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Abstract The most important commercial coffee
species, Coffea arabica, which is cultivated in about
70% of the plantations world-wide, is the only tetrap-
loid (2n =4x =44) species known in the genus.
Genomic in situ hybridization (GISH) and fluorescent
in situ hybridization (FISH) were used to study the
genome organization and evolution of this species.
Labelled total genomic DNA from diploid species (C.
eugenioides, C. congensis, C. canephora, C. liberica)
closely related to C. arabica was separately used as
a probe in combination with or without blocking DNA
to the chromosome spreads of C. arabica. GISH dis-
criminated between chromosomes of C. arabica only in
the presence of an excess of unlabelled block DNA
from the species not used as a probe. Among the range
of different species combinations used, DNA from C.
eugenioides strongly and preferentially labelled 22 chro-
mosomes of the tetraploid C. arabica, while the remain-
ing 22 chromosomes were labelled with C. congensis
DNA. The similarity of observations between C. ara-
bica and the two diploid species using two ribosomal
genes with FISH with respect to metaphase chromo-
somes provided additional support to the GISH re-
sults. These results confirm the allopolyploid nature of

Communicated by B. S. Gill

S. N. Raina! (1) - Y. Mukai
Laboratory of Plant Molecular Genetics,
Division of Natural Science, Osaka
Kyoiku University, 4-698-1, Asahigaoka,
Kashiwara, Osaka 582, Japan

M. Yamamoto
Department of Life Sciences, Kansai Women’s College,
3-11-1, Asahigaoka, Kashiwara, Osaka 582, Japan

Present address:

! Laboratory of Cellular and Molecular Cytogenetics,
Department of Botany, University of Delhi,

Delhi 110 007, India
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Introduction

Coffee plays a major role in the economy of many
African, American and Asian countries. It is now grown
commercially in more than 50 countries with a turn-
over of about 18 billion US dollars (Orozco-Castilho
et al. 1994). There are many species (approx. 50) of
coffee, but only 2 are important commercially, Coffea
canephora and C. arabica; these are responsible for the
total world production. The better quality (low content
of caffeine and a fine aroma) of C. arabica or Arabica
Coffee makes it by far the most important species
commercially. It represents 73% of the world produc-
tion and almost all of the production in Latin America.
With the exception of C. arabica, all of the coffee species
are diploids (2n = 2x = 22). C. arabica is a natural,
self-fertile tetraploid (2n = 4x = 44), while diploids are
generally self-sterile, allogamous species (Charrier and
Berthaud 1985; Dublin et al. 1991).

C. arabica exhibits the cytogenetical behaviour of
allotetraploid plants (Carvalho 1952; Charrier and
Berthaud 1985), suggesting that it has evolved from
a cross between two wild diploid species. One question
of general interest, therefore, is the identity of the pro-
geniter species that hybridized to form cultivated C.
arabica. Despite its economic and agricultural import-
ance, little genetic research has been devoted to identify
the sources of its component genomes that would en-
sure the most efficient use of wild species’ germplasm in
the improvement of the crop. This is all the more



important in the context of its susceptibility to various
pests and diseases and very low level of genetic variabil-
ity (Wrigley 1995; Dublin et al. 1991; Paillard et al.
1996). The diploid species closely related to C. arabica,
on the other hand, have wide genetic diversity and
possess agronomically useful characters of importance
(Dublin et al. 1991; Wrigley 1995).

With the advance of in situ hybridization, the possi-
bilities of elucidating parental genome contributions in
allopolyploids and molecular karyotypes, investigating
nuclear organization and physically mapping DNA
sequences to both metaphase and meiotic chromo-
somes and interphase chromatin have considerably in-
creased. The use of total genomic DNA as a probe in
hybridization experiments to chromosomal DNA
in situ (genomic in situ hybridization, GISH) (Schwar-
zacher et al. 1989 ) is particularly useful in characteriz-
ing the genomes and chromosomes of hybrid plants,
allopolyploid species and recombinant breeding lines
(Anamthawat-Jonsson et al. 1990; Bailey et al. 1993;
Bennett et al. 1992; Chen and Armstrong 1994; Kenton
et al. 1993; Mukai and Gill 1991; Parokonny et al. 1994;
Schwarzacher et al. 1992; Thomas et al. 1994; Jiang
et al. 1994; Heslop-Harrison et al. 1990). Here we de-
scribe evidence in support of the allopolyploid origin of
C. arabica and establish for the first time the identity of
the ancestor genome donor species in C. arabica using
GISH and chromosome markers.

Materials and methods

Plant material

Table 1 shows the species used in the experiments. Besides C. ara-
bica, all the diploid species listed in subsection Erythrocoffea as well
as C. liberica (all considered to be closely related to C. arabica) from
subsection Pachycoffea were included in this study. The seeds were
sown in pots in the greenhouse and started germinating only ap-
proximately 60 days after sowing.

Table 1 List of coffee species used in the present study

Species Section 2n Status
(subsection)

C. congensis Eucoffea 22 Wild
(Erythrocoffea)

C. eugenioides Eucoffea 22 Wwild
(Erythrocoffea)

C. canephora Eucoffea 22 Cultivated
(Erythrocoffea)

C. arabica Eucoffea 44 Cultivated
(Erythrocoffea)

C. liberica Eucoffea 22 Wild
(Pachycoffea)
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Chromosome preparations for in situ hybridization

Young growing root tips were immersed in distilled water and cold-
treated at 4°C for 20 h. They were then fixed in freshly prepared 1:3
glacial acetic acid: absolute alcohol for at least 24 h before staining
in 1% aceto-carmine for 15 min. Dissected meristems were squashed
in 45% acetic acid. The slides were quickly placed on a slab of dry ice
for 10 min before removal of the coverslips with a razor blade.
The slides were immersed in a staining jar containing 45% acetic
acid for 15 min, air-dried, and stored in a dessicator at — 20°C until
used.

DNA isolation and probe preparation

Total genomic DNA was isolated from seedling leaves according to
the procedure of Saghai Maroof et al. (1984). DNA concentration
was measured by a Gilford spectrophotometer at a wavelength of
260 nm.

The genomic DNA (1 pg/reaction) from each diploid species was
labelled with biotin-16-dUTP using the BioNick Labelling System
(Boehringer-Mannheim) as instructed by the supplier.

The ribosomal gene-specific probes used in this study were pTa 71
(Gerlach and Bedrook 1979) and pTa 794 (Gerlach and Dyer 1980).
pTa 71 contained a 9.05-kb EcoRI fragment of a full-length nuclear
rDNA repeat unit (18S-5.8S-26S genes and spacers) of wheat;
pTa 794 consisted of 410-bp BamHI fragment of 5S rDNA isolated
from wheat. pTa 71 was labelled with fluorescein isothiocyanate
(FITC)-dUTP conjugate, and pTa794 was labelled with digoxigenin-
11-dUTP by nick translation.

In situ hybridization and detection

Chromosomal DNA on the slide was denatured at 69°C for 2 min in
50 ml of 70% formamide, 2 x SSC. The slides were then rapidly
dehydrated in an ethanol series (70%, 95%, 100%, 5 min each) at
—20°C and air-dried. The probe mix (100 pl total volume for ten
slides) containing 50% (v/v) de-ionized formamide, 10% (w/v) dex-
tran sulphate, 2 x SSC, 1 pg of biotin-labelled total genomic DNA,
25ug of unlabelled autoclaved genomic DNA for blocking
(optional) and 50 pg of sonicated salmon sperm DNA was denatured
at 100°C for 10 min and quickly cooled on ice for 10 min.
Ten microlitres of denatured probe mix was applied onto the de-
natured slide preparation and covered with a coverslip. The slides
were then placed in a humid chamber and incubated at 37°C
overnight.

After hybridization overnight, the slides were immersed in
2 x SSC at room temperature for 5 min to loosen the coverslips. The
slides were then washed by immersing in 50% (v/v) de-ionized
formamide in 2 x SSC at 37°C for 15 min, 2 x SSC at room temper-
ature for 15 min, 1 x SSC at room temperature for 15 min and
4 xSSC at room temperature for 5 min. Detection of the bi-
otinylated probe was achieved using fluorescein-conjugated strep-
tavidin (Boehringer Mannheim). Slides were incubated in 10 pg/ml
fluorescein-conjugated streptavidin in 4 x SSC — 1% BSA for 1 h at
37°C. After incubation, the slides were washed in 4 x SSC for 10 min,
0.1% Triton X-100 in 4 x SSC for 10 min, 4 x SSC for 10 min, and
2 x SSC for 5 min, all at room temperature. Twenty-five microlitres
of fluorescence anti-fade solution (Vectashield, Vector Laboratories)
containing non-specific fluorochrome propidium iodide (1 pg/ml)
was applied to each slide. The slides were covered with a coverslip
and placed in dark for 1 h at room temperature. The in situ hybrid-
ization signal and propidium iodide were excited with blue light
(450-490 nm) and detected by their yellow and red fluorescence,
respectively.

For in situ hybridization using pTa 71 and pTa 794 as probes, all
conditions were same as those described above except that the two
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probes were added to the hybridization mix at concentrations of 1.0
and 0.5 ng/100 pl, respectively. For detection, the slides were
incubated in 10 pg/ml anti-dig rhodamine in 4 x SSC-1% BSA, and
chromosomes were counterstained with differentiating fluoroch-
rome DAPI (4'-6-diamidino-2-phenylindole). The in situ hybridiza-
tion signals and DAPI fluorescence were visualized with appropriate
filters.

Results and discussion

Initially, no blocking DNA was used for the first
probing. The results enabled us not only to develop a
strategy for ordering GISH analysis but also to gain
initial information about the physical distribution of
sequences which are common or different between the
species being probed (C. arabica) and the species used
to supply the probe DNA. When the C. eugenioides or
C. congensis probe was applied on the chromosome
preparations of C. arabica, there was considerable cross
hybridization of these species probes to the C. arabica
chromosomes. However, even without blocking, it was
clear that the DNA extracted from either species hy-
bridized more strongly to the alternative subsets (22) of
chromosomes of C. arabica.

In subsequent experiments, total genomic DNA from
one species was used as the labelled probe, while un-
labelled DNA from the other species was applied at
a much higher concentration as a block, so that the
blocking DNA would hybridize to sequences in com-
mon between the block and the labelled probe and
mainly genome-specific sequences would remain as
sites for probe hybridization (Anamthawat et al. 1990).
This enables closely related genomes to be distin-
guished by GISH (Bennett 1995).

Probing the C. arabica chromosome spreads with
biotin-labelled total genomic DNA derived from C.
congensis together with an excess of unlabelled genomic
DNA from C. eugenioides resulted in strong probe
hybridization in the 22 chromosomes of C. arabica
(Fig. 1a); the remaining 22 chromosomes were almost
totally unlabelled. In a reciprocal GISH using labelled
C. eugenioides as a probe with an excess of unlabelled
C. congensis DNA block, the reverse was obtained
(Fig. 1b). Labelled chromatin fluoresced yellow, while
unlabelled chromatin fluoresced red with non-specific
counterstain propidium iodide. The label in both cases
was almost uniform, while distal regions showed little
or no label.

Genomic DNA contains all types of repetitive and
single-copy DNA sequences, and the proportion of the
former increases with genome size (Raina and Narayan
1984; Bennett 1995); for example, from 40% in Ara-
bidopsis thaliana (2C = approx. 0.1 pg) to more than
95% in Allium cepa 2C = 33.4 pg). It is very unlikely
that many of the single-copy sequences find their
homologous partners under the in situ hybridization
conditions used in the present experiments. Hence, the
signal seen by us most likely arose from hybridization

between widely dispersed members of families of
highly and middle repetitive sequences and that
the genomic hybridization method largely examined
the organization of these sequences (Bennett 1995).
The 44 chromosomes of C. arabica are very small
in size. The average genome size of C. arabica is
appreciably smaller (2C = 2.5 pg, Bennett and
Leitch 1995) than those of many of the taxa analyzed by
GISH so far, and so the low abundance of dispersed
repetitive DNA sequences within C. arabica chromo-
somes at the distal regions is likely to be responsible for
the few or no hybridization signals, as is the case for
poor genome size species Brassica and Arabidopsis
(Kamm et al. 1995; Heslop-Harrison and Schwarzacher
1996).

The other two species which are considered to be
closely related to C. arabica are C. canephora and C.
liberica. Disease resistance genes have been transferred
into the C. arabica gene pool via natural and artificial
hybridization involving these two species (Dublin et al.
1991; Wrigley 1995). We believed it of interest to find
genome relationships between C. arabica and the two
diploid species by GISH. Labelled total genomic DNA
from C. liberica was used as a probe with an excess of
unlabelled genomic DNA from C. eugenioides for
in situ hybridization to the chromosome spreads of C.
arabica. No sites of hybridization were detected on the
chromosomes. This lack of detectable hybridization of
the C. liberica genomic probe indicated that these chro-
mosomes almost certainly derive from different taxa.
Other studies have also shown that C. arabica is geneti-
cally distinct in its nuclear and organellar genomes
from C. liberica (Berthou et al. 1980, 1983). In the pres-
ence of an excess of unlabelled genomic block DNA
from C. eugenioides to the hybridization mixture, the
labelled DNA from C. canephora hybridized to a subset
of C. arabica chromosomes. The hybridization was,
however, weak and uneven compared to the combina-
tion of C. congensis and C. eugenioides.

After several different combinations of probe and
target DNAs were used among the coffee species, in situ
hybridization using labelled total genomic DNA from
C. eugenioides together with an excess of unlabelled
DNA from C. congensis, and vice versa, showed that 22
chromosomes of C. arabica and C. eugenioides and
the remaining 22 chromosomes of the former and
C. congensis share a common origin. Thus, the present
study confirms the allopolyploid origin of the naturally
occurring C. arabica as previously suggested (Carvalho
1952; Charrier and Berthaud 1985). Based on restric-
tion fragment length polymorphism (RFLP) analysis of
chloroplast and mitochondrial DNAs and allozyme
data, Berthou and Trouslot (1977) and Berthou et al.
(1980, 1983) suggested that C. eugenioides could be the
maternal and C. congensis or C. canephora the paternal
progeniter of C. arabica. In the present study uniformly
intense signals on 22 chromosomes of C. arabica
probed with C. congensis in comparison to weak and



Fig. 1a, b Root-tip interphase (left) and mitotic chromosomes (right)
of Coffea arabica following genomic in situ hybridization using
biotinylated total genomic DNA from C. congensis as probe and
unlabelled DNA from C. eugenioides as block (a), and biotinylated
total genomic DNA from C. eugenioides as probe and unlabelled
DNA from C. congensis as block (b). Greenish-yellow fluorescence

indicates hybridization to the probe. Unlabelled chromatin fluor-
esces reddish-orange with propidium iodide. ¢ Fluorescence in situ
hybridization of Coffea arabica with the 18S-, 5.8S-, and 26S rDNA
(green fluorescence) and 5S rDNA (red fluorescence) probes. Chro-
mosomes were counterstained by DAPI
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fragmented signals obtained with C. canephora leaves
no doubt that C. congensis is the other progenitor
species of C. arabica. The present results are in agree-
ment with the conclusions reached by Berthou et al.
(1980, 1983) about the close relationship between
C. canephora and C. congensis.

Fluorescent in situ hybridization (FISH) using speci-
fic probes is also an effective method in supplementing
information on the genome origins of polyploids
(Fukui et al. 1994; Kamm et al. 1995; Parokonny and
Kenton 1995; Linde-Laursen et al. 1992). In the present
study, using pTa 71 and pTa 794 (labelled with FITC
and digoxigenin, respectively) probes, bright probe hy-
bridization sites were visible on chromosome spreads of
C. arabica, C. congensis and C. eugenioides. Each of the
three species have one pair of chromosomes with a sec-
ondary constriction (present study, Bouharmont 1959).

C. arabica had four pTa 71 hybridization sites
(Fig. 1c). The largest two of these were associated with
a secondary constriction (visualized by DAPI staining)
in the 2 chromosomes. The remaining two were distin-
guished by having no secondary constriction and by
showing medium-strength hybridization signals. The
chromosome complement of C. arabica displayed six
signals for pTa 794: four strong and two weak signals
(Fig. 1c). Interestingly, each of the two large-sized
signals were located at the distal ends of the same
chromosome.

In situ hybridization using the pTa 71 probe identi-
fied 2 strong signals associated with as many nucleolar
constrictions in the 2 chromosomes in both C. congen-
sis and C. eugenioides. C. eugenioides like C. arabica was
characterized by the presence of four large pTa 794
sites located at the distal ends of each of the 2 chromo-
somes. Localization of 5S loci to chromosome spreads
revealed two weak hybridization signals on 2 chromo-
somes in C. congensis.

The similarity of observations between C. arabica
and the two diploid species, especially the characteristic
5S rDNA loci located at distal ends of chromosomes in
both C. arabica and C. eugenioides, support the view
that C. arabica is a hybrid of C. eugenioides and C.
congensis. Due to the small size of the median/sub-
median chromosomes and the small differences in total
length and lengths of the long arms and short arms,
respectively, the hybridization sites (except for nucleo-
lar chromosomes) could not be assigned to the indi-
vidual chromosomes and genomes.
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