*!

I

-

\i
- I

~

/I,

1

I

O Springer-Verlag 1983

Chloroplast and mitochondrial DNA variation as indicator
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‘Summary. Chloroplast and mitochondrial DNA from
nine species or taxons of coffee-trees were compared as
to their phylogenetic relationship by restriction endonuclease fragment analysis. Three types of chloroplast DNA (cp DNA) were detected indicating relationships as follows: (i) C. arabica, C. eugeizioides; (ii) C.
canepliora, C. congensis, “nana” taxon; (iii) C. liberica.
The mitochondrial DNA (mt DNA) separated into five
types: (i) C. arabica, C. eugenioides, C. congensis; (ii) C.
canephora, “nana” taxon; (iii) C. excelsa; (iv) C. liberica; (v) Paracoffea ebracteolata. The divergence in
organelle DNAs agrees with the phylogenetic relationship deduced by conventional methods and is presented
in some detail. Restriction patterns of the cp and
mt DNAs isolated from a clone of C. arabusta have
been compared to those of the parents and were found
to be inherited from the mother. Cp and mtDNA
analyses in the genus Coffea support the hypothesis that
CJcaizephora diverged from C. congerisis, whereafter the
latter species differentiated into C. eugenioides and C.
umbica
Key words: Coffea - Coffee-tree evolution - Chloroplast
DNA - Mitochondrial DNA

Introduction
The genus Coffea L. contains two subgenera: Eucoffea
which comprises the caffeine-containing coffee-trees
from Africa and Mascarocoffea in which caffeine-free
coffee-trees from the Malagasy region are grouped
(Chevalier 1938, 1942). The subgenus Eucoffea, originating from central and east African centers, is differentiated into C. arabica from Ethiopia, C. eugeraioides

from Kenya and C. canephora as well as C. liberica from
west Africa, especially the Ivory Coast. Some other
species like C. coizgensis, C. excelsa and “nana)) taxon
come from the Central African Republic.
The species of the Eucoffea subgenus are wild or cultivated. The most important commercial species, C. arabica
covering about 70% of the plantations, is the only tetraploid
(2 n=44) known in the genus and is self fertile. The other
members of the Eucoffea section are all diploids (2 n = 22) and
generally self incompatible. C. canephora, commonly called
robusta and covering about 26% of the plantations, is the only
diploid species of the genus whose history as cultivated plant
can be compared with the history of C. arabica. It has developed world wide as a species for industrial plantation following
the decline of the cultivation of C. arabica in lower altitudes of
the old world after the advent of the coffee leaf rust Heínileia
vastatrix.
One of the basic problems in the phylogeny of the coffee
trees concerns the origin of the tetraploid C. arabica. This
species exhibits the cytogenetical behaviour of allotetraploid
plants (Carvalho 1952) suggesting that it has evolved from a
cross between two wild diploid species. One nuclear genome
could have originated from any member of the genus Coffea,
the other genome could be sought among the wild species of
the subgenus Eucoffea or in the neighbouring genera Paracoffea J. F. Ler. or Psilanthus Hook. f. (Charrier 1978). Conceivably, C. eiigeíiioides could be the mother and C. congensis
or C. canephora the father. This hypothesis is supported by
allozymic variation in a wide range of wild populations and a
preliminary comparison of the mtDNA of three Eucoffea
species (Berthou and Trouslot 1977; Berthou et al. 1980).

The specific cleavage of chloroplast (cp) and mitochondrial (mt) DNAs by restriction endonucleases and
agarose slab gel electrophoresis of the resulting DNA
fragments have been used previously to probe the taxonomic relationships in the genera Triticum (Vedel et al.
1978, 1980))Zea (Timothy et al. 1979), Nicotiaiza (Rhodes et al. 1981; Kung et al. 1982), Oenothera (Gordon
et al. 1982), Pelargoiiium (Metzlaff et al. 1981) and
Brassica (Lebacq and Vedel 1981). These studies have
demonstrated a diversity amon
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which was more pronounced as the taxonomic plant
groups diverged. We present here a retriction enzyme
analysis of cytoplasmic DNAs from nine coffee trees to
explore phylogenetic relationships in the Eucoffea subgenus and consequently the origin of the tetraploid C.
arabica.

Material and methods
Species examined
The geographical origins of the nine analysed taxons are listed
in Table 1. - All species but one belong to the subgenus Eucoffea. The species Paracoffea ebracteolata belongs to the genus
containing caffeine-free shrubs and has been previously
analysed for its allozymes (Berthou and Trouslot 1977).

Organelle isolation
Chloroplasts and mitochondria were isolated from flushes of
wet-summer grown leaves collected on trees in plantations and
clone orchards. Coffee tree leaves generally are waxy and stiff
and furthermore contain tannins and polyphenols. Consequently, important modifications have been introduced both in
the homogenization and in the purification process of the
crude chloroplast pellets.
The homogenization of leaves was carried out at 4°C with
a Waring blender, 3 X 10 s at maximum speed, in a buffer containing: 0.3 M mannitol, 0.05 M tris, 0.15 M ascorbic acid,
0.1 M mercaptoethanol, 3 X
M EDTA, 0.1% BSA pH 8.0.
The homogenate was filtered through a 20 pm nylon net and
the filtrate centrifuged at 1,000 g, 12 min (IEC, rotor 269). The
pellet consisted of the crude chloroplast fraction. The supernatant was spun at 20,000 g, 15 min (Sorvall, rotor SS 34); the
pellet consisted of the crude mitochondrial fraction. DNase I
treatment was omitted in the case of the crude chloroplast frac-

tions for two reasons: (i) these fractions are composed of
broken organelles so that DNase treatment destroys all the
cp DNA, (ii) the restriction enzyme analysis does not show
cleaved fragments of chromatin from nuclear contaminants.
The crude chloroplast pellets were gently dispersed in A buffer
(Herrmann et al. 1975) and fractionated by centrifugation at
4°C in discontinuous sucrose gradients 30%, 60% steps in A
buffer at 2,000 g, 20 min (IEC, rotor 269). Material banding at
the interface was carefully removed, slowly diluted with 3 volumes of A buffer and pelleted at 1,200 g, 12 min. The crude
mitochondrial pellets were dispersed in A buffer with a Potter
homogenizer and the mitochondrial fractions purified successively by DNase-treatment (Herrmann et al. 1975) and centrifugation at 4 “C in discontinuous sucrose gradients, 30%
60% steps in A buffer at 60,000 g, 1 h (Beckman, rotor
SW 27 II). Material banding at the interphase was collected as
indicated above with chloroplasts.
DNA restriction and agarose gel electrophoresis
Cp and mt DNAs were isolated from the corresponding purified fractions by using CsC1-ethidium bromide gradients as described previously (Vedel et al. 1980). Sal I was’ prepared by
the method of Greene et al. (1978); Bgl I, Xho I and Hpa II
were purchased from Boehringer, Mannheim; Kpn I was purchased from New England Biolabs. Cp and mtDNAs were
digested with restriction endonucleases as described by the
suppliers. The restriction fragments were separated by electrophoresis in 0.7% agarose vertical slab gels, 20 or 40 cm long.
Gel staining and ultraviolet fluorescence photography have
been described (Vedel et al. 1976; Quétier and Vedel 1977). A
mixture of DNA fragments generated from A DNA by Hind III
and from 1 DNA by Hind I l I f Eco RI (Boehringer, Mannheim) was used as a molecular weight standard.

A nalvtical ultracentrijkgation
DNA fractions recovered from CsC1-ethidium bromide gradients were submitted to analytical ultracentrifugation (Beck-

Table 1. Coffee-tree populations or clones used in experiments (P=population, C = clone)
Species or taxon

Entry or source

Prospector, country and site of original source

C. arabica

P8
P362

Guillaumet and Hallé 1967, Ethiopia: Wush-Wush
Kollo districts

C. eugenioïdes

P1
P2

C. congensis

“nana” taxon

P1
P2
C 197
C 315
c 91

Berthaud and Guillaumet 1980, Kenya: Kakamega,
Nandi districts
Berthaud and Guillaumet 1978, Central African Republic:
Oubangui river

C. excelsa

C 301

Berthaud and Guillaumet 1978, Central African Republic:
Sobou village

C. liberica
var. indeniensis

C 70

Robinet 1954, Ivory Coast: Indénié region

Paracofea
ebracteolata
C. arabusta

PI

Le Pierrès 1976, Ivory Coast: Divo

C. canephora
x C. arabica

Capot 1972, Ivory Coast: Bingerville

C. canephora

Porteres 1937, Ivory Coast:
Man Préfecture
Berthaud and Guillaumet 1978, Central African Republic:
Nana-Nambéré Préfecture
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man, ‘modelE ultracentrifuge) after the dye had been removed
by gel filtration. Equilibrium centrifugation of 2-5 pg of DNA
in neutral CsCl solutions (e= 1,700 g/cm3) was performed at
44,000 rpm for 20 h at 20 “C. Micrococcus lysodeikticus DNA,
density 1,731 g/cm3 was included with the sample as a density
standard. Buoyant densities and base composition were calculated according to the method of Schildkraut et al. (1962).
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In the genus Coffea, the Hpa II restriction patterns
for cp DNA fall into three sub-sets. They are from the
species: (i) C. arabica and C. eugenioides (Fig. 2, lanes a
and b); (ii) C. canephora, C. congensis and “nana”
taxon (Fig. 2, lanes c, d and e); (iii) C. Ziberica (Fig. 2,
lane f ) . There is no difference between C. arabica and C.
eugenioides cp DNAs nor between C. canephora and C.
congensis. Among the related species of C. arabica in
the Erytlzrocoffea A. Chev. sub-section and at the junction of the Abyssinicae-Robustae series J. Lebrun, this
analysis provides evidence for two phylogenetic subdivisions.
The three subsets are distinguished by comparison
of the nineteen heaviest Hpa II bands (Table 2). Subset I is characterized by cp DNAs containing two bands
of 2.3 and 0.83X IOG d in size (arrows in Fig. 2 and
Table 2) which are absent in the other two subsets. Subset II contains one unique fragment, 1.53X IO6 d in
molecular weight (arrow in Fig. 2 c), and subset III, two
unique ones 1.77 and 1.48X loGd in size (Fig. 20. Furthermore, the cp DNAs of the subset I lack the l. 15 and
0.8OX loGd bands which are present in the cp DNAs of
the subsets II and III (asterisks in Fig. 2 c and Table 2).

Results
Restriction analysis of coffee-tree cp D N A s
Figure 1 illustrates the restriction patterns of C. arabica
cp DNA generated by five different enzymes, from the
least to the most complicated patterns: Sal I (5 bands),
ICpn I (8 bands), Bgl I (9 bands), Xho I (10 bands) and
Hpa II (more than 25 bands). The largest uv absorbing
band in each pattern represents nuclear DNA contamination. Unfortunately, the DNase treatment of the chloroplast pellets previously used to remove selectively the
nuclear DNA cannot be applied in the case of coffee
trees. Because of their peculiar structure, coffee-tree
leaves lead even after mild homogenization to pellets of
broken chloroplasts. Consequently, DNase treatment of
such pellets cleaves chloroplast DNAs.
Hpa II restriction enzyme fragmentation gives the
most useful pattern to compare coffee-tree cp DNAs because (1) this enzyme produces the largest number of
cp DNA fragments among the enzymes used and therefore has the highest resolving power to uncover differences; (2) the low molecular weight of the HpaII
fragments prevents interference with the nuclear DNA
contamination.

Sal I restriction analysis of coffee-tree nit D N A s
The situation encountered with coffee-tree mt DNAs is
quite different from that described above with cp DNAs
because (1) the nuclear DNA contamination can be removed easily by DNAse treatment of the mitochondrial
pellets without loss of mt DNA, (2) restriction enzyme
cleavage of mt DNAs from coffee-trees leads to very numerous fragments. Among the restriction patterns ob-
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Fig. 1. Agarose slab gel electrophoresis of Coffea arabica cp DNA digested with several enzymes: a Sal I; b Kpn I; c Bgl I; d Xho I;
e Hpa II
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tained, the most useful ones are the Sal1 patterns because they contain the smallest number of bands.
The mt DNA patterns present about twelve times
more restriction fragments than the corresponding
cp DNA by Sal I (Fig. 3, lane j). The purity of the
mt DNA from C. congensis has been further checked by
analytical CsCI gradients. The presence of a single and
sharp band at 1.706 g/cm3 (Fig. 4) indicates that nuclear DNA is completely removed by the DNAse treatment of the mitochondrial pellets and that cp DNA is
not responsible for the complexity of the mt DNA pattern.
Comparison of the Sal I patterns of the mt DNAs
isolated from eight coffee-tree taxons revealed five subsets. Overall similarities are observed among C. arabica,
C. eugenioides and C. congensis as among C. canephora
and “nana” taxon (Fig. 3, lane b-f). In contrast, C. excelsa, C. liberica and P. ebracteolata are characterized
by uniquely differing mt DNA patterns (Fig. 3, g, h, i).
The complexity of the patterns precludes accurate de-

termination of restriction fragment homologies between
mt DNAs of the five sub-sets. The molecular weight of
the mt DNAs of C. arabica, C. eugenioides, C. congensis
and C. canephora estimated by summing the molecular
weight of the fifty heaviest bands (above 1.2X lo6 d) results in a value greater than 360 x lo6 d in all restriction
patterns. This value does not take into account band
multiplicity. Thus estimated sizes of the coffee-tree
mt DNAs appear greater than the sizes of other analysed higher plant mt DNAs, except for’ some Cziczirbitaceae (Ward et al. 1981).

Maternal inheritance of C. arabzista cytoplasmic DNAs
The distinct Hpa II cp DNA patterns and the distinct
Sal I mt DNA patterns of C. arabica and C. canephora
allowed us to follow the inheritance of cp and mt DNAs
after hybrid formation. The cytoplasmic DNAs of a
clone of C. arabusta arising from a sexual cross between
C. canephora and C. arabica as female and male parents
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Fig. 3. Agarose slab gel electrophoresis of Sal I digests of mt DNA from: b Coffea akabica (a standard); c C. eugenioïdes; d C. congensis; e C. caiiephora;f “nana” taxon; g C. excelsa; h C. liberica; i Paracoffea ebracteolata; j C. arabica cp DNA (the Sal I patterns
of the coffee-tree cp DNAs analysed are identical)

respectively were isolated. Figure 5 shows that the cp
and mt DNAs of C. arabusta are characterized by restriction patterns identical to the corresponding ones of
the cp and mt DNAs of C. canephora. This result indicates that the cp DNA and the mt DNA of the hybrid
were inherited from the mother.

Discussion

E,

O
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In this work, restriction enzyme patterns of cp and mt
DNAs have been used to probe phylogenetic relationship between wild and cultivated coffee trees.
The degree of divergence in organelle DNAs conforms appreciably with the phylogenetic relationship
deduced for the species by conventional ,methods:

N
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Fig. 4. Microdensitometer tracing of analytical CsCl gradient
of Coffea coiigensis mt DNA; the marker is Micrococcus lysodeikticus at 1,731 g/cm3

(i) Coffea L. and Par-acoffeaJ. F. Ler. are clearly distinct in their mt DNA.
(ii) The series or sub-sections can be distinguished
with cp DNA and mt DNA. First, the distinction of the
two Abjminicae-Robustae J. Lebrun series or the Erythrocoffea A. Chev. sub-section combines the species re-
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Fig. 5. Agarose slab gel electrophoresis of Hpa IT digests of cp DNA from: a Coffea canephora; b C. arabzuta; c C. arabica and of
Sal I digests of mt DNAs from: d C. canephora; e C. arabusta; f C. arabica

Table 2. Molecular weights ( X lo6 d) and distribution of the
nineteen heaviest Hpa II restriction fragments of coffee-tree cp
DNAs
Subset I

Subset II

Subset III

C. arabica
C. ezigenioïdes

C. congensis
C. canephora

C. liberica

“nana” taxon
5.25
2.69
2.30
1.81

5.25
2.69

5.25
2.69

1.81

1.81
+I .77

1.75
1.65
1.58

1.75
1.65
1.58
+ 1.53

1.40
1.35
1.32
1.27
1.23

1.40
1.35
1.32
1.27
1.23
1.15
1.05
1.o0
0.95
0.90
0.86

1.65
1.58
+

--f

1.O5
1.00
0.95
0.90
0.86
0.83
0.77

*

*

0.80
0.77

*
I

*

1.48
1.40
1.35
1.32
1.27
1.23
1.15
1.O5
1.o0
0.95
0.90
0.86
0.80
0.77

lated to C. arabica (Lebrun 1941). C. canephora and
C. congensis may have a common origin corresponding to
the robzutoïdes A. E. Haarer (1957) series asjudged by the
cp DNA pattern; but these species are slightly different
with regard to the mt DNA patterns. This suggests the
divergence of this phylogenetic cluster before the separation of C. arabica and C. eugenioides. C. arabica and C. eugenioides are included in a series different from Abyssinicae J. Lebrun with the exclusion of C. congensis. The
inclusion of the latter species would be correct as far as
the mt DNA pattern is concerned (Table 3).
(iii) Species can be distinguished by the organelle
DNA. C. excelsa A. Chev. from the Central African Republic and C. liberica Bull ex Hiern var. indeniensis
Sibert from the Ivory Coast are distinct. In J. Hutchinson and J. M. Dalziel Flora (Hutchinson and Dalziel
1963), R. W. J. Keay gathers them under the binomial
C. liberica Bull ex Hiern. The mt DNA patterns do not
agree with this view for they show a clear-cut difference
between these species.
Finally, the “nana” taxon from the Central African
Republic is identical to C. canephora from the Ivory
Coast, whereas we observe mt DNA divergence between C. canephora and C. congensis. We can conclude
that the “nana” taxon belongs to the species C.
canephora.
From an ecological point of view, the two phylogenetic clusters gather the orophytic coffee-trees on the
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Table 3. Comparison of systematic series or subgenera and observed groups following cp and mt
DNA patterns
J. Lebrun
1941

A. Chevalier
1947

Eythrocoffea
C. arabica
C. eugenioïdes
C. congeiisis

A. E. Haarer
1957

DNA mt

Group 1

A byssiiiicae

:

A. E. Haarer's
series

C. canepliora

DNA cp

-+

Robustae

one hand, i.e. C. arabica from high valleys of the
Ethiopian plateau and C. eugerzioides from the lowland
forest of the Lake Victoria Belt (Guillaumet and Hallé
1967; Berthaud et al. 1980) and the lower altitude coffee trees on the other hand, i.e. C. corzgeizsis, a riparian
species and C. caizephora, a very plastic one (Chevalier
1947; Berthaud and Guillaumet 1978). The former
phylogenetic cluster is not differentiated, but the latter
is differentiated Eastwards and Westwards between C.
congerisis and %. canepliora on the basis of mt DNA
structure. But we can notice that another kind of differentiation Northwards and Southwards must be analysed considering the species C. zanguebariae, C. nujìndieizsis and C. raceniosa.
These results support the hypothesis of the formation of C. arabica once the combination of the two Eucoffea main phylogenetic clusters had occurred. C.
arabica diverged from an ancestor similar to C. eugenioides and this was preceded by the divergence of C.
canephora and C. congensis. This conclusion agrees with
previous isozyme studies. So when plant breeders want
to extend the selection basis of C. arabica using more resistant diploid coffee-trees from lower altitude (coffee
leaf rust, drought), they should be aware of the cytoplasmic DNA differentiation. As far as this differentiation is concerned, the diploid species C. eugenioides
and C. congeizsis can play differential roles as female
parents in hybrids.
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