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Abstract 

WALYARO , D.J.A. (1983). Considerations in breeding for improved yield and quality 
in arabica coffee (Coffea arabica L.). 
Doctoral thesis. Wageningen, The Netherlands. 

Variation for growth, yield and quality characters was studied in a diallel cross among 
11 varieties of arabica coffee. The objective was to demonstrate the possible application 
of such information in breeding programmes for improved yield and coffee quality. 

Growth characters especially girth, height, internode length on stem and primaries, 
and canopy radius had a high repeatability. Such characters are heritable, even with 
a single measurement taken on young coffee trees. For most yield characters, a good 
assessment can only be obtained if it is based on the mean of several years' records 
Regarding quality characters, single berry weight, % AA, %AB and %PB showed a high 
heritability. 

•Jenetic variation for selected growth and yield characters was due to genes with 
additive and dominance effects. There was also evidence of epistatic effects among 
genes governing most of these characters, and especially so for yield. As a consequence 
many of the F hybrids displayed considerable hybrid vigour varying between 10% to 
over 200% above the better parent. Variation for quality characters was chiefly due 
to the additive genetic effects, specific combining ability being relatively unimportant. 

A detailed study of genotype-environment interactions revealed that it is possible 
to select for high yielding genotypes with the desired level of linear response to envi­
ronments. Yield stability and compact growth are characters that could be selected for 
independently. Quality characters in general were relatively less influenced by effects of 
genotype-environment interactions. 

Height and angle of primaries could be selected on basis of 1 year old seedlings in the 
nursery. It is also possible to base individual tree selection for yield on performance of 
fairly young coffee trees. This entails use of a preselection index comprising for instance, 
girth, canopy radius or internode length on primaries, bearing primaries or % bearing 
nodes, plus yield of the first 2—3 years of individual trees. For coffee quality, rapid im­
provement could be obtained by basing selection on %AA for bean size, and on the over­
all standard for liquor quality. The first year's assessment of these characters is already 
sufficient for selection purposes. 

Implications of these results in breeding programmes are discussed. A breeding scheme 
is proposed aimed at developing compact high yielding coffee varieties with good quality 
which also combine resistance to the two main diseases of arabica coffee, coffee berry 
disease and coffee rust. The breeding scheme entails either development of hybrid varie­
ties, or a programme of further selection to derive seed varieties. Important features of 
such a scheme are, 1 ) the use of information on genetic basis of variation for certain 
characters in planning hybridization programmes and, 2) a drastically reduced breeding 
cycle per generation as a result of basing selection, within each generation, on fairly 
young coffee trees. 

Free descriptors: Coffea arabica, diallel cross, plant evaluation, repeatability, environ­
mental stability, genetic variation, heritability, hybrid vigour, genotypic correlation, 
preselection index, coffee yield, compact growth, coffee quality, disease resistance, 
Colletotrichum coffeanum, Hemileia vastatrix, a breeding scheme. 
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GENERAL INTRODUCTION 

1.1. Background and objectives 

Coffee is undoubtedly the most valued of the stimulant crops. In the 
recent past, it has been ranked after petroleum and it derivatives, as the 
most important product in international trade (Purseglove, 1968; Chouler, 
1972). 

Coffee growing can be considered as one of the most important agricul­
tural occupations, upon which the economy of more than 50 developing 
countries depends (Rodrigues et al., 1975). In Kenya for example, coffee 
is by far the leading export commodity accounting on average for 30—40% 
of the country's export earnings. In addition, it is estimated that over 
10% of the entire population of Kenya, derives their income directly from 
coffee. The total area under coffee production in Kenya by the end of 
1979 was over 100,000 hectares. Estates account for about a quarter of 
the area while three quarters, is under small holdings (Anon, 1980). The 
total annual production by 1980 was about 87,000 tonnes of clean coffee. 

Of the cultivated species olCoffea, arabica coffee Coffea arabica L., is by 
far the most important. It represents over 65% of the total area in the world 
used for coffee production. In Kenya, practically all the exported coffee is 
the arabica type. 

Breeding work in arabica coffee started during the 1920's and 1930's in 
Brazil (Krug, 1935 & 1937). India (Srinivasan & Narasimhaswamy, 1940) 
Tanzania (Gilbert, 1938 & 1939) and Kenya (Melville, 1946; Thorold, 
1947). Emphasis in selection was primarily for high yield, better bean size 
and liquor quality. In the recent past, improvement work has been domina­
ted by breeding for disease resistance to two important diseases of arabica 
coffee, coffee rust or orange rust of coffee Hemileia vastatrix B. and Br. 
and coffee berry disease, Colletotrichum coffeanum Noak. (Sensu Hindorf). 

These two diseases are the most serious obstacle to production of arabica 
coffee. Coffee rust, first recorded in 1861. around the shores of Lake Victo­
ria in Kenya, had its first serious appearance in Ceylon (Sri Lanka) in 1868. 
Eventually arabica coffee plantations had to be abandoned and replaced 
by tea. Since then, it has spread to almost all coffee growing areas of the 
world, reaching Brazil in 1970 (Monaco, 1977). Coffee berry disease, an 
anthracnose of green and ripening berries, was first reported in Western 
Kenya in 1921. Though it has since spread to a number of countries, where 
it poses a serious threat to coffee production, it is still confined to Africa 
and only on arabica coffee. Control measures to both diseases arethrough 
intensive fungicide spray programmes which are prohibitively expensive espe­
cially to the small scale farmers. Breeding for disease resistance therefore 
appears to be the only alternative to the present control measures. 
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Breeding for resistance to both diseases has involved mainly programmes 
to incorporate major genes in new varieties (van der Vossen et al., 1976; 
Monaco, 1977; Carvalho et al., 1976). A large number of major genes condi­
tioning resistance to specific pathotypes of H. vastatrix have been identified 
over years (d'Olveira, 1953; d'Olveira & Rodrigues, 1960; Rodrigues et al., 
1975). The situation with respect to C. coffeanum, is not yet clear although 
recent genetic studies (van der Vossen & Walyaro, 1980), have shown that 
resistance is conditioned by a few major genes. Studies on selection methods 
for horizontal resistance to coffee rust are also in progress in Brazil (Esk*s 
1983; da Costa et al., 1978; Monaco, 1977). In Ethiopia, amass selec­
tion programme within varieties of arabica coffee to accumulate resistance 
to CBD has been reported by Robinson (1974 & 1976) and van der Graaff 
(1978). 

It is clear therefore, that further improvement in C. arabica will depend 
more on artificial hybridization among varieties that are genetically diver­
gent, followed by selection within progenies of subsequent generations of 
selfing. Attention in selection will be devoted mainly to disease resistance 
plus of course yield and quality. Prospects for yield improvement are parti­
cularly good when consideration is given to development of compact and 
physiologically more efficient plant types which are better adapted to high 
density planting; substantial yield increases have in fact been reported from 
such high density plantings consisting of the present tall commercial cultivars 
(Mitchell, 1976; Browning & Fisher, 1976) and in other similar trials with 
arabica and robusta trees (Gaspar, 1977). 

The current breeding programme in Kenya was initiated in 1971 with the 
main objective to develop new varieties of arabica coffee which combine 
resistance to coffee berry disease and coffee rust with high yield and good 
quality and eventually also compact growth (van der Vossen, 1973). The 
duration of such a breeding programme will largely depend on the efficiency 
of selection for yield and quality especially since methods of early selection 
for resistance to the two most important diseases of C. arabica are already 
available (Rodrigues & Bettencourt, 1965, van der 'v üóscn et al., 1976a; 
Eskes, 1983). The present study was therefore primarily concerned 
with yield and quality aspects of this breeding programme. The objectives 
were, 1) to elucidate the genetic basis of variation and covariation for a 
number of important characters related to growth,yield and quality among 
some selected varieties of arabica coffee 2) to indicate how this infor­
mation can be applied to arrive at optimal breeding procedures that are 
economic and result in maximum genetic gain and, 3) to examine against 
a background of information emerging from this study the implications of 
current breeding programmes in arabica coffee in relation to their ultimate 
goals. 

1.2. Classification, origin and centres of high diversity of the Coffea species 

,The genus Coffea belongs to the family Rubiaceae, and consists of 90 to 
100 species which have so far been identified. Only a few of these species 
however, are of economic importance. Chevalier (1942 & 1947) grouped 
the known species of Coffea into four sections: Eucoffea K Schum, Argo-
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coffea Pierre, Mascarocoffea Chev., and Paracoffea Miq. The first three 
sections include coffees exclusively native to Africa. Whereas, representatives 
of Paracoffea are native to India, Indochina,Ceylon-(Sri Lanka) and Malaya. 

The cultivated species of Coffea belong to the Section Eucoffea; this 
section is in turn subdivided into the following subsections: 

Section 

Eucoffea 

Subsection 

Erythrocoffea 

Pachy coffea 

Nanocoffea 

Melanocoffea 

Mozambicoffea 

Species < 

C. arabica L. 
C. canephora Pierre 
C. congensis Froehner 
C. eugenioides Moore 

C. liberica Bull. 
C. dewevrei de Wild. 
C. klainii Pierre 
C. abeokutae Cramer 
C. oyemensis Chev. 

' C. humilis Chev. 
C. brevipes Hiem 
and other species 

C. carrisoi Chev. 
C. stenophyla G. Dun 
and others 

C. ligustroides Moore 
C. racemoca Lour. 
C. salvatrix Swyn. & Phil, 
and others 

The basic chromosome number of Coffea x, is 11 (Bouharmont, 1963). 
C. arabica, is the only known natural allopolyploid in the genus with 2n= 
4x=44, and is self compatible. The rest are diploids with 2n=2x=22 and are 
all allogamous and self incompatible. 

The African Centre appears to be the origin of the Coffea species (Zeven 
and Zhukovsky, 1975). C. arabica has its primary centre of genetic diversity 
in the evergreen mountaineous region of the Kaffa, Illubabor and Gemu 
Gofa Provinces of South West Ethiopia, and the Borna Plateau of Sudan 
(Sylvain, 1953; Meyer, 1969). The intricate migrations of arabica coffee 
from the primary centre to Yemen, India, Sri Lanka, Indonesia, Europe,the 
Carribeans, South America and East Africa are summarised by Klinkowiski 
(1947)and Ukers (1948). Arabica coffee, apart from being the most widely 
cultivated species of Coffea, is also well known for its high quality coffee. 
Brazil and Columbia between them account for 40% of the world coffee 
exports. Kenya produces only about 2% (Anon, 1979). 

Coffea canephora, Robusta coffee occupies 33% of the total world coffee 
growing area and gives coffee of lower quality than arabica coffee. It is indi­
genous to all lowland tropical forests of Western and Central Africa. The 
centre of greatest diversity is in the Congo basin, Zaire. It is mainly grown in 
Ivory Coast, Angola, Uganda, Cameroons and Indonesia. Because of self 
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incompatability, it is highly polymorphic as are other diploid species.Coffea 
liberica and Coffea dewevrei or excelsa are both indigenous to the dense 
forests of West Africa (Guinea, Liberia and Ivory Coast). Both become 
large trees and are considered to produce coffee of even lower quality. 
These are cultivated to a small extent in West Africa, Indonesia, French 
Guinea and Surinam. Account of geographic distribution of these and 
other species of Coffea are given by Chevalier (1942 & 1947) and Chouler 
(1972). 

The evolutionary trend in Coffea as postulated by Charrier (1977) and 
Kammacher (1977), is as follows: The diploid Coffea species are thought 
to be descendants of common allogamous ancestors in Central Africa. 
These have achieved speciation by migrating in different directions where 
they gave rise to morphologically distinct populations. Thus, Canephoroides 
and Liberio-excelsoides differentiated westwards, whereas Mozambicoffea 
and Mascarocoffea differentiated south-westwards and Coffea arabica north­
wards. Each of these phylogenetic branches had a divergent evolution coup­
led with slight chromosome differentiation which however has not reached a 
stage of establishment of strong reproductive isolation barriers. The amphidi-
ploid C. arabica has a common gename with one found in the diploid species. 
The origin of the second genome however, is still unknown (Charrier,1978a). 
The normal diploid behaviour of C. arabica is thought to be either due to 
strong preferential pairing or due to a genetic system that regulates synapsis 
of the Triticum aestivum type. 

Breeding in coffee like in many other crop plants depends on ut ilisation 
of available germplasm. The present available collections however, represent 
only a small fraction of the natural diversity of the genus Coffea (Kam­
macher, 1977). On the other hand this genetic diversity is threatened because 
the forests in Africa and Madagscar which form the natural habitat of Coffea 
are vanishing rapidly due to timber extraction, and also to give way to agri­
culture including replanting with commercial varieties of coffee. It is because 
of this that conservation of coffee genetic resources has to be regarded as a 
matter of urgency, to save some of the genetic diversity. Two expeditions to 
explore and collect arabica coffee materials have been undertaken to Ethio­
pia in 1964 (FAO 1968) under the auspices of FAO, and in 1968 by the 
ORSTOM Mission (Charrier, 1978b). Other expeditions to collect diploid 
Coffea species have been undertaken by ORSTOM and IFCC in various 
African countries (Berthaud et al., 1977). 

FAO/IBPGR in collaboration with ORSTOM are compiling an up to date 
inventory on existing coffee germplasm collections in Africa and elsewhere. 
Eventually, it is expected that FAO/IBPGR may provide assistance and colla­
boration for further exploration, introduction and exchange of materials and 
information between various coffee growing countries. 

1.3. Growth habit, flower and fruit characteristics in arabica coffee 

Detailed description of morphology and growth characteristics of arabica 
coffee is given by a number of authors for example Wellman (1961) and 
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Haarer (1962). C. arabica is a perennial woody shrub with a dimorphic 
growth characterisitic which essentially consists of distinct vertical (orthotro­
pic) branches and horizontal (plagiotropic) branches. 

Inflorescences develope from serial buds mainly on horizontal branches. 
Each inflorescence normally carries one to five flowers. The flowers have a 
short pedicel and a rudimentary calyx the petals are fused and form a 
corolla with five lobes. The pistil consists of an inferior ovary and a long 
style with two stigmatic lobes. The ovary is bilocular each with one ana-
tropous ovule. 

Flowering in arabica coffee is characterised by remarkable periodicity parti­
cularly in areas with distinct wet and dry seasons. In Kenya east of the Great 
Rift Valley the main flowerings occur at the onset of the rainy season in 
February — March and October — November. Flower initiation occurs after 
sufficient rainfall (at least 20 mm.) following a dry period. Techniques of 
artificial cross pollination in arabica coffee are fairly straight forward and 
have been described by Carvalho & Monaco (1969) and Walyaro & van der 
Vossen (1977). Coffee pollen loses viability rapidly under normal conditions. 
However,when stored under vaccum at —18°C the viability will be maintai -
ned for 3 or more years (Walyaro & van der Vossen, 1977). 

In arabica coffee it takes 6 to 8 months from flowering to fruit ripening. 
The coffee fruit is a drupe usually containing two seeds. Ripe fruits have 
a thick fleshy pericarp (pulp) and a hard endocarp (parchment) in addition 
each seed is enveloped in a silver skin (testa) a remnant of the integument 
(Perisperm). The coffee bean consists of an endosperm and a small embryo 
embedded at the basal end of the seed. There is no seed dormancy in coffee; 
seed viability is normally lost within 3 to 6 months after harvesting. Coffee 
seed is recalcitrant as are most tropical fruits and nuts. It is possible to pre­
serve the viability for up to 1V% years when coffee seed at moisture content 
of 41% is stored at a temperature of 15°C (van der Vossen, 1979b). 

It takes about 12 months from seed germination to a seedling ready for 
field planting. Under optimum conditions seedlings can start flowering 
within 12 months and the first good crop can be obtained within 1xh years 
after field planting. 

1.4. Breeding in Coffea arabica 

The introduction of arabica coffee into the main coffee producing areas 
was limited to only a small number of plants. As a consequence arabica culti­
vations in South East Asia, South and Central America and indeed to some 
extent in Kenya and Tanzania had a very narrow genetic base. The situation 
has since however improved due to introductions resulting from exchange 
programmes and from exploration missions to the primary centre of diver­
sity. Nonetheless, selection work within arabica coffee has been pursued for 
a considerable length of time, initially in Brazil, India, Tanzania and Kenya 
and later on, in Columbia, Guatemala, Costa Rica and Mexico. The following 
is a brief account of breeding work in arabica coffee, intended to give a back­
ground to the present study. 

Most of the basic genetic and cytological work in arabica coffee was 
carried on in Campinas Brazil. This has resulted in a considerable amount of 
information regarding genetic control of characters mainly showing simple, 
classical Mendelian, inheritance; indeed, a number of mutants studied are of 
practical value in breeding programmes. A detailed review of this work is 
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given by Krug & Carvalho (1951); Carvalho (1958 a & b) and Sybenga 
(1960). 

Among the objectives of initial breeding programmes in most of the 
countries already mentioned, were selection for improved yield, good adap­
tation, regularity in bearing, better bean size and improved liquor quality. 
The selection method used was in most cases individual plant and line selec­
tion followed by progeny tests (Krug, 1945; Krug & Carvalho, 1941; Gilbert, 
1938 & 1939; Melville, 1948; Ramanathan et al., 1950; Gowgill, 1951; 
Franco, 1947 & 1948; Machado, 1950). Artificial hybridisation was however 
used only to a limited extent. In Brazil, cultivar Bourbon Vermelho then 
Mundo Novo and eventually also Catuai Vermelho and Amerelo and Acaia 
were developed from such a programme. In Puerto Rico (Gomes & Esmoris, 
1947) Columnaris was found to be the best variety. Cultivars N 39 and N 
197 Bourbon types and H 66 and KP 423, Kents types were selections made 
from the breeding programme in Tanzania (Fernie, 1959&1961). 

The now widely grown commercial cultivars in Kenya especially the SL 
selections were developed from early selection work carried out at the 
National (then Scott) Laboratories. Cultivar SL 28 was a single tree selection 
from a Bourbon type clone called Tanganyika Drought Resistant which was 
selected at Monduli Tanzania. SL 34 was also a single tree selection from 
French Mission trees growing at Loresho Estate Kabete just outside Nairobi 
(Jones, 1956). These cultivars are still outstanding as far as yield and quality 
are concerned and show remarkable adaptability. 

With the advent of coffee rust in Ceylon and India efforts were directed 
towards identifying coffee genotypes resistant to this disease. One such 
variety was the Coorg cultivar which was found in India. It was eventually 
replaced by the Kent cultivar which was then resistant to coffee rust. This 
variety was introduced into several other countries. In the end however, it 
was also found to be susceptible to certain rust races. The first notable stage 
in coffee improvement for rust resistance was the programme of selection 
within natural interspecific hybrids of C. arabica and C. Liberica in India. 
This gave rise to selections of the S and B.A. series (Narasimhaswamy, 
1960). From these selections and other combinations provided by CIFC 
a number of promising progenies have been obtained (Vishveshwara & 
Govindarajan, 1970). 

In Tanzania, a breeding programme for rust resistance was initiated in 
1952/53 when crosses were made between the Kent type commercial culti­
vars and Geisha and Amfillo (both introductions from Ethiopia). The perfor­
mance of some of the Geisha VC 496 hybrids in terms of yield and rust resis­
tance was very encouraging (Fernie, 1969; Millot, 1970). In Kenya, selection 
work within the Kent variety produced cultivars K7 and SL6 (Firman & 
Hanger, 1963). These cultivars, especially K7, are grown even at present on 
large scale at low altitudes. • 

The establishment of Centro de Investigacao das Fermons do.Cofeeiro 
(CIFC) at Oeiras, Portugal was instrumental in fostering international colla­
boration to combat coffee rust through breeding for disease resistance 
(Rodrigues et al., 1975; Monaco, 1977). The Institute has since been evalua­
ting numerous coffee collections and H. vastatrix samples from natural 
populations as well as from research centres. 



In Brazil, breeding work on disease resistance was initiated already in 
1950 with a programme of interspecific hybridization between tetraploid C. 
canephora and C. arabica (Monaco, 1977). Coffee varieties were also intro­
duced from other countries including Ethiopia, India, Kenya and Tanzania. 
Screening of progenies of these materials was done by CIFC. Of most 
interest are populations of Icatu advanced generation of the interspecific 
hybridisation programme and those derived from crosses involving Hibrido 
de Timor with Brazilian varieties. Some progenies of Icatu have been re-
reported to carry resistance to CBD in addition to coffee rust (Carvalho 
et al., 1976). As was mentioned earlier, selection for horizontal resistance to 
leaf rust is also in progress (Scali et al., 1974; Eskes et al., 1977; da Costa 
et al., 1978). Sources of resitance to rootknot nematode Meloidogyne and 
leaf miner Perileucoptera coffeela are also being sought (Fazuoli et al., 1977; 
Medina et al., 1977). 

Since 1965 the Breeding Department of Cenicafe in Columbia in colla­
boration with CIFC has been also selecting for rust resistance (Castillo et al., 
1972). The most promising results have been obtained from the programme 
involving crosses between Caturra and Hibrido de Timor. Selection within 
progenies of F3 and F4 generation of these crosses has yielded material so 
called CATIMOR which is homozygous for compact growth, resistant 
to most races of coffee rust and quite productive (Catillo & Moreno, 1980). 
The superior progenies from this programme will soon be released for 
commercial planting as the Columbia variety. Like in Brazil selection for 
horizontal resistance to leaf rust and evaluation of resistance to rootknot 
nematode Meloidogyne are also in progress (Gabriel & Pablo, 1980; Orozco, 
1980, Baeza, 1980). 

At the CIFC Oeiras between 1960 and 1979 work has been in progress 
involving screening for rust resistance and for other agronomic characters 
among progenies of crosses between various different coffee material (Be­
tencourt et al., 1980). This programme was in collaboration with Angola and 
Brazil. Some outstanding selections with respect to rust resistance, producti­
vity and compact growth have also been obtained from this programme. 

In Eastern Africa, the rapid outbreaks of coffee berry disease CBD, in 
Kenya in 1960 and eventually in Tanzania in 1966 (Fernie, 1969) prompted 
further hybridisation programmes in Tanzania aimed at combining yield with 
resistance to CBD and coffee rust. Among progenitors for disease resistance 
were Hibrido de Timor, Rume Sudan, Kaffa and Geisha which were crossed 
to varieties N 39, KP 423 and H 66. Encouraging results regarding yield, 
quality and disease resistance were obtained from progenies of some of these 
crosses. Some of these progenies also formed the basis of multiple crosses 
proposed in 1970 by Visser (1970). In this programme emphasis in selection 
was to be on CBD and rust resistance plus fair yield and quality. 

Because the widely grown commercial varieties in Kenya SL 28 and SL 34 
are uniformly susceptible to both CBD and coffee rust the outbreaks of CBD 
during the 1960's put the Kenya Coffee Industry in a serious jeopardy. Crop 
losses of up to 50 percent can occur in years of severe CBD epidemics unless 
the disease is controlled by an intesive programme of fungicide sprays aimed 
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at continuously protecting the developing crop (Griffiths et al, 1971). 
The breeding programme in progress at the Coffee Research Station Ruiru 

(also mentioned in section 1.1.) was initiated as a result of these two di­
seases. The general breeding programme at the CRS has been concerned with 
four main areas of research; hybridisation and selection programme, biome-
trical genetics studies, improvement of breeding techniques and vegetative 
propagation and nursery experiments (van der Vossen, 1973). 

In the main breeding programme three different methods have been 
applied to achieve the objectives (i) the backcross method with a number of 
CBD and rust resistant varieties using the commercial cultivars and a few 
other varieties as the recurrent parents, (ii) the multiple way cross method to 
ensemble in one plant traits of more than two varieties eg. disease resistance, 
compact growth and erect branching, quality and yield followed by back-
crossing to the commercial cultivars (iii) interspecific hybridisation of tetra-
ploid C. canephora and C. arabica. 

The first single crosses were made in 1966. Since then numerous crosses 
involving various combinations of different parental varieties have been 
made. Details of specific crosses, their pedigree and evaluation of progenies 
of these crosses are given by van der Vossen (1979a). In all cases selection 
within hybrids has included selection for seedling resistance by inoculation 
test on 6 week old seedlings according to the procedure of van der Vossen 
et al. (1976 a); field selection during the first two years in the field for 
general vigour and growth habit; selection for yield and quality for at 
least 3 years of production and selection for field resistance to CBD, leaf rust 
and other pests and diseases. 

A number of promising selections with regard to CBD and leaf rust 
resistance, yield and quality have been obtained from this breeding pro­
gramme. In addition, some outstanding progenies of CATIMOR material 
obtained from Columbia are undergoing evaluation at the CRS. It is expec­
ted that the new materials eventually released to the farmers may consist of 
outstanding hybrids selected among crosses between superior genotypes 
from the main breeding programme and those selected from the CATIMOR 
material. 

Like many of the other coffee breeding centres the Coffee Breeding Unit 
at the CRS maintains a world collection of wild and cultivated varieties of 
arabica coffee and other species of Coffea. An important addition to this 
collection was the Ethiopian collection which represents 120 introductions 
of the 1964 FAO Mission. The Ethiopian collection has been enlarged by 
addition in 1980 of about 500 genotypes of the 1966 ORSTOM Ethiopian 
collection originally planted in Ivory Coast and about 21 genotypes of the 
1964 FAO collection received from Brazil. The Ethiopian Collection un­
doubtedly, represents the most valuable germplasm collection on the Station 
for future breeding needs. 
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MATERIALS AND METHODS 

2.1. Materials and experimental design 

The parents chosen for this study were 11 varieties representing a number 
of introductions and cultivars of Coffea arabica. These varieties are diverse 
in many respects including growth habit, yield, quality and resistance to 
the 2 major diseases of arabica coffee. The varieties do not represent a ran­
dom sample from any population. They are a selected sample and therefore 
constitute the entire population from which inferences were to be made. An 
important feature of this group of varieties was that it contained most of the 
progenitors of the main breeding programme at the CRS, Ruiru. The variet-
ties were as follows :-

1. Caturra — introduced into Kenya in 1958 from Kivu, Zaire a dwarf 
and compact variety, originating from Brazil. 

2. Pretoria — introduced from Guatemala to Lyamungu, Tanzania, 
and then to the CRS, Ruiru; a tall vigorous tree with very large leaves and 
beans resembling variety Maragogipe, highly resistant to CBD. 

3. Erecta — a variety with erect branching characteristic, introduced 
from Puerto Rico to Lyamungu and eventually planted at the CRS, Ruiru. 

4. SL28 — represents individual tree selection from the former Scott 
Laboratories, Nairobi (see section 1.4). It is one of the commercial cultivars 
in Kenya. 

5. Mokka — of Arabian origin, a small conical shaped tree with small 
leaves, and small round beans of excellent liquor. 

6. K7 — Kents type selection (see section 1.4), another commer­
cial cultivar in Kenya. Has resistance to race II of H. vastatrix and shows 
partial resistance to CBD. 

7. Hibrido de Timor — was introduced from the Rust Research 
Centre (CIFC) at Oeiras, Portugal in 1960. A tetraploid arabicoid hybrid 
which appeared spontaneously in the Portuguese Timor. It combines resis­
tance to CBD with the R-type resistance, to most races of H. vastatrix 

8. Padang — was imported initially from Guatemala, a very good yielder, 
shows partial resistance to CBD. 
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Table 1. The crossing plan of the incomplete diallel cross among 11 varieties of arabica coffee -1)' 

Parents 

1. Caturra 
2. Pretoria 
3. Erecta 
4. SL28 
5. Mokka 
6. K7 
7. Hibrido de Timor 
8. Padang 
9. Laurina 
10. Rume Sudan 
11. SL34 

1 

1 
— 
67 
68 
69 
70 
71 

2 

2 
3 
— 
— 
— 
— 
— 

3 

4 
5 
6 
72 
73 
74 
75 

4 

7 
8 
9 
10 
76 
77 
78 

5 

11 
12 
13 
14 
15 
79 
80 

6 

16 
17 
18 
19 
20 
21 
81 

7 

22 
23 
24 
25 
26 
27 
28 

8 

29 
30 
31 
32 
33 
34 
35 
36 

9 

37 
38 
39 
40 
41 
42 
43 
44 
45 

10 

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 

11 

56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 

(1) The crosses above the diagonal, plus the selfed parents (on the diagonal) constitute a comp­
lete half diallel among the 11 parents, whereas crosses among parents 1, 3, 4, 5, 6, 7, form a 
complete 6 x 6 full diallel. The numbers inside the table represent the family obtained from 
each cross; the same numbers are used consistently throughout the text 

9. Laurina - a compact, conical shaped tree, with long fruits, having a 
thick pericarp. It has a very low caffein content. Imported also from Gua­
temala. 

10. Rume Sudan — was introduced into Kenya as seeds from wild coffee 
growing on the Borna Plateau in Sudan near Ethiopia. A fairly small and low 
yielding tree but our best progenitor for CBD resistance. This variety has 
been found to be fairly homozygous and homogeneous both for CBD resis­
tance and for growth and yield characters. 

11 . SL34 — is another selection from the former Scott Laboratories 
(see also section 1.4). SL34 and SL28 are the main commercial cultivars 
in Kenya, and as was mentioned earlier, both are very high yielders and 
produce coffee of excellent quality. 

The crossing scheme involving these parents gave an incomplete diallel 
consisting of 81 crosses. The incomplete diallel however, forms a com­
plete half diallel between the 11 parents, 6 of the parents, also constitute of 
6 x 6 full diallel. The crossing plan is given in Table 1. All crosses were com­
pleted between January and April 1973. 

The experiment was planted out in May /June 1975, in a 9 x 9 partially 
balanced lattice square in 3 squares replicated twice. One replicate was plan­
ted at a density of 3,333 trees/ha and the other at 6,667 trees/ha. Each plot 
consisted of 8 trees,measurements being taken on the 4 central trees (see 
the plot structure in Figure 1). 
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Fig. 1 Example of the plot structure 
X represents guard trees. 
0 represents recorded trees. 
Spacing of 2 by 1.5 m gives a density of 3333 trees ha - 1 . 
Spacing of 1.5 by 1 m gives a density of 6667 trees ha - 1 . 

The trees were maintained on single uncapped stem system with free 
growth except for pruning, in later stages, of the lowermost laterals where 
these were trailing on the ground. The full CBD and leaf rust control pro­
gramme was applied to all blocks to prevent the bias arising from crop loss 
especially on disease susceptible varieties, and also to impart uniform tonic 
effect. Pest control measures however, were applied only whenever it became 
necessary. Fertilizer applications both ground and foliar, were according to 
the recommendations of the Chemistry Section of the CRS. These wer« 
based on results of soil and leaf analyses. Other cultural practices were 
according to the recommended practice in Kenya (Ombwara, 1968). 

22. Characters recorded 

Recording of this experiment was started in January 1976, i.e 6 months 
from the time of field planting, and was continued up to 48 months. The 
charaters which were measured were categorised as follows: 
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2.2.1. Growth characters 

These were measured on each individual tree. 

1. Girth of stem (G) — this was measured as the circumference of the stem 

in cm, taken about 5 cm from the ground level. 

2. Height of the tree (H) — recorded as the length from the base to the 
tip of the tree, in cm. 

3. Intemode length (Int LS) — obtained for each tree (in cm) as the 
height of the tree divided by the number of nodes on the main stem. 

4. Primaries (Pr) — the number of primaries counted per tree. 

5. Radius of canopy (R) — this was obtained as the average length 
(in cm) of 4 primaries situated at the middle of the crown. On very young 
trees, it was the mean length of the 2 longest primaries. 

6. Intemode length (Int LPr) — this was estimated from 4 primaries 
per tree. For each primary, the length was divided by the number of nodes, 
and intemode length was taken as the mean of these values (in cm) obtained 
from the 4 primaries. 

7. Leaf area (Le) —ten leaves of comparable age were selected on each 
tree, the surface area of each leaf was then estimated as (length x width, 
at the broadest portion) x 0.88. The leaf area in cm 2 was then taken as the 
mean of these estimates for the 10 leaves. 

8. Angle of primaries (Ang) — in degrees (°); was measured as the 
angle of insertion of selected primaries on the main stem, then expressed 
as the mean of 4 primaries per tree. 

9. Extension growth (E) — in cm, was measured as the mean increase in 
length on 4 primaries, initially tagged at 3 nodes from the tip, after a period 
of about 12 months. 

10. Node production (No) — was obtained as the mean number of 
nodes per primary produced on the above primaries (no 9) over the same 
period of time. 

2.2.2. Yield characters 

These were also recorded on individual trees. 

1. Bearing primaries (Pr b) — this was recorded as the number of prima­
ries which were carrying berries, flowers or flower buds. 

2. Bearing nodes (Nob) — for the first recording on young trees, the total 
number of nodes with berries flowers or flower buds were counted on the 
whole tree, and expressed as a percentage of the total number of nodes on 
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the same tree. The second recording howevei, was performed on the 4 selec­
ted primaries per tree. 

3. Flowers per node (Fl no) — the number of flowers per node was cal­
culated from marked segments of 4 selected primaries. This was during the 

main flowerings. 

4. Fruit set (Frs) — was estimated as the percent of the above flo­
wers which set fruit 4 months later. 

5. Berries per node (be No) — was obtained as the mean number of 
berries per node on 4 selected primaries. 

6. Yield of cherry — this was the weight of fresh fruits harvested per 
tree, expressed as Kg/tree. 

7. Yield of clean coffee — the weight of sun dried coffee beans per 
tree, also expressed as Kg/tree. 

2.2.3. Berry and bean characters 

These were determined on coffee samples from 4 trees per plot. 

1. Single berry weight (Sbr Wt) — obtained as the mean weight per 
berry in (g) from several samples each of 100 fresh berries. 

2. Pulp — the weight of the fleshly pericarp (see section 1:3) expres­
sed as a percentage of the fresh cherry weight. 

3. Outturn — percent clean coffee over fresh cherry weight, (see 
section 2.2.2.) 

4. PB — (Peaberries) were determined as the fraction of beans retai­
ned by a piano wire screen with 4.43 mm spaces. Peaberries result from 
abnormal fruit development (Carvalho & Monaco, 1969). 

5. AA — the fraction of heavy beans retained by a no. 18 (7.15 
mm) screen. 

6. AB — the fraction of heavy beans retained by a no. 15 (5.95 
mm) screen. 

7. TT — light beans separated from AA and AB. 

8. C — the fraction of beans retained by a piano wire screen with 
2.90 mm spaces. 

The bean fractions are expressed in terms of percentage by weight. A 
bean grader was used to determine the various fractions of bean sizes in each 
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sample i.e PB, AA, AB and C. Beans of Category AA and AB were then 
placed in a pneumatic separator and the percentage of light beans from AA 
and AB was then regarded as TT. 

2.2.4. Liquor quality characters 

Samples for assessment of liquor quality for each genotype were com­
bined for each plant density rather than being treated on individual plots. 
This was because of the large number of genotypes included in this experi­
ment. The assessment of liquor quality is organoleptic, and is based on a 
number of attributes; an explanation of these attributes is given by Devon­
shire (1956). The liquoring reports of the MCTA who assessed the quality 
of the material in this experiment included the following attributes :-

1. Quality of raw beans — the size and colour of raw beans with scores 
0 - 7 . 

2. Quality of roast beans — the general appearance and centre cut of roast 
cfcffee with scores 0 — 5. 
3. Liquor quality — assessed according to 'acidity', 'body' (both with sco­
res of 0 — 4) and the 'flavour' (0 — 6) of the brewed coffee. 

4. Overall standard — the overall evaluation of liquor quality on basis of 
the above attributes, with a score of 0 — 6. 

In the above scoring system, O represents fine and 7 very poor. For this 
investigation, only liquor quality attributes (acidity, body and flavour) plus 
the overall standard were considered because quality, largely depends on 
these attributes. 

2.3. Time Schedule for various recordings 

Growth and yield characters mentioned in sections 2.2.1 and 2.22. were 
measured on trees at the time intervals given below: 

growth 
characters * 

Yield 
characters 

Characters: 

girth of stem 
height of the tree 
intemode length on 
primaries 
radius of canopy 

stem 

internode length (primaries) 
leaf area 
angle of primaries 
extension growth 

^ node production 
r bearing primaries 

bearing nodes 
flowers per node 
fruit set 
berries per node 
yield 

^ 

j 

1 
^ 

1 

Number of months 
from the time of 
field planting 

• 6,18, 30, 48 

L 
12, 24, 36, 48 
24,48 
12,36 

• 1 6 - 2 8 , 3 0 - 4 2 

12, 30, 36, 48 
12,36 
24,36 
28, 40 
24, 36, 48 
30, 42, 54 
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Table 2. Form of analysis of variance for a 9 x 9 lattice square 

Source of variation 

Replication 

Treatments 

Replications x Treatments 

Rows (adj) 

Columns (adj) 

Error 

Total 

degrees of freedom f1 ) 

(r-D 
( k 2 - l ) 

( r -1) ( k 2 - l ) 

r ( k - l ) 

r ( k - l ) 

(k-1) (rk-^r-k-1) 

( r k 2 - l ) 

degrees of 

freedom in this 
experiment 

2 

80 

160 

24 

24 

112 

242 

Mean squares 

MSR 

MST 

ET 

E r 

E C 
E e 

^ ) r = number of replications =3 , k = 9, giving number of treatments k2 = 81 

Regarding berry and bean characters, apart from single berry weight, 
which was determined immediately after each picking, the other charac­
ters were evaluated after processing and sundrying of the coffee samples. 
Liquor quality was assessed every year after processing of the samples for 
each of the three years of coffee harvests. Since samples were obtained from 
each plant density for each of the 3 years, the liquor quality determinations 
were regarded as 6 replications for the purpose of analysis of variance. 

2.4. Analysis of the lattice square 

The analysis of variance for the 9 x 9 partially balanced lattice square was 
according to the approach of Cochran and Cox (1957), for designs with 
(k + l)/2 or fewer replications. The partitioning of this analysis of variance 
which was performed on values of plot means for each character is presented 
in Table 2. 

The total sum of the squares and sums of squares for replications and for 
treatments were found in the usual manner. Sums of squares for rows within 
replications adjusted for treatments, and for columns eliminating treatments 
were obtained as the sums of squares of quantities L and M respectively. 
The remainder sum of squares, being the error. X' and ji'were then obtained 

M ' * = E r ~ E e and M' = Ec ~ E e 
k ( r - l ) E r k(r - 1 ) E C 

For definition of Er, Ee and Ee see Table 2. Where Er or Ec was found 
to be less than E,G, the X or fi' was taken as zero, and if both were, then 
the experiment was analysed as if for randomised blocks. 

The products of L's and X , and M's ji' i-e 5 's and c\s respectively, 
were used to adjust the corresponding treatment totals. The effective error 
mean square appropriate for testing adjusted treatment means was computed 
as, 
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E
e[(!

 + r k (•* + *" )]/r, 
k + 1 

as is given in Table 2 (r =the number of replications = 3). 

Data for most characters were initially analysed according to the lattice 
square. In cases where the lattice was clearly more efficient than the rando­
mised blocks, adjusted treatments were computed. These were used for ana­
lysis of the diallel given later in sections 2.5.9 and 2.5.3. 

2.5. The diallel cross 

2.5.1 Introduction 

The diallel mating design was chosen for this experiment because it 
has been shown to be a fairly efficient means of obtaining a rapid overall 
picture of the genetical control of various characters especially when applied 
to a group of inbred lines (Jinks, 1956)-Crumpacker & Allard (1962) also 
concluded from a diallel analysis of heading date in wheat, that the results 
contained implications of predicting the outcome of selection, particularly 
the immediate effect of selection.. Kersey (1965) observed that the diallel 
cross was among the most informative of the mating schemes in terms of 
the large amount of information it provides about the genetic components 
of variation. 

The theory and procedures for estimating various genetic parameters in 
the diallel cross, in terms of gene models have been discussed by Grif fing 
(1955, 1956a, 1956b), Hayman (1954a, 1945b, 1957, 1958), Jinks & 
Hayman (1953), Jinks (1954, 1955), Dickinson & Jinks (1956) and Gardner 
& Eberhart (1966). Jinks (1956), Allard (1956a, 1956b) and Whitehouse 
at al. (1958) have used the diallel in early generation evaluation of parental 
materials in breeding programmes. Griffing (1956a, 1956b), Matzinger at al. 
(1959) and others have used the diallel in investigating general and specific 
combining ability. The application of the diallel in investigating genotype-
environment interactions has been considered by Allard (1956a), Matzinger 
et al. (1959), Eberhart & Russell (1966, 1969), Dhillon & Singh (1977) and 
Cross (1977). 

Analyses of the diallel cross have also been described for various types 
of experimental designs including those with or without parental varieties 
and reciprocal crosses (Hayman, 1954a; Griffing, 1956b; Jones, 1965), 
and differing relative degrees of replication of diagonal, parental, and off-
diagonal. , F j i, entries in the tables. There are also a number of alternative 
methods of deriving variance components according to whether maternal 
or reciprocal effects are assumed to be present or not in the model, and 
whether parental lines are a fixed sample or a random sample of a popula­
tion of inbred lines (Griffing, 1956b; Wearden 1964; Hayman, 1960). 
Recently, methods have been given for analysis of combining ability for 
complete and incomplete diallels both for random and fixed models (Gar-
retsen & Keuls, 1973; Keuls & Garretsen, 1977; Garretsen & Keuls, 1978). 

For this experiment, the following alternative methods of analysis of 
the diallel were applied : 
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(1) the method of Eberhart and Russell (1966) in connection with geno­
type-environment interactions, 
(2) the method of Griffing (1956b) modified for an incomplete cross by 
Garretsen & Keuls (1973,1978), 
(3) that of Jinks (1954) and Hayman (1954b) for analysis of genetic 
systems in terms of the diallel cross parameters. 

A background and some outline of these procedures is given below. 

2.5.2. Analysis of genotype-environment interactions in the diallel cross 

Methods of predicting the performance of a variety over a range of envi­
ronments, based on the average performance of a set of genotypes, have 
come to be considered as being most suitable for understanding effects of 
genotype-environment interactions. The method first proposed by Yates & 
Cochran (1938) was used by Finlay & Wilkinson (1963), who considered 
this approach in terms of plant breeding aspects in adaptation reactions of 
barley. Later on, Elberhart & Russell (1966) modified the method and ap­
plied it to maize yield trials. 

Other methods which similarly consider genotype-environment as linear 
functions of the environment, but are based on different parameters to 
measure stability of genotypes have been proposed and applied to a number 
of situations (Perkins & Jinks, 1968; Freeman & Perkins, 1971,* Perkins, 
1972; Freeman, 1973; Grafius, 1969; Grafius & Thomas, 1971; Frey, 1972? 
Tai, 1979). The method of joint regression analysis of Eberhart & Russell 
(1966) has been most frequently used in a numberof different crops. 

As was mentioned in section 2.5.1., the study of genotype-environment 
interactions in this experiment was based on estimating stability parameters 
using a method similar to that of Eberhart & Russell (1966). The environ­
ments in this case referred to two plant densities (see section 2.1) as well 
as the several repeated measurements of each character recorded on trees 
at various stages of plant development as given in section 2.3. Environme­
nts were treated as random effects whereas the hybrids, as mentioned in 
section 2.1. were regarded as fixed effects. 

Eberhart & Russell (1966) defined stability parameters according to 
the model, 

Y.. = a . + 0.1. + «.-.-
y » > J IJ 

Where Yj. is the mean of the i t h genotype at the j t h environment (i = 1, 
2, .... v; j = 1, 2 ..., n), p..-is the mean of the i t h genotype over all environ­
ments, /3j is the regression coefficient of the i t h genotype, 5 j : the deviation 
from regression of the same genotype at the j t h environment and I. an 
environment index of the j t h environment. 

The environmental index was defined for each environment as the mean 
of all the v genotypes at that environment. The individual hybrid values 
within the diallel were then regressed against the environment index to give 
the regression coefficient which measures the response of the ith^genotype to 

varying environments. This second stability parameter, a function of squared 
deviations from linear regression S2

di was computed by subtracting the 
pooled error from the deviation mean squares. 
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Table 3. Form of analysis of variance where genotype x environment interactions are considered. 

Source of variation Degrees of freedon/1 ' Sums of squares'2 ' 

Environments (n—1) 

Genotypes (v—1) 

Genotypes x Env. (linear) (v— 1) 

Pooled deviations (v—l)(n—2) 

Pooled error m 

V(SSIj) 

n (ssY i ) 

2 [(SPYylj^/SSIj] 

v n 2 
2 S 5 

i = l j - l 
'J 

J(Z SPYyljja/SS^ 
i = 1 

(1) n = number of environments; v = number of genotypes; m = pooled error degrees of freedom which 
were variable 

v v n 2 
2 Y i i . 2 5 ij (2) I - Ï Y / v ; Y , = S Y i j ) 2 

J i - 1 j - 1 J " ! 

deviations sum of squares for each genotype 

The generalised form of analysis of variance is given in Table 3, where 
the sums of squares due to genotype x environments are partitioned into 
genotype x environments (linear) and the deviations from .regression mo­
del. The data used for this analysis, had to be first subjected to the analysis 
according to the lattice square as given in section 2.4. 

2.5.3. Analysis of the Diallel according to general and specific combining 
ability 

The general model for an incomplete diallel among a fixed group of lines 
following the approach of Garretsen & Keuls (1973, 1978) can be assumed 
to be: 

Y i j k = 
X* + s. y + r: 'uk' 

where, Y i j k is the observation of the k t h replication of a cross between the 
i t h female and the j t h male, p is the population mean, X j and X j , t h e 
g.ca. effects, s* the s.ca. effects such that s*. = s*, r*, the reciprocal ef­
fects and, e i j k the random error. The (*) denotes reduced parameters. The 
computations are performed in part, by inversion of a number of nested 
matrices according to the theory of least squares. 

According to Garretsen & Keuls notation, Y is the data vector, N, A, B 
are matrices representing the general mean, g.ca. and s.ca. respectively. 
The total sum of squares is._obtained as (Y2

C —Y2
N), sum of squares of 

reciprocal differences as (Y2
C — Y 2

B ) , sum of squares (g.ca. + S.CA.) as 
(Y2

B ~ Y " N ) , and sums of squares of g.ca. and s.ca as, (Y 2
A — Y 2 ^) 

and (Y2
B -• Y 2

A ) respectively. Y 2
C is the raw total sum of squares, Y 2

N 

the correction term, and Y 2
B , the raw sum of squares of sums of recipro­

cals obtained as sT (BT
y ) where, s * (B^B) _ 1 (BTy). YA

2
A , the uncor­

rected sum of squares attributable to g.ca., is derived as X T(ATy), where 
X = (A T A)- 1 (A T y ) . 

The estimates of GCA effects and SCA effects are then obtained as X j = 
X :—V2 A1 and S;; = si; — X: —%':', and the variances as var X *• = var X ; —V4 
var u-, and var s.. = var s . .+var( X: + X =)• Var u =r;a z„, and var \-, var 

* ij ij i j » pj e l 
s., are the product of the error variance o 2 , and the corresponding ele-

ij ' e 

ments of the respective variance-covanance matrices. 
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This form of analysis of variance when applied to a fixed model will 
only give approximate F tests especially for SCA, if the diallel is incomp-
plete, because of lack of orthogonality of some subspaces (Garretsen & Keuls, 
1978). The above procedure was however regarded as satisfactory for the 
present experiment, since F — testing of the effects as such was not of 
central importance. 

Repeated measurements of a number of growth, yield and quality charac­
ters (the data also initially analysed according to the lattice square) were 
subjected to this form of analysis mainly to get an impression of combining 
ability of parents and also to determine whether reciprocal effects are an 
important feature of the genetic variation for these characters. 

2.5.4. Analysis of genetic systems in terms of the diallel cross parameters 

The analysis used was given by Hayman (1954b) Jinks (1954) and Crum-
packer & Allard (1962). An outline of the procedure is as follows: 

The assumptions underlying the theory for analysis of the diallel cross are: 

(1) no genotype-environment interaction within locations 
(2) homozygous parents 
(3) diploid segregation 
(4) no reciprocal differences 
(5) no non-allelic gene intercations 
(6) no multiple alleles 
(7) uncorrected gene distribution among the parents 

In this case, A - a is regarded as a single gene for which the n parental lines 
in the diallel differ. The midparent value is taken as zero and A allele adds 
+ d„, and a, —d„ while the heterozygote deviates by h from the midparent 

a a a 

value; ua and vfl (= 1 —ua) ^ frequencies of positive and negative allelles 
respectively in the parents. A number of first — and second — degree statis­
tics, which have certain genetic expectations, can be derived from the contri­
bution of this single gene difference to the families produced in the diallel 
cross. If the above assumptions are valid, the situation can be generalised 
over all independent genes, when certain of the statistics then become : 

Vp = D + E 

Wr = %D—V4F +1-E 
r n 

W . = HD-WF +-1-E r n 
V - 1/4D-1/4F +V4H1 + E 

r r *• 

V. = %D -WF + KHj + E 

V- = KD -WF +1/4H1 - K H 2 + ( ,n ~1) E 

(MLj - M L 0 ) 2 = Vih2 + (iL^l.) E 

where V is the variance of parents, Wr the parent-offspring covariance of 
the r t h juray, V/y the mean covariance of arrays, W the yariance of the r t h 

array, Vr~ the mean variance of arrays, V-, the variance of array means and, 
ML, —ML the difference between progeny and parental means. 


