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Abstract Phylogenetic relationships of Coffea species
were estimated from the sequences of the internal tran-
scribed spacer (ITS 2) region of nuclear ribosomal
DNA. The ITS 2 region of 37 accessions belonging to
26 Coffea taxa and to three Psilanthus species was
directly sequenced from polymerase chain reaction
(PCR)-ampilified DNA fragments. The level of variation
was high enough to make the ITS 2 a useful tool for
phylogenetic reconstruction. However, an unusual level
of intraspecific variation was observed leading to some
difficulty in interpreting rDNA sequence divergences.
Sequences were analysed using Wagner parsimony as
well as the neighbour-joining distance method. Coffea
taxa were divided into several major groups which
present a strong geographical correspondence (ie.
Madagascar, East Africa, Central Africa and West Africa).
This organisation is well supported by cytogenetic
evidence. On the other hand, the results were in contra-
diction with the present classification of coffee-tree taxa
into two genera, namely Coffea and Psilanthus. Fur-
thermore, additivity of parental rDNA types was not
observed in the allotetraploid species C. arabica.

Key words Coffea - Coffee-tree - Internal transcribed
spacer region - Nuclear ribosomal DNA -
Molecular phylogeny

Introduction

Two genera, Coffea and Psilanthus, are distinguished in
the Coffeeae tribe based on flowering and flower char-
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acteristics (Leroy 1980; Bridson 1987). All Coffea spe-
cies are native to the inter-tropical forest of Africa and
Madagascar, while species belonging to the genus
Psilanthus originate from either Asia or Africa. Each
genus has been divided into two subgenera (Bridson
and Verdcourt 1988).

Coffee-trees differ greatly in morphology, size and
ecological adaptation, thereby leading to the descrip-
tion of a large number of species. Particular attention
has been paid to the subgenus Coffea (genus Coffea L.)
which includes two cultivated species of economic im-
portance, Coffea arabica L. and Coffea canephora
Pierre (Berthaud and Charrier 1988). C. arabica is
tetraploid (2n = 4x = 44) and is self-fertile while other
Coffea species are diploid (2n = 2x = 22) and generally
self-incompatible. Approximately 100 Coffea taxa have
so far been characterised. Nevertheless, Coffea species
hybridise readily with one another and produce rela-
tively fertile hybrids (Charrier 1978; Louarn 1992). In-
frageneric classifications have been proposed based on
morphological characters (Lebrun 1941; Chevalier
1947). However, grouping criteria have become very
complex and rather confused, and to-date they are
considered of low value (Bridson and Verdcourt 1988).
Complementary investigations are therefore required
to clarify the phylogenetic relationships among these
taxa (Charrier and Berthaud 1985). Biochemical com-
ponents of coffee beans have been investigated (Clifford
et al. 1989; Rakotomalala 1992; Anthony et al. 1993).
However, such characteristics represent functional in-
formation and can be phylogenetically misleading
due to parallel evolution and rapid adaptive radi-
ation. Furthermore. genetic relationships among
Coffea species have been assessed through molecular
markers such as isozyme (Berthou and Trouslot 1977)
and random amplified polymorphic DNA (RAPD,
Lashermes et al. 1993). Although valuable results were
obtained, the small number of species analysed and
the nature of the molecular data did not allow a
phylogenetic reconstruction. More recently, approaches
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based on the chloroplast DNA (cpDNA) have been
initiated but were handicapped by the low cpDNA
variation observed in Coffea (Cros 1994; Lashermes
et al. 1996 b).

In plants, the nuclear ribosomal DNA units (rDNA)
consist of the 18s, 5.8s and 26s coding regions separated
by intergenic spacers. Nuclear rDNA has proven to be
a powerful phylogenetic tool because of the ubiquity of
rDNA throughout plant species. the development of
techniques for the rapid determination of the primary
nucleotide sequence, and the diverse rates of evolution
within and among component subunits and spacers
(Hamby and Zimmer 1992). Whereas the 18s and 26s
coding regions have been used to address phylogenetic
questions at the family level or higher taxonomic levels,
the internal transcribed spacers (ITS 1 and ITS 2)
appear to be useful for assessing relationships at lower
taxonomic levels because the sequences of spacer re-
gions generally evolve more rapidly than the coding
regions. Recently, the ITS region has been shown to be
useful for resolving phylogenetic relationships among

several plant genera, including Antennaria (Bayer et al.
1996), Calycadenia (Baldwin 1992. 1993) and Krigia
(Kim and Jansen 1994).

In the present study, we have sequenced the internal
transcribed spacer (ITS 2) region of 37 accessions rep-
resenting 26 Coffea taxa and three Psilanthus species.
The main purpose was to use the ITS sequences 1o
attempt to resolve phylogenetic relationships among -
the closely related but highly diversified taxa associated
with the genus Coffea. Additionally. we intended to
evaluate the degree of divergence between both Coffea
and Psilanthus genera.

Materials and methods

Plant samples

The names and origins of the 37 accessions selected for this study
are listed in Table 1. The plant material was obtained from the
ORSTOM collection resulting from several expeditions in Africa

Table 1 Origin of the accessions analysed for ITS 2 variation

Taxa Accession code Population name Country of origin
1 Coffea arabica L. ET 12-5 Ethiopia
2 Caturra Brazil (cultivar)
3 C. bertrandi Chev, Bertrandi Madagascar
4 C. brevipes Hiern Mt Cameroon Cameroon
5 C. canephora Pierre 1F 444 Ivory Coast (cultivar)
6 C. congensis Froehner 3 255 Louma Central African Rep.
7 ’ 03 1650 Brazzaville Congo
8 C. costatifructa Bridson 08 111 Utete Tanzania
9 C. dolichophylla Leroy Dolichophylla Madagascar
10 C. eugenivides Moore 04 1485 Cheptuyet Kenya
11 04 010 Malava Kenya
12 04 005 Kimilili Kenya
13 C. eugenioides var. kiwuensis (Lebrun) Chev. Kiwuensis Uganda
14 C. farafanganensis Leroy Farafanganensis Madagascar
15 C. humilis Chev. ' 07 141 Sakré Tvory Coast
16 C. kapakata Chev, intro. Brazil Angola
17 C. liberica Hiern EC 16 Koto Cameroon
18 C. liberica var. dewevrei Lebrun 05797 N'Dongue Central African Rep.
19 C. liberica var. liberica (Hiern) Lebrun 05242 Tai Ivory Coast
20 C. millotii Leroy Millotit Madagascar
21 C. perrieri Drake Perrieri Madagascar
32 C. pseudozanguebariae Bridson 08 021 Kenya
23 C. racemosa Lour. intro. Portugal Mozambique
24 C. resinosa (Hook.) Radlk. Resinosa Madagascar
25 C. salvarrix Swynn. & Phil. intro. Brazil Mozambique
26 C. sakarahae Leroy Sakarahae Madagascar
27 C. sessilifiora Bridson PB 70 Kitulangalo Tanzania
28 C. sp. Mayombe Mayombe Congo
29 C. sp. Moloundou 0C 210 Souankeé Congo
30 C. sp. Moloundou OC 204 Moloundou 1 Cameroon
31 C. sp. N'gongo 11 N'gongo 11 Congo
32 C. sp. N'koumbala OC 105 N'koumbala Cameroon
33 C. sp. X unknown
34 C. stenophylla Don FB1 Ira Ivory Coast
35 Psilanthus ebracteolatus Hiern OA 153 Ivory Coast
36 P. mannii Hook. {. OA 009 Tvory Coast
37 P. travancorensis (Wight & Arn.) Leroy Travancorensis India




and Madagascar (Anthony 1992). Thirty-four of the accessions be-
longed to 26 Coffea taxa. Most of the taxa available were studied.
Nevertheless, with the species native to Madagascar, only three of
the six described botanical series {reviewed in Charrier 1978) were
represented by one to three species. In addition to Coffea taxa. three
species of the closely related genus Psilanthus were represented by
one accession: P. mannii. of the subgenus Psilanthus, P. ebrac-
teolatus and P. travancorensis. which are included in the subgenus
Afrocoffea (Bridson and Verdcourt 1988).

Total DNA was extracted from lyophilised leaves throueh
a nuclei isolation step as described by Paillard et al. (1996) with
slight modifications. In particular, the nuclear lysis solution was
replaced by a buffer containing 0.1 M Tris-HCI (pH 8.0), 0.02 M
EDTA, 1.25 M NaCl and 4% MATAB (mixed alkyl tri-methyl
ammonium bromide).

PCR amplification and DNA sequencing

The entire ITS region (ITS1-5.8s-ITS2) was amplified with primers
ITSL (5-TCGTAACAAGGTTITCCGTAGGTG-3; Hsiao et al.
1994) and ITSR (5-TATGCTTAAAYTCAGCGGG-3’; sequence
provided by V. Savolainen). Primer ITSL anneals to 18s rtDNA near
the ITS 1 border. while ITSR is complementary to 25s rDNA near
the ITS 2 border. Amplifications were performed in a 50-ul vol
containing 10 mM Tris HCL, pH 9.0, 0.1% Triton X-100, 1.5 mM
MgCl,, 50 mM KCI, 150 uM of each dATP, dCTP. dGTP, dTTP,
0.5 uM of each primer, 50 ng of total DNA, and 1 U of Tag poly-
merase (Promega). Reactions were performed in a PTC-100 thermal
cycler (MJ Research). After 5 min heating at 95°C, 35 cycles were
run. Each cycle consisted of 1 min at 95°C, 1 min at 58°C and 1 min
at 72°C. This was followed by 4 min at 72°C. The amplification
products were purified by agarose-gel electrophoresis and the con-
centrated DNAs were recovered using fibreglass (Appligene,
France).

Direct sequencing was done from the double-stranded DNA frag-
ment with one of the amplification primers or one internal se-
quencing primer ITS2L (5-CCRCGAACCATCGAGTCTTTG-3)
which anneals to 3.8s tDNA near the ITS 2 border, using a dideoxy
chain-termination reaction according to the Applied Biosystems
autosequencing protocol. The PCR products were analysed on an
ABI373A autosequencer.

Sequence analyses

Boundaries of the ITS 2 region were determined by comparison with
known sequences for the 5.8s and 25s coding regions of nuclear
rDNA (Takaiwa et al. 1985; Kavanagh and Timmis 1988; Baldwin
1992). Sequences obtained from the 37 coffee-tree accessions were
aligned with the CLUSTAL V multiple-sequence alignment pro-
gram (Higgins et al. 1992).

The aligned sequences were analysed by the neighbour-joining
(NJ) tree construction method (Saitou and Net 1987) using
a TREECOM software package {Van de Peer and De Wachter
1994). Insertions and deletions (indels) were taken into account. The
distance according to the Jukes and Cantor (1969) model was

calculated as:
4/ Sy G G
- l—=[+=,
3 ([ + Su ,: T T

where D 45 is the distance between sequences A and B. [ the number
of identical nucleotides, S, the number of positions showing a substi-
tution. G the number of gaps in one sequence with respect to the
other, and T the sum of /. S and G. Cladistic analyses were also
performed. Only aligned nucleotide sites with potential phylogenetic
information. i.e. with each of at least two nucleotide states in two or
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more sequences. were inciuded in the data matrix. Indels were also
included as single characters. Wagner parsimony phylogenetic trees
{Farris 1970) were constructed with the phylogenetic inference pack-
age (PHYLIP, version 3.4) written by Felsenstein (1989). The
DNAPARS program was used to find the most-parsimonious trees.
Shortest parsimonious tress were used to construct a strict consen-
sus tree using the program CONSENSE. The bootstrap method
(Felsenstein 1985) was employed to evaluate the reliability of tree
topologies.

Results

Organisation and overall sequence variation
of the ITS region

The aligned sequences of the ITS 2 region. the 5.8s
subunit and the extremity of the ITS 1 region of
C. canephora and C. millotii, along with the published
sequences of melon (Cucumis melo, Kavanagh and
Timmis 1988) and rice (Takaiwa et al. 1985), are given
in Fig. 1. The configuration of the entire ITS region of
both Coffea species was similar to-that of other plants.
The region encoding the 5.8s rDNA showed very high
similarity among all four species. Sequence divergence
from pairwise comparisons between the two Coffea
species and either C. melo or Oryza sativa was 5%. The
5.8s subunit was uniform in size (164 bp) among the
nucleotide sequences of both Coffea species and only
one variable site was observed. On the other hand. the
ITS 2 region showed significant sequence variation
among the different genera as well as between the two
Coffea species. Mean sequence divergence between the
two Coffea species and either C. melo or O. sativa was
44% and 50%, respectively. Comparisons of C.
canephora and C. millotii ITS 2 sequences indicated
nine variable positions (4%) including five transitions,
three transversions and one short indel. On the basis of
these preliminary results, only the ITS 2 sequences were
established for the remaining coffee-tree accessions.

ITS 2 sequence divergence

The sequence data have been deposited in the EMBL/
GenBank/DDBJ nucleotide sequence databases under
the accessions numbers U63811 and U64320 to
U64355. The lengths of the ITS 2 sequences of the 34
accessions of Coffea and the three Psilanthus samples
analysed ranged from 199 bp in P. ebracteolatus to
211 bp in C. liberica. These variations in length were
attributable to deletion and insertion events, and gaps
were introduced to align the sequences. Alignment of
all Coffea and Psilanthus TTS 2 sequences resulted in
234 characters and necessitated 23 gaps. With the no-
table exception of five indels (4-8 bp), the gaps were
1 bp in length. Gaps were correlated with particular
species groups and were of potential value for
phylogenetic reconstruction.
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Fig. 1 Aligned nucleotide
sequence of the 5.8s and ITS
2 regions of two Coffea species
(C. canephora and C. millotii).

Cucumis melo and Oryza sativa.

Arrows indicate boundaries of
the different regions; dashes
denote gaps: * denote identity
of the four sequences. The
position of the internal
sequencing primer (ITS2L) is
also indicated

C. canephora
C. millotii

Cucumis melo
Oryza sativa

C. canephora
C. millotii
Cucumis melo
Oryza sativa

C. canephora
C. millotii
Cucumis melo
Oryza sativa

C. canephora
C. millotii
Cucumis melo
Oryza sativa

C. canephora
C. millotii

Cucumis melo

Oryza sativa

C. canephora
C. millotii
Cucumis melo
Oryza sativa

C. canephora
C. millotii
Cucumis melo
Oryza sativa

> 588
CC/ARCACGACTCTCGGCAACGGATATCTCGGCTCTCGCATCGATGAAGAACGTAGCGAAATGCGA
CC/ARCACGACTCTCGGCAACGGATATCTCGGCTCTCGCATCGATGARGARCGTAGCGARATGCGA
AA/CA-ACGACTCTCGGCAACGGATATCTCGGCTCTCGCATCGATGAAGAACGTAGCGAAATGCGA
TC/CACACGACTCTCGGCARCGGATATCTCGGCTCTCGCATCGATGARGAACGTAGCGAARTGCGA

W Wk kb ok kb h ko kK ko kW Rk kR ok k ok ok

primer ITS2L
AACTTGGTGTGAATTGCAGAATCCCGCGAACCATCGAGTCTTTGARCGCAAGTTGCGCCCGAAGCC

AACTTGGTGTGAATTGCAGAATCCCGCGARACCATCGAGTCTTTGAACGCAAGTTGCGCCCGANGCC
TACTTGGTGTGAATTGCAGGATCCCGCGAACCACCGAGTCTTTGAACGCAAGTTGCGCCCGGAGLC
TACCTGGTGTGAATTGCAGAATCCCGTGAACCATCEAGTCTTTGAACGCAAGTTGCGCCCGAGGLE

.i*.************i**_******'t*****.*****'*********************‘_***

58S ¢ D 1ITS2
TTTAGGCCGRGGGCACGTCTGCCTGGGCGTCACGC /ATCGCGTCACCACC-C -~~~ CCCTCCC- - -

ATTAGGCCGAGGGCACGTCTGCCTGGECETCACGC/ ATCKMGTCGCCACC-C- -~ - TCCTCCC- - -
TTCTGGCCGAGGGCACGTCTGCCTGGGCGTCACGE /ATCCTGCCCCCACCACACARCTCTCCCCAT
ATCCGGCCGAGGGCACGCCTGCCTGGGCGTCACGE / CARARGACGCT - CCGC-CGGCCCCCCCTAT

‘*..*************.*****************

GCGGG-GGLG--GCEGA-~~= =~ GAC~=--=~~~ TGGCCTCCCGT - ~ -GCCCC - ~CG-GGCGCGECCE
GCGGG-GGCG~~GCEGA- -~~~ - GAC--=--~ TGGCCTCCCET -~ ~-GCCCC--CG~GECECGGLCE
GCGGG-GTCETTCTCRAGECAGEGACACACACTGGCCTCCCGTAC-GCACCGTCETG- CG-GATGG
CCGGGAGECGEECEEEGACELGETETC -~~~ TGETCCCCCGCCCCECGCC~TCGCEGCGCEETEE
JEdkd ok ke k k w * FHK ke kkkdk ke kk |k kKW W %

GCCTARACGCGAG-TCCTCGGCGGGG- - -GACGTCALG - ~ACTAGTGG - TGGTTGAGTCCCTCAAC
GCCTAAACGCGAG-TCCTCGGCGAGG- - - GACGTCACG- - ACTAGTGG - TGGTTGAATCCCTCAAC
~CTTAAATTTGAG- TCCTCG- - - ATGCTCEGTCETCGCGACACTA - CGG - TGGTTGATT - - - -CAAC
GCCGAAGCTCGGGCTGC - CBGCGARGC - -GT-GCCEGG- CAC- AGCGCATGGTGGA-- -~ - = CAGT
‘*--** --*.*...*..*.*--*--**-*-.*.

T--CGA-GTC-CTTETCGTGCCGTT-A-GACCAC- -C-CGC- CECATTCGGGGCTC- - -CGA-~ - -
T--CGA-GTC-CTTGTCETECCETTTA-GARCCC- - C~CGC- CGCAGTCGGGGLCTC- - -CGA- -~ ~
T--CGETGACGCETCTCG-ACCTCG - ACGTCGACTTCACGGACTCCTTCACGACCC - TTCGAA- - -
TCACGCTG~ -GC~TCTAG-BCCGC- - A-GTGCAC - - CCCEG - CGLGLGEECCGECECEETEGECCCCT

*-.’*..* -*.*.*.*.-**...-*v*.-...--*.**--*.* *.--*....*

ITS2 € > 26S
- ~CGACCC-TGAA -~ -GA- -GAGTTGCTCTCATCTC - GACG/ GCGACCCCAGGTCAGTCGGGATTA

--CGACCC-TGAR- - ~GA- -GAATTGCTCTCATCTC - GACE / GCGACCCCAGGTCAGTCGGEATTA

CGCCGCCCCTTAAAAGGAC-GA--CGCTCTC-- -~ -~ GAC-/GCGACCC-AGETCAGGCGGGACTA
CAGGACCC- - - AAACGCACCGAG - -GCGARCGCCTCGEGACC /
***'.‘**.._'*.‘**__.**‘..*‘.***.i**‘

The pairwise nucleotide-sequence divergence (Jukes
and Cantor one-parameter distance) among the Coffea
taxa (Table 2) ranged from 1.5% between C. eugenio-
ides and C. sp. Moloundou to 39% between C. ra-
cemosa and C. sakarahae. Pairwise comparisons be-
tween the Coffea taxa and the Psilanthus accessions
indicated sequence divergences ranging from 13% to
34%. Average divergence of the Psilanthus species,
P. ebracteolatus, P. mannii and P. travancorensis, from
the Coffea taxa were 18%, 24% and 18%, respectively.
Significant variation among accessions of the same
species from distant geographical regions was detected.
Infraspecific sequence divergence ranged from 3.0% in
C. sp. Moloundou and C. arabica to 8.3% in C. con-
gensis. In addition, individual DNA sequences exhib-
ited polymorphic nucleotide sites that could indicate
multiple rDNA repeat types.

Phylogenetic inference

The neighbour-joining tree obtained using the se-
quence divergences calculated by the Jukes and Cantor
one-parameter method (Table 2) is shown in Fig. 2.
Maximum-parsimony analysis yielded 100 maximally
parsimonious trees. Each required 174 evolutionary
steps {consistency index = 0.66). The strict consensus
tree is presented in Fig. 3. The tree was rooted by
P. mannii because this species showed steady diver-
gence from all Coffea taxa. The topologies of the
phylogenetic trees generated by these two reconstruc-
tion methods were roughly congruent. As expected.
association of accessions belonging to the same species
appeared stronger with the Wagner-parsimony method
applied to the data matrix including only the character
with potential phylogenetic information. C. arabica
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Table 2 Pairwise comparisons of ITS 2 sequence obtained from the 37 coffee-tree accessions listed in Table 1. The percentage of divergence is
estimated according to the Jukes and Cantor model .

1 2 3 4 3 6 7 8 9 10 It 12 13 t4 15 16 17 18 19

2 3.0

3 156 137

4 40 25 138

5 20 50 145 40

6 40 20 143 25 43

7 {23 108 18% 93 134 83

8 137 157 192 145 131 150 208

9 185 168 120 169 179 162 181 205
10 129 113 158 93 118 104 168 164 193
11 56 83 150 73 351 78 159 109 166 7.6
12 11.8 113 177 103 112 102 177 134 178 74 56
13 9.7 92 147 77 91 82 152 135 183 45 50 64
14 {33 140 138 141 122 135 248 182 195 182 125 150 160
15 78 95 151 84 78 89 154 129 170 125 73 103 93 142
16 61 66 156 51 35 6.6 129 145 166 129 7.7 112 108 151 106
17 13.3 134 164 135 127 128 207 169 174 165 117 141 149 181 142 139
18 66 82 118 72 60 77 157 113 165 112 51 96 86 122 72 82 82
19 87 105 136 94 82 99 170 138 148 135 78 135 125 151 100 98 67 45
20 55 88 1.7 66 45 82 163 125 150 112 41 97 86 9t 67 76 121 55 82
21 107 113 61 90 95 113 136 150 126 13 102 133 1Ll 138 121 97 162 101 113
el 152 147 205 132 146 137 212 109 234 (51 112 137 123 201 139 147 184 116 139
23 l64 202 282 187 170 192 270 165 303 218 149 208 195 247 194 207 234 188 207
24 209 198 11.5 186 196 211 270 249 196 216 186 223 212 190 205 180 211 170 177
25 169 209 268 203 163 199 259 (51 270 202 147 202 185 246 188 201 236 169 189
26 249 219 133 207 236 212 255 286 166 218 239 231 220 260 240 228 259 229 244
27 - 99 135 198 1L7 94 128 202 58 214 142 67 119 115 (71 97 122 153 94 117
28 114 121 151 104. 108 1L.5 192 150 177 139 11.0 133 123 155 110 110 144 - 81 114
29 72 62 13z 62 61 61 153 109 168 54 15 60 34 129 78 83 111 56 88
30 102 81 135 62 91 83 152 141 177 54 45 74 24 160 99 103 149 81 114
31 78 73 117 68 78 67 131 123 151 109 84 109 87 141 90 68 124 56 95
32 141 108 ‘146 88 146 93 128 202 188 142 160 163 138 193 161 147 184 135 165
33 81 66 142 71 92 72 136 136 190 835 50 90 64 155 99 98 144 81 109
34 92 87 132 78 92 88 177 132 153 119 82 117 103 138 88 88 121 65 8l
35 163 184 226 162 157 173 238 157 263 162 135 159 134 195 132 176 229 163 189
36 230 200 272 178 224 202 274 233 323 220 206 222 203 278 210 223 288 23.0 251
37 160 150 169 13.1 160 147 20.1 216 208 165 157 174 138 219 164 153 210 154 185

20 2t 2 23 24 25 26 27 28 29 30 31 32 33 34 35 36

21 6.7
22 140 176
23 182 226 158
24 158 11.6 24.7 329
25 169 207 155 203 334
26 210 108 317 390 226 372
27 88 144 89 131 246 L7 296
28 10.8 113 159 230 204 203 232 144
29 56 102 101 166 185 165 219 83 109
30 86 100 123 195 193 186 208 115 118 30
3 83 93 41 217 17.7 198 204 130 56 3 88
32 164 133 197 272 244 260 224 203 147 142 141 103
33 86 11.7 139 205 207 196 241 12} 113 40 .49 77 140
34 86 9.6 135 209 178 205 212 121 435 82 - 87 36 142 9.1
35 15.1 162 138 20.0 252 203 303 129 180 135 146 148 213 162 159
36 230 217 19.6 278 314 288 341 194 251 194 193 226 260 216 213 160
37 132 132 204 277 234 264 223 194 179 150 144 136 184 177 152 210 258
exhibited only one ITS 2 sequence type, which for both A number of groups of Coffea taxa were consistently

accessions analysed appeared very similar to the se- obtained in both trees. although the bootstrap values
quences of canephoroid species (C. canephora, C. con- were heterogeneous and moderate on average. Geo-
yensis, C. brevipes).- graphical distribution of taxa included in the major




952

C. sakarahae

C. bertrandi
C. dolichophylila
C. resinosa

C. perrieri

kK P, travancorensis
C. miliotii

47

C. farafanganensis
C. stenophylia

C. sp. Mayombe

C. sp. N'gongo 1l

C. liberica (18)

C. liberica (19)

C. liberica (17)

C. canephora
C. arabica (1)
C. kapakata

C. brevipes
C. congensis (8)
C. arabica (2)

C. sp. N'koumbala
C. congensis (7)
C.sp. X

C. sp. Moloundou (29)

C. eugenioides (11)

C. eugenioides (12)

C. sp. Moloundou (30)

C. eugenioides (13)

C. eugenioides (10)

C. humilis

o8 P, mannii
i P, ebracteolatus

84 C. pseudozanguebariae
73 rl“ C. salvatrix
C. racemosa
s C. costatifructa

C. sessiliflora

Fig. 2 Neighbour-joining tree of 37 coffee-tree accessions using
a Jukes and Cantor one-parameter distance. Numbers on the
branches are bootsirap values (%) obtained from 200 replicate
analvses

groups of taxa resulting from the Wagner-parsimony
analysis 1s presented in Fig. 4. A clear correspond-
ence was observed between the geographical origin
of taxa and the phylogenetic grouping. The groups
consisted of Coffea taxa originate from West and
Central Africa, Central Africa, East Africa, and
Madagascar, respectively. Overlapping geographical
distributions of taxa-groups was noted only in the
central part of Africa where two groups were distin-
guished. Neither phylogenetic analysis was clear on the
presence of one unique or several clades in the group
of taxa found in West and Central Africa. In particu-

58 C. sugsenioides (13)
C. eugenioides (12)
C. eugenioides (10)
&7 }-——— C. eugenioides {11)
C. sp. Moioundou (29)
C. sp. Moioundou (30)

C.sp. X

7]

sakarahae
dolichophylia
perrieti
bertrandi
resinosa
travancorensis
farafangsnensis J

46
38

2
[=]
=

53

millotii

)

N00000000H00OD0O0N0 ODIOODONDO

canephora I
brevipes
congensis (6)
congensis (7)
arabica (1)
arsbica (2)

ol

|

0

|53 2

sp. N'koumbaia
Sp. Mayombe
stenophylla

sp. N'gongo !l
liberica (19)
fiberica {18}
liberica (17)
humilis

wcC

9]

salvatrix

. pseudozanguebariae
. racemose
. costatifructs

'
les
C. sessiliflora

P, ebracteolatus

22

o000

P, mannii

Fig. 3 Strict consensus Wagner tree, constructed from 100 equally
most-parsimonious trees resulting from phylogenetic analysis of
ITS 2 sequence variation data for coffee-tree taxa. P. mannii was
used as the outgroup species. Frequenies of occurrence of a mono-
phyletic group among 100 bootstrap replicate are shown above the
line at each node. Major Coffea groups are indicated by lerters
according 1o the geographical origin of accessions: C (Central Afri-
ca). M (Madagascar), WC (West and Central Africa) and E (East
Africa)

lar, C. humilis seemed distantly related to other West-
African taxa.

One unexpected result was that both parsimony
and distance analyses placed P. ebracteolatus and
P. mannii as the sister group to a clade consisting of
East-African Coffea species. Moreover, P. travancoren-
sis was placed with the Coffea species originating from
Madagascar. '

Discussion

Organisation of the nuclear rDNA repeat unit of the
Coffea species seemed similar to that of other plants:
a 5.8s coding region flanked by two internal transcribed
spacers and located between the 18s and 26s coding
regions. As predicted, the ITS 2 region appeared much

o



Fig. 4 Geographical distribution of the major groups of Coffeu taxa
revealed by the ITS 2 sequence-variation analysis (see Fig. 3)

more divergent than the 5.8s coding region. Even
though the sequences of the internal transcribed
spacers are expected to be conserved to some ex-
tent, because of their important role in post-tran-
scriptional processing (Hamby and Zimmer 1992), the
level of variation was high enough to make the ITS
2 a useful tool for phylogenetic reconstruction at the
species level in Coffea. Therefore, these data provide
additional support for the utility of the ITS region for
phylogenetic investigation among closely related dicot
species.

Intraspecific ITS variation

The overall sequence homogeneity among members of
a gene family such as the nuclear rDNA is assumed to
be maintained by homogenisation mechanisms asso-~
ciated with concerted evolution {Arnheim 1983). As
a result, rDNA repeats are usually very similar within
individuals and species, although differences may accu-
mulate between species (Hillis and Dixon 1991). An
unusual feature of the ITS Z sequence in Coffea was the
importance of intraspecific variation. Even the presence
of ITS variants within individuals was observed. Sim-
ilar intraspecific variation has already been reported.
For instance, Baldwin (1993) found 4.3% intraspecific
divergence in Calycadenia truncata. However, this phe-
nomenon appeared particularly important within cof-
fee-tree species. Such results are expected when the rate
of nucleotide divergence exceeds the homogenisation
rate of the gene copies within a multigene family, a situ-
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ation that could arise in cases of explosive radiation
and-or interspecific hybridisation (Hillis and Davis
1988).

The generation times of coffee-trees have been esti-
mated as between 20 and 30 years (Berthaud 1986). The
observed deficiency in the homogenisation mechanisms
may be related to the long life cycles of coffee-trees, in
the same manner that nucleotide-substitution rates
have been reported to be related to the length of the
reproductive cycle (Li and Graur 1991). Moreover,
it is most likely that spontaneous interspecific hy-
bridisation occurs between taxa and has been involved
in speciation. The results of the present study on nu-
clear rtDNA, as well as initial analysis of chloroplast
DNA variation (Cros 1994), conformed to a radial
mode of speciation for the coffee-tree species. In addi-
tiom, a recent origin was suggested for the genus Coffea
based on the low level of variation exhibited by chloro-
plast DNA (Lashermes et al. 1996b). Therefore, the
high level of intraspecific variation observed for the ITS
2 region in this study most likely reflects biological
characteristics and the evolutionary history of Coffea
species. '

This phenomenon constitutes a difficulty in inter-
preting rDNA sequence divergences. On the other
hand, within-species variation in ITS sequences offers
the opportunity for resolving relationships among dis-
tinct populations and for addressing questions of spe-
cies boundaries. It is noteworthy that the sequence
divergence among accessions of C.congensis was
greater than the variation noted between C. congensis
and either C. brevipes or C. canephora accessions. Since
all three species are easily crossable and produce highly
fertile hybrids (Louarn 1992), taxonomic criteria ap-
pear questionable. Comparable results were observed
with C. eugenioides and C.sp. Moloundou, and it
would be particularly interesting to perform inter-
specific hybridisation between these taxa.

The case of the polyploid C. arabica

C. grabica is considered to be a segmental allotetra-
ploid species (Carvalho 1932; Grassias and Kam-
macher 1975). Recently, the origin of C. arabica was
corroborated and specified using DNA-based markers
(Lashermes et al. 1996a). Biparental inheritance and
additivity of parental rDNA types have been
documented in several hybrid plant taxa (Doyle et al.
1983: Doyle and Doyle 1988). In the case of C. arabica.
the presence of only one type of ITS 2 sequence is most
likely due to the homogenising effect of concerted
evolution and/or possible backcrossing with parental
species. Furthermore, the present results showed that
a species related to the canephoroid group (C.
canephora, C. congensis, C. brevipes) was one of the
progenitor species.
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ITS sequence phylogeny of the Coffea species

The phylogenetic relationships of Coffea taxa in-
ferred from ITS 2 sequences indicated four major
groups with a strong geographical correspondence.
One group included all species native to Madagascar
(Mascarocoffea). The large variation observed in
this group reflects the considerable diversity of
coffee-trees found in Madagascar (Charrier 1978).
Species endemic to the region between the Kivu
ridge and the Mozambique Channel (Mozambicof-
fea) formed a second group. C. eugenioides, which is
native to the uplands of ridge region, was classified
with two taxa, C.sp. Moloundou and C.sp. X.
which are the only two diploid taxa reported to be
self-fertile. While the origin of C.sp. X is un-
known, C.sp. Moloundou was recently discovered
in the Congo basin (Anthony 1992). The small number
of taxa included in this group could either be an
artefact due to the lack of substantial collecting
missions on the west side of the Kivu ridge, or
the consequence of specific biological character-
istics. The last group encompasses diploid species
originating from West and Central Africa, and the
allotetraploid C. arabica. This group appeared
heterogeneous and subgroups could be distin-
guished such as the canephoroid group. Moreover.
C. humilis could even be considered as the unique
representive of an additional major group. The rela-
tively complex patterns of distribution of Coffea spe-
cies in Central and West Africa may be related in
part to glaciation phases during the quaternary
period (Hamilton 1976) as suggested by Berthaud
(1986).

These biogeographical groups are well supported
by the cytogenetic data (Charrier 1978; Louarn 1992).
Hybrids resulting from interspecific hybridisation
between species of the same group are characterised
by a high degree of bivalent meiotic chromosome
associations and high fertility. In contrast, hybrids be-
tween species of different ITS-based groups display low
ferulity.

Within each biogeographical group, the relatively
close ITS relationship of taxa suggests a common
origin, with subsequent ecological differentiation
leading to the considerable morphological variation
observed. Cases of hybridisation between these inter-
fertile entities could not be discounted, and could
have substantial impact on phylogenetic estimation
from ITS sequences. Additional data are therefore
required to overcome limitations of the ITS region
and to bring into better focus overall Coffea spe-
cies relationships. Comparisons between phylogenies
inferred from both nuclear and chloroplast genomes
would be particularly interesting. Since the occur-
rence of interspecific hybridisation and plant in-
trogression {Rieseberg and Brunsfeld 1992) may be
detected.

Intergeneric relationships

Analysis of the ITS 2 sequences does not support the
present division in the tribe Coffed, namely Coffea and
Psilanthus (Leroy 1980: Bridson 1987). In comparison
to the variation observed in the genus Coffea, the inter-
generic divergence appeared relatively limited. Similar
results have been observed with chloroplast DNA
(Lashermes et al. 1996b) and recently intergeneric hy-
bridisation has even been achieved (Couturon. personal
communication). In contradiction with the present div-
ision of the genus Psilanthus into two subgenera,
P. travancorensis (subgenus Afrocoffea) appeared dis-
tantly related to the two other Psilanthus species ana-
lysed, P.ebracreolarus (subgenus Afrocoffea) and
P. mannii (subgenus Psilanthus). It is noteworthy that
P. mravancorensis, which is native to India, was placed
with the Coffea species from Madagascar, while P. eb-
racteolatus and P. mannii, which are both present in
Africa, showed similarity with Coffea species from East
Africa. These results prompt modifications in the ad-
opted classification and support the hypothesis of
a common origin of coffee-trees in Africa.
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