espécies. Devido o fato dos cromossomos de café serem
relativamente pequenos (1 — 3 wm), e morfologicamente simétricos, estes estudos revelaram caridtipos homogéneos entre as
diferentes espécies. O melhoramento genético do cafeeiro, realizado através de hibridagdes interespecifcas envolvendo espécies
selvagens dipldides, demandou estudos da microsporogénese, em espécies e hibridos, com vistas ao estabelecimento de
relacdes de afinidade genética entre as mesmas. O mapeamento do padrdo cromomérico, na fase de paquiteno, juntamente com
o surgimento do bandeamento C e NOR, conduziu as primeiras tentativas de se diferenciar longitudinalmente os cromossomos
de café, e resultaram em relativo sucesso. A partir de 1998 o bandeamento com os fluorocromos DAPI e CMA, e aplicagdo da
técnica de FISH, com sondas de rDNA, vém incrementando a diferenciagdo dos cromossomos e a aplicacdo da técnica GISH,
com sondas de DNA genomico total, confirmaram as espécies parentais de C. arabica.

Palavras-chave: Coffea, caracterizagdo cromossomica, cariotipo, comportamento meidtico, padrdo cromomeérico, bandeamento
cromossomico, citogenética molecular.
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INTRODUCTION

The number of species in the genus Coffea L. (family
Rubiaceae, subfamily Cinchonoideae, tribe Coffeeae) is still
uncertain, but most taxonomic works indicate that this genus
comprises about 100 species (for a review see Charrier and
Berthaud, 1985; Wringley, 1988). Although morphologically
quite distinct, Coffea species present some common genetical
features, such as the small variation in the chiasmata number
(Mendes, A.J.T., 1950; Mendes C.H.T., 1950; Medina,
1950, 1952; Conagin, 1961; Medina and Rijo, 1969;
Medina et al., 1977) and the high frequency of bivalents
(Medina, 1972). Several studies
have been carried out to establish precisely the relationships

in interspecific hybrids

between species in the genus Coffea (Carvalho and Moénaco,
1967; Chinnappa, 1981; Lashermes et al., 1996, 1997), but
interspecific relationships in this genus are still controversial
since the affinities among species based on morphological
characteristics and/or geographical distributions conflict
with the relationships indicated by hybridizations and the
cytological analyses of such hybrids (Carvalho and Moénaco,
1967; Medina 1972).

Another focus in coffee cytogenetical research has been
the origin of the species Coffea arabica L. This is the only
polyploid (2n=4x=44) and self-compatible species in the
genus, and all other species are diploid (2n=2x=22) and
self-incompatible. Based on different kinds of analyses
(Krug and Carvalho, 1951; Grassias and Kammacher, 1975;
Pinto-Maglio and Cruz, 1998, Lashermes et al. 1999), C.
arabica has been considered to be a segmental allopolyploid,
and various diploid species have been suggested as possible
ancestrals. The main problem that has complicated the
development of cytogenetic research in the genus Coffea
has been the small size of the chromosomes, and the uniform
karyotypes of the species.

Cytogenetic research in coffee has embraced the follow-
ing phases: (1) An exploratory phase which accompanied
taxonomical studies on the Rubiaceae family, in which chro-
mosome counts were made for various species and the basic
number for the genus was determined; (2) A second phase, in
which some attempts were made to characterize morphologi-
cally the somatic chromosomes, and construct karyotypes,
with the aim to employ these data in comparative studies;
(3) Subsequently, several studies were made on the meiotic
behavior of species and hybrids, and attempts were made to
use pairing indices of bivalents to determine phylogenetic
relationships among different species, with the objective of
applying these data to interspecific hybridizations. Some of
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these studies facilitated some important crossbreeding of
coffee plants; (4) In this phase, which began some 15 years
ago, different techniques have been employed with various
species of coffee to characterize longitudinal chromosome
differentiation, and so overcome the problems posed by
the small size of the chromosomes and the similarity of the
chromosome complements. These have included studying
pachytene chromomeric patterns, C and NOR banding, and
banding revealed by the fluorochomes 4’-6-diamidino-2-
phenylindole (DAPI) and Chromomycin (CMA,), and more
recently, cytomolecular techniques such as fluorescence in
situ hybridization (FISH), and genomic in situ hybridization
(GISH). These phases are discussed in more detail below.

Number and morphology of coffee chromosomes

The basic chromosome number for the genus Coffea is
considered to be n=11, which is typical for most genera of
the family Rubiaceae. Virtually all Coffea species are diploid
(2n=2x=22) and self-incompatible, and Coffea arabica L. is
the only polyploid species (2n=4x=44) of the genus, and it
is self-compatible. Early reports of chromosome counts for
Coffea arabica and other species of the genus were rather
unfocused since they were published in general studies on the
Rubiaceae. The earliest citation was made by Faber (1912),
with a somatic chromosome count of 2n=16 for C. arabica.
Subsequent chromosome counts for this species were also
made by researchers who were interested not only in coffee
but also other genera of the Rubiaceae, e.g. Homeyer (1933
in Krug, 1934), who reported 2n=44 chromosomes for C.
arabica, and established n=11 as a basic number for the genus
Coffea. Likewise, Fagerlind (1937), investigating cytology
of Rubiaceae, confirmed Homeyer’s count of 2n=44 for C.
arabica, and determined the chromosome number for many
other species of Coffea. As has been reviewed by Sybenga
(1960), during 1930s a series of studies of chromosome
counts were made for most species of the genus Coffea
and also for some representatives of Psilanthus, a genus
taxonomically very closely related to Coffea.

The most important studies on the cytogenetics of
Coffea have been carried out at the Instituto Agronomico
in Campinas, Brazil, and by French researchers in the Ivory
Coast and Equatorial Africa, and by Belgian researchers
in the previous Belgian Congo (Frahm-Leliveld et al.,
1969; Wringley, 1988). In Brazil, Krug (1934) made the
first of a series of studies on coffee cytology that resulted
in chromosome number determinations for eight different
species of Coffea and 17 varieties of C. arabica (among
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others, amarelo de Botucatu, nacional, bourbon, laurina,
maragogipe, a haploid variety monosperma, and hexaploid
and octoploid forms of the variety bullata). These studies
indicated a uniform number of chromosomes (2n=44) for all
varieties of C. arabica, and it was demonstrated for the first
time that, despite the tetraploid condition, this species shows
normal meiotic behavior. Subsequently, many other species,
varieties, cultivars, and interspecific hybrids, with different
levels of ploidy, such as triploids, tetraploids, hexaploids and
octoploids, also had their chromosome number established
(Krug, 1937, Mendes, 1938; Medina, 1950, 1952, 1972).

From 1938 onwards, in addition to chromosome number
determinations, some researchers tried to establish the
morphology of coffee somatic chromosomes. Although Krug
(1934; 1937) had reported some observations on chromosome
size and morphology for some coffee species, Mendes (1938)
was the first to attempt to describe the morphology of somatic
chromosomes for the genus Coffea, with the species C.
excelsa Chev. (currently C. dewevrei Wild. et Dur.). Mendes
(1938) noted that although the chromosomes of this species
were larger than those of other Coffea species, they were still
relatively very small (1.5 a 3.5 wm) and morphologically
similar to each other. He could only distinguish three classes
(A, B and C) according to total length, and only the first
three chromosomes of the class A were differentiated based
in their morphology. This study was the first to demonstrate
the pronounced morphological similarity among coffee
chromosomes. More extensive studies to characterize the
coffee somatic chromosome morphology were made by
Bouharmont (1959; 1963). He observed a great similarity
among the karyotypes of 16 species including the tetraploid
C. arabica, and was unable to distinguish between the
karyotypes of the analyzed species. He published an average
ideogram for the 11 chromosomes of the basic genome for the
genus Coffea in which it was possible to distinguish between
only four of them. Effectively, all these authors demonstrated
that the species of the genus Coffea have chromosomes
which are scarcely differentiated morphologically and which
are probably the same as the ancestral genome.

Studies on meiotic pairing have demonstrated that
this morphological similarity is present even among the
chromosomes of the allotetraploid complement of C.
arabica, more specifically among the parental genomes that
constitute the hybrid complement of this species. Data about
meiotic behavior, or the index of bivalent pairing in haploids,
are important because in plants of allopolyploid origin, like
Coffea arabica, the double presence of only one genome may

reveal the homeologies that are present among the genomes
that form the allopolyploid. In this condition, the preferential
homologue pairing normally present in euploid condition is
absent, and the homeologue pairing can be totally expressed.
In a di-haploid of C. arabica, Mendes and Bacchi (1940)
found 71 % of the cells with 1 to 6 bivalents. Based on this
kind of analysis, Vishveshwara (1960) also registered the
presence of bivalents in 40 % of the analyzed cells of some
haploid plants of cultivated varieties of C. arabica. Using di-
haploids of natural plants of this species, collected directly
from the area of origin in Ethiopia, Berthaud (1976) counted
63 cells with 22 chromosomes with 2 to 8 bivalents, with the
cells with 4 bivalents being the most frequently observed.
Another experiment with di-haploids was also made by
Kammacher (1980). This author analyzed the meiotic
behavior of five di-haploids plants of C. arabica, focusing not
only on the bivalent pairing capacity but also on the formation
of chiasmata at metaphase I. He found a median frequency
of 2.29 bivalents and 3.19 chiasmata per cell. Kammacher
concluded that the genomes of C. arabica have a residual
affinity between three chromosomes, and this explains the
presence of up to six bivalents in meiosis. He concluded that
the chromosomes had remained homosequentials since the
formation of the ancestral allopolyploid species of arabica,
i.e. they have not changed. Another paper, published by
Grassias and Kammacher (1975), on meiotic behavior
in three different varieties of C. arabica: tana, guinnée,
pita and caturra amarelo, described some irregularities
such as asynaptic chromosomes, secondary associations
between bivalents and the presence of some multivalents.
These irregularities had never been seen before, and led
these authors to conclude that C. arabica was a segmental
allotetraploid taxon, i.e. it was formed by two genomes with
chromosomes that conserve great similarity.

Cytogenetics and breeding

The increasing commercial importance of coffee at the
beginning of the 1950s, led to intensive research involving
improvement breeding programs. As a consequence, from
1950 until 1978, all the information available for the
cytogenetics of Coffea was mainly derived from studies
involving plant breeding in C. arabica. Such breeding
studies with coffee were mainly been carried out by means
of intraspecific and interspecific hybridizations involving the
two cultivated species Coffea arabica and C. canephora,
as well as many wild coffee species. These hybridizations
demanded the development of cytogenetic studies mainly on
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microsporogenesis or meiotic behavior of chromosomes so as
to establish the degree of genetic affinity between the species.
A description of meiotic behavior in varieties of C. arabica
such as semperflorens and caturra was published by Mendes
(1950). He analyzed the number of nucleolar chromosomes,
number of chiasmata per cell, pairing of bivalents and the
pollen formation, and concluded that microsporogenesis in
these varieties was normal. Medina (1950) also analyzed the
microsporogenesis of C. arabica L. var. rugosa to explain the
low productivity of this variety and the lack of the wrinkled
(rugosa) characteristic in the progenies of these plants. In
addition to these varieties of C. arabica, similar analyses on
microsporogenesis were made for several diploid species of
Coffea, mainly those used in interspecific hybridizations with
C. arabica (Mendes, 1950; Medina, 1952; Conagin, 1961;
Medina and Rijo, 1969; Medina et al., 1977; Boaventura
and Cruz, 1987). However, despite these studies on meiotic
behavior, the characterization of individual chromosomes
remained an important desideratum for progress with
cytological research on coffee. Initially, the importance of
this aspect was demonstrated by the studies with aneuploids
of C. arabica cultivar “Mundo Novo” made by Cruz (1972)
in which she found it impossible to associate the plant
morphology with the lack or excess of chromosomes in
nullisomics and monosomics. This sort of problem has
constrained the use of aneuploids in plant breeding programs
since it was impossible to associate genes to chromosomes,
for example, in the construction of addition or substitution
lines for gene transferences.

Longitudinal chromosome differentiation

After several years of cytological research with many
species, varieties and cultivars of Coffea, Medina et al. (1977)
concluded that the use of conventional staining techniques
to attempt to study the number of chiasmata in individual
species, or the meiotic behavior in interspecific hybrids, or
the construction of karyotypes from somatic chromosomes,
would be unable to shed light on the phylogenetic relation-
ships of Coffea species. As a consequence, adequate methods
to determine chromosomal identities remained a priority for
the coffee cytogenetics. At that time Medina et al. (1977) sug-
gested that comparative analyses of meiotic chromosomes at
the pachytene phase, or C banded somatic chromosomes,
might provide good chromosomal characterization. Taking
up this suggestion, Pinto-Maglio and Cruz (1987) undertook
an experimental identification of nucleolar chromosomes so
as to verify the possibility of using chromosome appearance
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at meiotic pachytene phase to identify coffee chromosomes.
These authors characterized the chromomeric pattern of
nucleolar chromosomes from 10 species of Coffea, includ-
ing the tetraploid C. arabica, and they concluded that since
the chromomeric pattern in each species was specific and
constant, this technique could be used to distinguish coffee
chromosomes. These authors (Pinto-Maglio and Cruz 1998)
subsequently characterized all 22 bivalents of tetraploid C.
arabica. The pachytene chromomeric pattern in this species
revealed that there were some structural similarities in about
54 % of the bivalents, i.e. twelve pairs of bivalents have very
similar morphology. Two secondary associations were also
observed. These observations reconfirmed the marked home-
ology among the chromosomes of the arabica complement
and also confirmed the segmental allopolyploid condition of
this species. This high chromosomal similarity, contrasting
with the low level of pairing abnormality, e.g. multivalent
formation, indicates that maybe there exists in C. arabica
a genetically controlled system that prevents homeologous
chromosome pairing. Banding techniques, particularly C
banding and NOR banding, or silver impregnation (Ag-
NOR), opened up new perspectives to characterize coffee
chromosomes, since conventional squash preparations with
acetic orcein or the use of Feulgen had proved relatively
unsuccessful (Pierozzi, 1993). The C banding technique
allows the localization of the heterochromatin segments of
DNA present on the homologous chromosomes, that are dif-
ferentiated from the euchromatin segments that present the
normal chromosome coiling. The NOR banding technique
differentiates chromosomes by localization of the active
nucleolar organization regions. Almost in parallel with the
pachytene analyses, Pierozzi (1993) made comparative stud-
ies on Coffea utilizing C banding to establish karyotypes for
some diploid species such as C. canephora, C. liberica var.
dewevrei and C. racemosa, and also used NOR banding or
silver impregnation (Ag-NOR) with the same species, so as
to localize the active nucleolar organization regions and so
attempt to characterize the somatic chromosomes at mitosis.
In this pioneer attempt, Pierozzi (1993) described the diffi-
culties she encountered in adapting these banding techniques
for coffee chromosomes, and she managed to only partially
characterize the karyotypes of these species. Subsequent
modifications to the C band methodology which were par-
ticularly appropriate for plants with small chromosomes like
coffee, produced better C banding patterns for some wild
species, and the description of the complete karyotypes for
the species C. canephora and C. dewevrei. All the species
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Figure 1. Cells in mitotic metaphase with arrows showing signals of CMA, positive bands (A, D, G and J); pTa71 with signals
in red when biotin-labelled (B and H) and in green when digoxigenin-labelled (E and K), and pScT7 with signals in green
(C, F, Tand L) in wild Coffea species: C. humilis (A, B and C), C. kapakata (D, E and F), C. sp. Moloundou (G, H and I) and
C. stenophylla (J, K and L). (From Lombello and Pinto-Maglio, 2004a)
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studied presented the chromosomes with uniform peri-
centromeric patterns of C banding, suggesting that during
evolution, the wild species have retained not only the same
chromosome number but also the same pattern of distribution
of heterochromatin as revealed by the C bands (Pierozzi et
al., 1999; 2001).

The characterization of the longitudinal differentiation
of the mitotic chromosomes of coffee has progressed using
other techniques such as fluorescent banding with DAPI (4°-
6-diamidino-2-phenylindole) and CMA, (Chromomycin A5)
that identify chromatin regions rich in A-T and G-C bases,
respectively; in addition, cytomolecular techniques such as
fluorescent in situ hybridization (FISH) and genomic in situ
hybridization (GISH) have also been applied (Pinto-Maglio
et al., 2000; 2001; Barbosa et al., 2001; Lombello and Pinto-
Maglio, 2004a,b,c).

The FISH technique detects in situ specific DNA se-
quences on chromosomes, and GISH detects partial or whole
genomes in hybrids. These techniques are very appropri-
ate for small and morphologically similar chromosomes
because the identification is totally independent from size
or shape of the chromosomes but is based in the presence
or absence of specific DNA sequences (probes) and their
Since 1998
at the Instituto Agronomico at Campinas, Brazil, a project

number and localization in the complement.

that aims to characterize cytologically the species of Coffee
Germoplasm Bank has being developed through chromo-
some banding with fluorochrome staining and also by chro-
mosome mapping through FISH assays. To date, 14 species
of the genus Coffea and three species of the closely related
genus Psilanthus have been characterized using banding as-
says with the fluorochromes DAPI and CMA, and also with
FISH. For the FISH assays, two different specific probes of
ribosomal DNA (rDNA) were used: pTa7l, a highly con-
served sequence that corresponds to a 9Kb rDNA sequence
of 18S-5.8S-26S isolated from Triticum aestivum; and pScT7
probe, a sequence that corresponds to a 300-500 bp rDNA
from Secale cereale. The results of the analyses of these
fourteen species (Pinto-Maglio et al., 2000; 2001; Barbosa
etal., 2001; Lombello and Pinto-Maglio, 2004a,b,c) revealed
differences in presence, number and position of DAPI/CMA
bands and the rDNA sites among them. Part of these data
is shown in figure 1. The FISH technique has proved to be
excellent for differentiating coffee chromosomes and a very
important alternative for the cytogenetic characterization of
the species of Coffea, and also for future gene or DNA spe-
cific sequence mapping.
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Some other studies using FISH and GISH were dedi-
cated mainly to solve the origin and genetic constitution of
C. arabica. The total genomic DNA was used as probe to
GISH, and ribosomal DNA sequences as probe to FISH, both
to study the genomic organization and C. arabica evolution,
and to discover the ancestral species of this species among:
C. eugenioides, C. congensis, C. canephora and C. liberica.
The results showed the presence the two distinct genomes
of C. eugenioides and C. congensis in the complement of C.
arabica, confirming its allopolyploid condition (Raina et al.,
1998). A second study (Lashermes et al., 1999), also using
GISH and RFLP markers, determined the amphidiploid ori-
gin of C. arabica, and in contrast to the previous study, the
results showed that arabica probably derives from natural
hybridization between the diploids C. eugenioides and C.
canephora.

Concluding remarks

The characterization of individual chromosomes in spe-
cies of Coffea is still a matter of great interest, since it would
permit chromosome mapping of many potentially useful
genes. A cytogenetic map would provide complementary in-
formation for the genetic linkage maps and molecular mark-
ers maps, which are currently being developed, permitting
the location of genes and/or specific DNA sequences in rela-
tion to features of chromosomal organization. The integration
of cytogenetic and genetic maps has been achieved in some
species of diverse genera by utilizing mainly chromosome
anomalies, such as translocation breakpoints, deletions or
trisomics. However, these techniques would be impractical
for species like coffee due to the absence of distinct cytologi-
cal features, and as a consequence, FISH has proved to be
an alternative approach for the characterization of individual
chromosomes and chromosome mapping.
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