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SUMMARY
Coffea canephora (Pierre ex A. Froehner) or Robusta coffee as is commonly known,
constitutes 80% of Ugandan coffee production, is cultivated by 8 million farmers on 270,000
hectares per year and contributes 60% of the total 400 US million dollars coffee annual
earnings to the economy. Coffee being a perennial cash crop provides regular income to
farmers and reduces food insecurity.  ! $  !"  "!  
  $   "!         !    
! !# ! "
! % ! ! " it is estimated that in 2001/02 when
coffee prices were at their lowest, farmers earned USD 5.50 from 650 kg un-hulled coffee per
acre. Notwithstanding these unexpected prices fluctuations, Uganda is endowed with a vast
genetic resource of C. canephora and favourable climate that could be harnessed to bring
changes in the production and quality improvement of Robusta coffee which in turn would
earn the country higher incomes and raise the household living standards of the small-scale
farmers. This potential has for a long time been hindered by the lack of information on the
extent of the genetic and phenotypic diversity of the cultivated C. canephora and the effects
of environment on the coffee quality. This book addresses some of these challenges and
presents experimental data that analyzed the genotypic, phenotypic, biochemical and quality
variability present in the cultivated germ-plasm of C. canephora.
In the experiments reported here, DNA from leaf samples of Ugandan cultivated Robusta
coffee were analyzed using Simple Sequence Repeats markers. Thirty two primers detected
polymorphism and identified three diversity groups with a genetic distance of 0.75 which are
distinctly different from those of West and Central Africa. The allelic heterozygosity ranged
from 0.02 to 0.82 with a Polymorphic Information Content (PIC) range of 0.55 to 0.93.
81.87% of the variability was within populations while 54.05% occurred within individuals,
28.92% among individuals within populations and 17.03% among populations. The landraces
scored higher PIC values and allelic frequencies and had more effective and rare alleles
compared to improved cultivars underlining their importance as gene reservoirs of useful
traits in future improvement programs.
Phenotypic evaluation of 476 Ugandan on-farm Robusta coffee accessions showed that
farmers cultivate predominantly “nganda” (48%) and “erecta” (40%) landraces with
improved types constituting 12%. The two landraces of cultivated Robusta are closely related
but genetically distant from the introduced hybrid types. Using International Coffee
Organization (ICO) criteria, green bean physical characters showed that Uganda trades
mainly in medium sized beans of screen size 15 and above. The desired bean screen size 15
had the best constitution of biochemical compounds that provide the best cup.
Caffeine content estimated by Near Infra Red Spectroscopy (NIRS) gave similar results as
that by High Performance Liquid Chromatography (HPLC) analyses meaning that the NIRS
method can be an alternative efficient but cheaper technique for estimating biochemical
compounds. The high fat and chlorogenic acid contents coupled with a wide range of sucrose
content indicated that Ugandan Robusta coffees are of high fragrance, aroma and flavour and
some genotypes are almost equal to Arabica coffee types for these attributes.
Roasted coffee green beans evaluated with the sensory techniques developed by The Coffee
Quality Institute of America (CQIA) and the Uganda Coffee Development Authority, showed
that the evaluator organoleptic cup trait rating was significantly different among the
consumers implying that individuals perceive cup taste differently. The diverse fine and
above average flavours found in green and roasted beans offer a chance to select for market
desired flavours. Consumer coffee attributes such as flavour, aroma, fragrance, aftertaste,
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mouth-feel and cup balance were rated as being of premium or specialty grade suggesting
that Robusta coffee can have as good cup as Arabica coffee but with medium acidity.
Cultivating at 1201-1300 metres above sea level, use of “nganda” and “erecta” landraces,
selecting trees of 31-40 years are some of the genotypic and environmental management
practices that farmers can use to improve cup acidity.
Analyzed soil, leaf and green bean micro-elements detected with Energy Disperse X-Ray
Florescence (EDXRF) indicated that calcium (Ca), manganese (Mn), iron (Fe), zinc (Zn) and
lead (Pb) mean concentrations content were higher in the soil than in the leaf and were
lowest in the green beans implying may be not all the soil elements taken up by plant
eventually ended up in the leaf. Potassium (K) content in coffee was highest in the green bean
perhaps because of its involvement in the metabolism and translocation of compounds such
as oil, proteins and carbohydrates that influence cup quality and direct formation of desirable
quality traits such as fruit flavour and color. Ca concentration was found to be highest in the
leaf rather than in the green bean, suggesting that most of it is needed for cell division and
carbohydrate transport in the leaf than for fruit ripening in the green bean. Zn and Mn were
the most critical microelements during fruit development.
The results of the experiments in this book demonstrate that there is enormous genetic,
biochemical and phenotypic diversity in Ugandan Robusta, which has so far remained
unexploited by both researchers and farmers. With coffee markets continuing to shrink,
focused research objectives especially on quality, coupled with re-assessment of the value
chain in order to map out key players and chart out innovative interventions, will be crucial in
reinvigorating the place of coffee in the export market. This book provides a peek preview of
the direction that research might undertake and it is recommended for reading to researchers,
processors, policy makers and post-graduate students of coffee.
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CHAPTER ONE
INTRODUCTION
1.1. Background of coffee Production in Uganda
As an export orientated commodity, coffee plays key role in national economies of nearly 80
developing world countries. About 125 million people in more than 50 developing countries
of Africa, Latin America and Asia produce and sell coffee as their main source of income
(Aga et al., 2003). Coffea canephora Pierre ex A. Froehner, represents 30% of the
commercial coffee of the world and 80% of African production, of which Uganda is ranked
among the top most producers (Orozco-Castillo et al., 1994).
Globally coffee has a retail price of $ 79 billion US dollars in the world markets (Osario,
2008). Genetic resources value of Arabica coffee alone for resistance to major pests and
diseases, low caffeine and high yield has been estimated at between US $420 - $1.45 billion,
in Ethiopia (Orozco-Castillo et al., 1994). If other beneficial characteristics in wild coffees
such as tolerance to drought were considered the value could even be much higher. In UCDA
fiscal year 2007- 2008, coffee contributed 25% of the foreign currency earnings to Ugandan
economy with the export of 3.2 million, 60-kilogrammes bags of coffee being valued at US $
388.4 million. An overview of Uganda’s 2007 agricultural foreign currency exchange
revealed that coffee exports earned the country, US $ 265 million from the sale of 2.52
million bags compared to income from fish at US $ 124 million, tobacco at US $ 66 million,
tea at US $ 30 million and cotton at US $19 million (MFED, 2007). The highest foreign
exchange from coffee was realized in 1996 when Uganda earned US $400 million from
export of 4.2 million bags (UCDA 1996; 1997). Despite growth in other agricultural exports
and continued decline in coffee volumes since 1997/98, coffee remains an important
commodity to the economy and represents the major, frequently unique source of cash for
smallholder farmers, enabling access to social, educational and medical services (Adipala et al.,
2001; CWD survey report, 2002). With the present government’s policy geared at promoting
coffee cultivation in non-traditional coffee growing areas, the acreage under Robusta is likely
to increase (UCDA, 2007; 2008). The cultivation of Coffea canephora from cuttings or
volunteer seedlings from natural populations and farmers’ fields has been regularly practiced
and existed long before the arrival of Europeans (Leakey, 1970). Uganda cultivates two main
types of Robusta coffee, distinctive enough to be called varieties; the erect form “erecta”
(normally known as Robusta or Coffea quillou) and the more spreading type locally known as
Coffea ugandae or “nganda”. The “erecta” types tend to have strong stems, pale large leaves
with bigger berries. The “nganda” types usually have weaker upright stems that tend to bend
or break with heavy crop. The “nganda” leaves are typically small and dark green. After 4-5
years of establishment, “nganda” yields are able to match those of “erecta” cultivars because
of their indeterminate plant type (Thomas, 1940; Kibirige-Sebunya et al., 1993). The two forms
of landraces are grown in mixtures and cross freely (Maitland, 1926; Butt et al., 1970; Thomas,
1935) making it difficult to have distinct “nganda” or “erecta” populations.
The average Robusta coffee yields at farm level are about 600 kg clean coffee berries per hectare
and constitute only 10-30% of what can be achieved potentially or what is commonly achieved
in similar ecologies in Asia and Latin America (UCTF, 2008; 2009). With moderate improved
crop husbandry practices, average yields of 2,500kg/ha could be realized (Kibirige-Sebunya et
al., 1993). All coffee in Uganda, is grown on natural rainfall with little or no irrigation. Coffee
trees are normally planted at variable spacing, often intercropped, naturally lightly shaded and
rarely mulched. Fertilizer, herbicides or pesticides are also rarely applied. Co-existence of
coffee with other food crops and shade species play a significant role in conserving the
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ecosystem, ensuring the survival of all the crop species as well as providing alternative
sources of income and food security.
1.2. Genetic Resource constrained by narrow genetic base and genetic erosion
Robusta coffee is characterized by small bean size, lack of good flavour and pronounced
bitterness in the beverage and by the inability to endure long drought periods. Indeed these
are some of the undesirable traits in Robusta coffee, though it is endowed with tolerance to
leaf rust and has resistance to white stem borer and to some species of nematodes (Wrigley,
1988; Prakash et al., 2005). Equally, the global market value for C. canephora has persistently
remained lower than that of C. Arabica. Coffee research institutions in Uganda have not
embarked on targeted-trait improvement of Robusta coffee and their only source of genetic
variability for future cultivar improvement, has been the collections at Kituza and Entebbe
botanical gardens that were done in 1920’s and that are of narrow genetic base. The present
day Kawanda research station accessions are few in number, have neither been out-crossed to
other elite germ-plasm and the variability for yield, cup quality, disease and pest resistance
has hardly been documented. The wild forms of Robusta are being depleted by deforestation
and increased human settlement whereas the “nganda’ and ‘erecta’ landraces are neither being
conserved in situ or ex-situ and nor has there been conscious breeding and selection for useful
markets traits such as cup quality. Both wild forms and land races in the farmer fields face
extinction from combined natural and human factors that are causing genetic erosion. Farmers
continue to replace their heterogeneous local landraces with the few improved varieties there
were developed from a narrow genetic base. Furthermore, there has also been a gradual
sizable loss of trees due to old age and due to new pest and diseases. The emergence of
Coffee Wilt Disease (CWD) since 1993, caused by Fusarium xylariodes Steyaert, destroyed
44% of the 242, 000 ha of cultivated Robusta coffee and the disease is still on the increase
(CWD survey report, 2002). Western Uganda and Lake Albert area where most of the wild
forms of Robusta still exist is under the threat of the global climate change effects, with more
droughts and new diseases being experienced in the last 10 years than ever before. To enhance
Robusta coffee productivity and quality and to mitigate the environmental changes and keep
up with the rising world coffee markets demands, a variable genetic base is required.
1.3. Rationale
Through genetic improvement, Robusta coffee organoleptic cup characteristics, yield and
caffeine contents could equal those of Arabica coffee and this would lead to stable and reliable
markets and to sustainable development in the coffee growing areas. Promoting coffee liquor
quality will add value, enhance income and increase competitiveness of the world coffee
prices. In order to sustain the coffee industry in Uganda, the coffee improvement program has to
be revamped. This is only possible if cultivars with a genetically superior organoleptic cup
quality are selected using modern, powerful and precise genetic, physiological and
biochemical green bean tools (Leroy et al., 2006). In the same manner, the influence of
environmental factors such as soil texture, nutrient element composition, altitude, rainfall,
temperature that directly or indirectly contribute to coffee quality must be tested and
determined alongside genetic traits (Decazy et al., 2003 ; Geromel et al., 2008).
A genetic diversity study is fundamental as it reveals the heterogeneous nature of the genetic
resources and identifies germ-plasm with high evolutionary potential for economically useful
traits such as cup quality. The future survival of Robusta trade will depend on how research
institutions, government extension agencies, farmers and cooperatives, utilize this
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information. Global markets have increasingly been attaching higher price tags not only to the
coffee quality but also to its origins. To develop a flexible and market responsive Robusta
coffee improvement strategy, it is important to firstly document the diversity of naturally
existing cultivated C. canephora as a bench mark for sourcing additional germ-plasm
variability. Information generated on the diversity of phenotypic characters aids in choosing
parental materials in breeding programs and provides the basic information on selection
criteria and strategy to be embarked on. But genetic and phenotypic analyses alone are not
sufficient to elevate the value of wild forms and land-races in coffee markets, as information
on value addition procedures at harvest, post harvest and processing stages must also be
incorporated along the value chain as they are important factors influencing cup quality.
1.4. Objectives of the study
These studies aimed to examine the extent of biological diversity of the cultivated land-races
of C. canephora in Uganda and its influence on cup quality but more specifically to : (a)
analyze the molecular diversity (b); characterize the phenotypic variation ; (c) measure the
biochemical and quality attributes ; (d) determine the effect of micronutrients on quality.
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CHAPTER TWO
A REVIEW OF ROBUSTA COFFEE (Coffee Canephora Pierre ex A.
Froehner)
2.1 Coffee origin and taxonomy
Coffea is a woody perennial dicotyledonous plant which is indigenous to Africa and is a
major genus of the Rubiaceae family widely distributed in the tropics (Thomas, 1940). The
genus Coffea L. is reported to have 105 species (Medina-Filho et al., 2007), which are
prevalent to Africa and Madagascar (Prakash et al., 2005). The mountainous rain forests of
Ethiopia on both western and eastern slopes of the Great Rift Valley and Boma plateau in the
Sudan are the centres of origin of C. arabica (Maitland, 1926; Fernie, 1970; Wrigley, 1988).
C. canephora, is a plant of equatorial Africa flourishing under conditions that are fairly humid
throughout the year. Robusta coffee cultivation is most suitable between latitude 10o N and 10 o
S. C. canephora spreads from Guinea to Uganda and Sudan (West to East), and from
Cameroon (North) to Angola (South) (Thomas, 1940; Berthaud, 1986; Leakey, 1970). Coffea
liberica Bull. Ex. Hiern which is known for its resistance to diseases, insect pests, adaption to
low elevation and hot temperature is native to the tropical forests of the present Liberia and
probably the Cote de Ivoire (http://www.hear.org/pier/wra/pacific/coffea_libericahtmlwra.htm). The forests of Madagascar and Mascarene Islands (Mauritius and Reunion),
are the home of Coffea mascara, a species, characterized by low levels or complete absence
of caffeine.
Many diploid species in Africa overlap in origin (Thomas, 1940; Leakey, 1970; Berthaud,
1986). Wild coffee species found in Ugandan forests are C. eugenioides S. Moore, C. excelsa
Chev and C. spathicalyx K. Schum. C. canephora although widespread with strong
adaptations to rainfall and soil types occurs less frequently than C. eugenioides and grows
naturally between 1000 and 2000 m above sea level in forests located in Bunyoro, Buganda and
in the North close to the Sudan boarder (Thomas, 1935; 1947; Leakey, 1970). The diverse
existence of the genus Coffea in Uganda suggests that the country may be within the centre of
origin (Maitland, 1926; Thomas, 1940; Leakey, 1970). Robusta coffee trees of 120-150 years
have been observed in Ssese Islands, Uganda (Wrigley , 1988).
Whereas three of the genus Coffea species are economically important, coffee production and
its industry depend on two species commonly known as Arabica coffee (Coffea arabica L.)
and Robusta coffee (Coffea canephora Pierre ex Froehn) (Coste, 1992; Thomas, 1944). C.
arabica constitutes 70% and C. robusta 30% of the total world production as well as export
(Orozco-Castillo, 1994). Coffea liberica is the third economic species, produced mainly in
Liberia, parts of Java, Malaysia and the Philippines but because of its low yield and poorer
quality, it is used only for local consumption. With advanced breeding techniques,
commercial interspecific hybrids such as Arabusta (C. arabica x C. canephora) have been
developed. Blending coffees from the two species at varying ratios probably produces the
desired consumer flavours at minimal costs (Leroy et al., 2006).
Variation in chloroplast and mitochondrial DNA in the genus Coffea support the hypothesis
that C. canephora diverged from C. congensis and thereafter the latter species differentiated
into C. eugenioides and C. arabica (Charrier et al., 1985). Taxonomic grouping based on
4




diterpene profiles indicate that Coffea species universally contain cafestol but Arabica coffee
contain ‘Kahweol’ diterpene only in varying structures (Charrier et al., 1985) With exception
of C. arabica that is tetraploid and self-fertile (2n = 4x = 44), all the other species in the genus
Coffea are diploid (2n = 2x = 22), with gametophytic self incompatibility and hence can
exchange genetic material with cultivated C. canephora (Robusta) (Charrier et al., 1985).
Given its allopolyploidy and self-pollinating nature, C. arabica is characterized by low
genetic diversity leading to a narrow genetic base (Aga, 2005).
2.2 Description of coffee tree characters
All Coffea species are evergreen, woody and range from shrubs to trees in size that can grow
to a height of 10 meters. The stems are vertical (orthotropic). The horizontal (plagiotropic)
branches (primaries) arise in pairs opposite each other and remain subsidiary to the main stem
and develop sub lateral; secondary, tertiary and quaternary branching. Branches far away
from main stem apex are larger. The leaves are shiny on the upper side, generally waxy, spear
shaped and grow in pairs on either side of the stem or branch with buds at the leaf stalk base.
Leaf colour range from yellowish to dark green with a greenish, bronzed or purple tinged
young flush. Leaf length varies from 1-40 cm. Some trees are deciduous while others retain
leaves for 3 or more years with a leaf area index of 7-8 for a high yielding variety
(http://www.coffeeresearch.org/agriculture/coffeeplant.htm). Some trees have fragrant
flowers with 5-6 petals. Coffee pollen is not sticky, is light and carried by insects and wind up
to a height of 8 m and a distance of 100 m (Leakey, 1970). Pollen can remain viable for over a
month under special conditions, otherwise it loses viability after a few days (Wrigley, 1988).
The vertical, tap and lateral root system grow parallel to the ground and variably extend to a
depth of 90 cm with the tap root penetrating up to 30-45 cm. Lateral roots may extend 2 m
from the trunk. 80-90% of the feeder roots remain in the 20 cm depth and 60-90 cm radius
(http://www.coffeeresearch.org/agriculture/coffeeplant.htm).
The root system is influenced by the soil type and the mineral content of the soil, as their
thickness and strength require extensive supply of nitrogen, calcium and magnesium.
2.3 Robusta coffee cropping in Uganda
Traditionally, Ugandan Robusta coffee farms are intercropped, commonly at random spacing
with diverse crop species that are either vegetable, fruit (wild berries inclusive), legume,
cereal, root crop or medicinal. The common coffee shade trees include; Banana (Musa sp.),
Ficus sp., Jackfruit (Artocarpus heterophyllus), pawpaw (Carica papaya), ovacado (Persea
Americana), Albizia sp., Bark cloth fig (Ficus natalensis), Grevillea (Grevillea robusta),
Mwafu (Canarium schweinfurthii), Guava (Psidium guajava), Muwafu (African canarium or
incense tree), Nsambya (Markhamia lutea) Kirundu (Antiaris toxicaria). Variable spacing of
Robusta coffee trees that remained after thinning the forests may have been was adapted.
Some trees were planted at random before 3 meters by 3 meters spacing recommendation
came to place. Ample space is required for coffee trees to co-exist with intercrop.
The different tree species conserve the ecosystem, promote survival capacity of the species,
and provide food, building materials, fuel wood, or an alternative source of income and home
for bees, birds and wild animals. Shade trees ameliorate micro-climate for coffee bushes
during the night and day as well as wide fluctuations in light intensity and temperature
particularly during the two dry seasons that normally last about 3 months. Air temperature in
a 40–50% shade is 7–10°F (4–6°C) cooler than in full sun (Elevitch et al., 2009), moderating
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leaf temperatures and photosynthesis particularly during hot temperatures. Lower air
temperatures under shade may enable photosynthesis to continue even when open air
temperatures are high. Shade leaves at 1-2oC cooler than air temperature tend to develop
darker leaves as a result of chlorophyll arrangement other than amount of chlorophyll per unit
area.
Tree shade moderate micro climate and prevent soil erosion, improve soil fertility by way of
organic matter addition, and act as a powerful tool for managing the major pests and diseases
(http://www.infonet-biovision.org/default/). The response of diseases and pests to shade is
determined by the nature of shade and intensity. Tall shade trees protect the coffee bushes
from potential damage from hail storm, frost and wind to a considerable extent. Through
severe damage of leaves and exacerbated flower and fruit shedding, strong winds depress crop
yield, reduce leaf area and internode length of the orthotropic and plagiotropic branches
(DaMatta et al., 2006). Meanwhile, hot winds increase crop evaporation and transpiration
increasing rainfall requirements of trees. Since coffee is a half-shade plant, its shade
requirements are determined by the ecological conditions of the field and locality. With a
provision for irrigation, tall trees canopy coverage of 30 % is adequate for flowering and
backing effects while 40% sufficiently suffice without irrigation. Tree shade coverage of 45%
decreased coffee tree productivity by about 20% (Vaast et al., 2006) and in so doing enable
the plant bear the following year and farmer to harvest crop every year. Excessive production
of fruits in one year followed by hardly any fruit production in next year (biannual bearing) is
typical of open sunlight grown coffee. When accompanied by foliage reduction, physiological
stresses such as overbearing may result to nutritional deficiencies, more parasite attacks,
withered and dry branches and immature bean development. Excessive canopy drastically
reduces yields to uneconomic levels. Coffee utilizes about 1% of the sunlight for
photosynthesis. At leaf temperatures above 34ºC, assimilation is practically reduced to almost
zero (http://www.infonet-biovision.org/default/), making photosynthetic rate of shaded coffee
higher than open sun grown. Optimum light intensity of 900 to 1300 E is required for
maximum photosynthetic efficiency
(www.indiacoffee.org/newsletter/2005/september/cover_story.htm). Developing green leaves
have 30 -60 stomata per mm2 while mature sun leaves have 240 -260 per mm2 (Browning,
1973a, b). For thick and strong coffee roots to develop, an extensive supply of nitrogen,
calcium and magnesium is required
(http://www.coffeeresearch.org/agriculture/coffeeplant.htm). Clipping vertical roots before
planting promotes horizontal root growth and access to water. Mechanization is not possible
in tree shaded coffee fields.
2.4 Coffee consumption and its environment implications
Other than health related factors, coffee has a number of uses. The coffee plant is a good source
of oxygen. Each hectare of coffee produces 85 lbs of oxygen per day, which is about half the
production of the same area in a rain forest.
(http://www.coffeeresearch.org/agriculture/coffeeplant.htm). Ripe cherries and hulls have
been fermented to make wine or stewed to make a drink (Wrigley, 1988). Coffee pulp, reject
seed, parchment, plant pruning or leaves is used as manure and mulch (Wrigley, 1988).
Coffee wood is hard, dense, durable and used for furniture, fuel, construction among others.
Both caffeine and chlorogenic acids (CGA) could be potential insect deterrents. Caffeine too
serves as repellant to predators and is an allelopathic compound (Uefuji et al., 2003).
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The two main possible ways that coffee improves health and reduces chronic illnesses is by
use as antioxidants in form of caffeine. Cafestol and Kahweol antioxidant properties have
been shown to have some ameliorating cholestrol properties (Leroy et al., 2006). Many of the
secondary metabolites have real or purported commercial use such as insecticides, fungicides;
pharmaceuticals, herbs, medicinals, dietary supplements and “nutraceuticals”, flavorings and
scents. Transgenic caffeine-producing tobacco plants have been shown to enhance disease
resistance that helps minimize insecticide application (Ashihara et al., 2008). Though
poisonous and bitter, caffeine is a mild addictive stimulant and diuretic substance that acts on
the central nervous system, kidneys, heart and muscles. Coffee drinking is reported to
increase brain performance, body metabolism, reduce risk of colorectal diseases and asthma,
type 2 diabetes , Alzheimer’s and Parkinson’s diseases as proposed in
(http://coffeescience.org/alertPhttp://www.coffea-tea.co.uk/Roasting.php).
Despite loss of key flavour compounds, 10% total consumed decaffeinated coffee offers
similar health conditions as that of aggravated or regular coffee because of the high acidity
(Dessalegn et al., 2008; Berthaud et al., 1988; Urgert et al., 1997).
2.5 C. canephora production constraints in Uganda
Coffee Wilt Disease (CWD) caused by Fusarium xyalariodes infects all Coffea species including
the wild forms (Wrigley, 1988; Adipala-Ekwamu et al., 2001) and therefore affects on the
genetic base of C. canephora, including the development and sustainability of the coffee
industry. Other than CWD, research selected varieties based on yield and acceptable quality
succumb to pests such as coffee leaf rust (Hemileia vastatrix B. et B.), red blister (Cercospora
coffeicola Berk et Cooke) coffee berry borer (Hypothenemus hampei Ferr) and the recent
coffee twig borer (CTB), Xyalosandrus compactus. Robusta coffee production is also
constrained by the low yielding varieties that are dominated by landraces (Wrigley, 1988).
Farmer average yield of 600 kg/ha represents only 10-30% of what potentially can be achieved
with improved crop husbandry (UCTF, 2008; 2009). The cup quality of cultivated Robusta
landraces has also not been determined or profiled and hence no superior genotypes for quality
improvement have been identified. Agronomic recommendations need to focus on degrading
coffee soils, shade and water supply options to ameliorate drought. Robusta coffee physiology
needs to be understood under varying environmental conditions. To ease utilization and increase
chances of attaining success in any agronomic improvement, a variable gene pool with known
traits is needed. Current population pressures and economic hardships are threatening genetic
diversity reservoirs in the wild and in the landraces cultivated in the farmer fields.
2.6 Genetic diversity of Robusta Coffee in Uganda
One important and cheaper source of Robusta coffee “genetic pool” reservoirs for crop
improvement are natural populations in the wild and the farmer landraces where continued
generation of variability has been derived through selection, mutation, drift, gene flow and
mating systems. The largest available Robusta germ-plasm collection at Kawanda consists of
selected out-crossed progeny of original parent stock which is unlikely to represent the
immense genetic diversity existing at farmer fields and in the wild (Thomas, 1940; Wrigley,
1988). More Robusta coffee accessions from forests and landraces from farmer fields need to
be assembled to enrich the Kawanda germ-plasm collection. Research institutions might have
to introduce coffee germ-plasm with established genetic traits to enrich local collections.
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Apart from intra crossing within C. canephora (Robusta), hybridizing diploid Coffea species
is possible because gametophytic self in-compatibility would enable exchange of genetic
material to generate variability. Making crosses with Hybrid de Timor, a known natural
mutant between tetraploid Arabica and diploid Robusta (Leroy et al., 2006) offer the
opportunity of increasing quality among other desirable traits. In Uganda, tetraploids from the
best Robusta selections were developed in 1972 by use of colchicine chemical (Wrigley,
1988). Arabusta hybrids were back-crossed to Arabica coffee to restore cup quality while
maintaining resistance to coffee berry disease and coffee leaf rust. However, these new
varieties were never adopted by farmers who continue to cultivate Robusta landraces due to
their superior agronomic and disease resistance traits.
An apparent valuable product of coffee genetic resources in Uganda is the agronomically
selected tree No.9 from Toro whose progeny constituted part of the seed distributed to
farmers in the 1920’s (Thomas, 1947). The self pollinated seedling progeny of No. 9 (9/6)
with follow up selections, contributed to the development of the tree no. 8 commercial
Robusta coffee varieties, namely, 1s/2, 1s/3, 1s/6, 223/32, 236/26, 257s/53 , 258s/24(0) and
259s/56 (Wrigley, 1988; Kibirige-Sebunya et al., 1996) that later succumbed to coffee wilt
disease (CWD) caused by (Fusarium xylariodes). Clones 223/32 and 259s/56 were withdrawn
in the 1990’s because of high coffee leaf rust infestation. Rigorous selection of coffee wilt
disease resistant varieties since 1993 in Uganda utilized wild, landraces and germplasm
collections to curb the diseases and minimize chemical use. Economic and sustainable coffee
production in Uganda has been made possible in the midst of devastating disease outbreaks
because of the use of resistant mother trees that were selected from heterogeneous forest
(wild) and cultivated (landrace) coffee populations. This suggests that it is possible to find
desirable traits from wild and landraces for conservation and regular crop improvement.
C. canephora like C. arabica and other coffee species wild and semi wild forms are
diminishing as a result of population pressure and increasing impact of climate change.
Deforestation has been accompanied by loss of valuable genetic resources and biodiversity.
Indiscriminate cutting of forests for sale, has contributed to heavy loss of income (Thomas,
1940; UCDA, 1991-1993). International coffee germplasm collection and conservation
missions by FAO (Food and Agricultural Organization) in 1964-1965 and IBPGR
(International Board for Plant Genetic Resources) in 1983-1989 did not cover Uganda.
Neither did the French coffee conservation missions by ORSTOM, (presently IRD – Institut
de rescherche pour le developpement) during 1966-1987, nor by CIRAD (Centre de
cooperation internationale en recherche agronomic pour developpement) in 1960-1987) or by
the Museum of Natural History, Paris, France of between 1960-1974 (Anthony et al., 2007).
In contrast, these efforts helped Cote D’ Ivoire, to conserve 8000 reference living collections
of C. canephora wild forms, local varieties and populations from farmers (Charrier et al.,
1985; Anthony et al., 2007) and also assisted conservation in situ of 25 diploid coffee species
in Madagascar.
Like other crop species, understanding the genetic structure and trait composition of landraces
is significant as it reveals the economic potential and provides information for strategic
planning, utilization, ecosystem conservation and survival capacity of the species. The limited
knowledge of existing genetic base makes Robusta coffee improvement unnecessarily long,
expensive and one that has limited success.
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2.7. Methods used to analyze Robusta genetic diversity
2.7.1 Genetic diversity approaches
Genetic diversity studies on populations, breeding lines, germ-plasm collections are aimed at
establishing existing variability, identify diverse parental lines to generate segregating
progenies and identify desirable genes for introgression. Specific or combinations of different
methods have been used to analyze numerical data sets such as DNA, morphology, agronomic
performance and biochemical compounds (Mohammadi and Prasanna,, 2003). Except for
DNA, the rest of data sets are usually influenced by inherent and environmental factors.
Sampling strategy, strengths and weaknesses of data sets, choice of genetic distance and study
objective are some of the important technical considerations. One has to reflect on experiment
objective, level of resolution, infrastructure, available time and resources.
Several methods have been utilized to investigate not only the genetic diversity of coffee but
also of other crops. Parameters such as mean, range, standard deviation (S2-variance
estimated for a sample), variance (2-population), degrees of freedom and coefficient of
variation (% ratio of standard deviation to mean that compares different sample means of a
population) provide the extent of the attribute variability (Fowler et al., 2001). Analyses of
variance (ANOVA) compare several sample means to determine significant differences.
Genetic diversity evaluations also consider distinct allele numbers and their allelic
frequencies distributed at separate loci (equated as Polymorphism Index Content) and Nei’s
unbiased estimate of gene diversity (H) (Nei, 1987). The advantage of using Polymorphism
Information Content (PIC) in measuring genetic diversity is because it is independent of
sample sizes (Muchugi et al., 2008). Chi squared tests (X2) using frequency based statistics
can be used for detecting differences between populations or population subdivision when
mutation rate and allelic diversity is low. The extent of between and within population
differentiation can be established using F statistics of Wright (1978). Wright’s approach of
estimating F coefficients considers the following: (a) correlation of genes within individuals
over all populations (FIT), (b) correlation of genes of different individuals in the same
population (FST) and (c) correlation of genes within individuals within populations (FIS). FST,
FIT and FIS values are therefore interrelated. Because biological entities do not stand on their
own but depend on each other, there is need to determine genotypic relationships and effects
that could be environmentally influenced.
2.7.2 Genetic distance measures
Genetic distance (GD), sometimes called a metric distance, is the gene difference between
populations or species measurable in some numerical quantity (Nei, 1987). Euclidean or
straight-line measures of genetic distance such as GDSM (genetic distance derived from simple
matching coefficients) or GDMR (modified Rogers’ genetic distance) are some of the statistic
used for estimating genetic distance between individuals (genotypes or populations)
(Mohammadi and Prasanna, 2003; Perrier et al., 2003). GDMR is widely preferred because of
its powerful genetical and statistical properties. GDSM has Euclidean metric properties that
allow its use in hierarchical clustering strategies creating minimum variance within a group as
proposed by Ward (Mohammadi and Prasanna, 2003). The analysis of molecular variance,
AMOVA (Nei, 1987), makes use of F related statistics to structure genetic variation in form
of variance components among and within groups. GDSM is limited in that it gives equal
weight to both 0-0 and 1-1 matches in case of binary data. While 1-1 match indicates more
9




similarity, the reasons for 0-0 match are many; lack of amplification, absence of bands, lack
of identity by descent or by state. Other genetic distance or genetic similarity (GS) measures
commonly used to estimate binary DNA data include Nei et al., (1979) coefficient (GDNL)
and Jaccard, (1908) coefficient (GDJ). Gower (1971) described a general coefficient for
measuring genetic distance between individuals on the basis of qualitative, quantitative and
dichotomous data as; 0 wherever there is a match between two qualitative characters and 1
when there is a mismatch. The distance between two quantitative characters was calculated as
the difference in the trait values divided by the overall trait range and converting the distance
for quantitative characters to a scale of 0 to 1. Multiple Correspondence Analysis (MCA)
have also been used to calculate X2 distances on a binary table arrangement for qualitative
variables with modalities like more, equal and less (Perrier et al., 2003).
Appropriate choice of a genetic distance measure depends on the type of variable and the
scale of measurement. For co-dominant markers (such as RFLPs and SSRs), the expected
genetic distance of Nei et al., (1979) coefficient (GDNL) relates pairs of lines as linear
function of their co-ancestry coefficient (Perrier et al., 2003). For dominant markers,
Jaccard’s genetic distance can be applied but not GDNL. In case of co-dominant markers
among inbred lines, both GDJ and GDNL may lead to identical ranking of GD estimates.
Both GDJ and GDNL suffer from unknown statistical distributions because the denominator
used to calculate sampling variance and confidence interval is a random variable.
To overcome the problem of unknown statistical distribution in measuring parameter genetic
variance, the bootstrap or Jackknife techniques are used to empirically estimate sampling
variance using a few units that provide little information for distribution. Bootstrap method
can estimate errors and confidence intervals for the mean, median, proportion, odds ratio,
correlation coefficient or regression coefficient. Bootstrap method can construct a hypothesis
or make a parametric estimate. Meanwhile, the Jackknife method is shown to be a linear
approximation method of a bootstrap. The limited number of re-sampling units makes the
Jackknife method provide limited statistic distribution frequency. The re-sampling techniques
estimate a wide and best statistic distribution frequency from which they were drawn based
on independent variables, standard error, confidence limits and other statistical methods of
accuracy that are not available or difficult to calculate. The statistical accuracy in bootstrap
analysis is generated from repeatedly sampled equal size of original sample that provides
statistic of interest for each bootstrap sample produced (Mohammadi and Prasanna, 2003).
Bootstrap sampling is also used to determine reliability of tree topologies or genetic distance
values in a dendrogram. Genetic distances of 70% and above are likely to be 95% correct. In
case of need for more than one measure of genetic distance to analyze a given data set or
different data sets, Mantel test can be used to ascertain the correspondence between matrices
derived from different distance measures (Mohammadi and Prasanna, 2003). Bray-Curtis
distance measure can be applied to estimate pooled similarity percentage variance
contribution of each variable to sub group formation and mean group abundance in K means
analysis derived groups (Perrier et al., 2003)
2.7.3 Cluster analysis
Factorial or multivariate analyses are useful in species or population diversity studies because
they unveil the most influential characteristics in genotypes (Perrier et al., 2003). Multivariate
analysis methods have gained significance in classifying many accessions by ordering genetic
variability or analyzing genetic relationships among breeding materials based on the
characteristics they possess (Mohammadi and Prasanna, 2003). Multivariate statistical
algorithms simultaneously analyze multiple measurements of each individual investigated
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(whether morphological, biochemical or molecular marker data). Individuals with similar
descriptions are mathematically gathered together providing clusters with high internal
(within cluster) homogeneity. Clustering algorithms such as the principal component analysis
(PCA), principal coordinate analysis (PCoA), and multidimensional scaling (MDS) are at
present most commonly employed and appear particularly useful (Perrier et al., 2003). These
ordination methods produce a geometric representation of individuals with each genotype
differing from the mean by its own mean characteristics. Ordination methods facilitate the
detection of individuals or populations that show some intermediacy between two groups. The
sum of squares of each unit from the mean point is what the factorial analysis quantifies as
inertia of dispersal.
Two major clustering methods are commonly utilized, the model and the distance based
methods. The model based method of clustering assumes observations from each cluster are
random draws from some parametric model, and inferences/deductions from parameters
corresponding to each cluster and cluster members are performed jointly using standard
statistical methods such as maximum-likelihood or Bayesian methods (Mohammadi and
Prasanna, 2003).
The distance based method of aggregating genotypes uses a pair wise distance matrix as an
analysis input for a specific clustering algorithm (Mohammadi and Prasanna., 2003; Perrier et
al., 2003) giving a graphical representation such as a tree or dendrogram. Hierarchical
clustering methods such as UPGMA (Unweighted Paired Group Method using Arithmetic
averages) and the Ward’s minimum variance method (Mohammadi and Prasanna, 2003) are
commonly used in genetic diversity analysis in crops to merge a series of smaller groups of
individuals starting with the most similar. In UPGMA clustering, a Factorial Analysis of
Dissimilarity Table (FADT) uses a dissimilarity matrix data of genetic distances to
graphically represent a heterotic tree groups or dendrogram (Saitou et al., 1987). UPGMA
provides consistent heterotic and pedigree information on biological materials and clusters
that relate to genotypes of different data sets. Ward’s method avoids the chaining effects often
observed with UPGMA. Both Ward and UPGMA are suitable for similar and different group
size analyze (Mohammadi and Prasanna, 2003).
The nonhierarchical procedure, frequently referred to as K-means clustering, are based on
sequential threshold, parallel threshold, or optimizing approaches for assigning individuals to
specific clusters, after specifying the most suitable number of clusters (Mohammadi and
Prasanna, 2003; Perrier et al., 2003). Lack of prior information on cluster number constrains
the use of this method. Descriptive statistics are useful methods for characterizing specific
diversity groups using the mean, median, variance and inter quartile range in form of box
plots.
Though many clustering methods exist such as UPGMA, UPGMC (Unweighted Paired Group
Method using Centroids), Single Linkage, Complete Linkage and Median, a single clustering
method may not reveal genetic associations effectively and each method has relative strengths
and constraints. For instance UPGMA and UPGMC seem comparable with a relatively high
level of accuracy for pedigrees while Single Linkage and Median clustering methods are
associated with the chaining effect and poor resolution of individual groups that complicate
the interpretation of results (Mohammadi and Prasanna, 2003). To compare the efficiency of
different clustering algorithms, cophenetic correlation coefficient can be used to measure the
agreement between the dissimilarity indicated by a dendrogram and the distance similarity
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matrix as input of cluster analysis. A method with the highest cophenetic correlation
coefficient is regarded as the best (Mohammadi and Prasanna, 2003). Meanwhile a factorial
step discriminant analyses based on the principal components calculates Mahalanobis distance
(D2) between group centroids (vectors of means) to identify the best clustering algorithm and
to verify whether the derived groups were significantly different or qualify to be different
populations. The best clustering method produces the largest distance D2 among groups or
clusters and is appropriate for quantitative data. Fisher inter-group distances and significance
also measure genetic diversity. The disadvantage of clustering methods is that the algorithms
do not define what constitutes an optimal tree or dendrogram and systemic errors incurred
during cluster analysis reconstructions.Use of neighbor joining removes the assumption that
the data are ultrametric (Perrier et al., 2003). Euclidean distances and particular distances are
examples of ultrametric distances. The neighbor joining method has commonly been used for
phylogenetic studies but not for intraspecific differentiation in crop plants (Mohammadi and
Prasanna., 2003).
Combined data analysis can therefore reveal information common to all data sets or specific
to a given table. Before combining different data sets it is most important to consider the
similarity or connection among the results derived from individual data sets to ascertain
whether a better estimate of genetic diversity will be obtained with combined data sets.
Qualitative data can be assessed using Multiple Correspondence Analysis (MCA) and the
quantitative tables by PCA. Combining data from qualitative and quantitative measures
possibly biases distances estimated on the basis of quantitative characters and increases the
level of correlations among qualitative characters. The most highly structured tables may
adversely render the input of the more loosely structured tables. It is advisable to assign
weights to qualitative characters for clustering purposes to reveal their contributions to
genetic diversity in individuals or populations (Mohammadi and Prasanna, 2003). With use of
a Modified Location Model (MLM), all the categorical variables can be combined into one
multinomial variable W, which can be then used with the available continuous attributes
(Mohammadi and Prasanna, 2003).
To extract maximum information from the molecular marker data, ordinations such as PCA or
principle coordinate analysis (PCoA) can be used in combination with cluster analysis,
particularly when the first two or three PCs or PCoA explain over 25% of the original
variation (Mohammadi and Prasanna, 2003). With relatively few characters and no missing
data, the output of PCA and PCoA are similar. PCoA is a better clustering option with
missing data because it replaces missing values with independently computed coefficient of
two individuals while the PCA uses mean values. The PCA is very useful for solving pattern
recognition problems arising from diversity studies, chromatographic and spectroscopic data
(Perrier et al., 2003). Varimax rotation imbedded in statistical programs such as XLSTAT
version 2011.2.05 (Addinsoft SARL Company, Paris, France) was used to improve the
principal component analysis plot reliability (Perrier et al., 2003). Multidimensional scaling
(MDS) or perceptual mapping of genotypes in a few dimensions is applicable when use of
hierarchical algorithms gets limited with nonhierarchical and reticular patterns of diversity.
In MDS, linearity is not assumed (Mohammadi and Prasanna, 2003). Like allele frequencies,
phenotypic parameters are used for pair wise comparison of accessions to derive a matrix for
multi dimensional scatter. Unlike data with uniform parameter scale measure such as DNA,
bean biochemical compounds, organoleptic cup sensory rating and nutrient elements and
parameters with different scale such as morphology, bean physical characters) utilize a
correlation matrix to standardize original data.
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2.8. Why XRF and NIRS are future techniques
Typically, X-rays are used to reveal the chemical composition whereas near ultraviolet to near
infra red wavelengths distinguish the configurations of various isomers in detail (Brouwer,
2003). X-rays and Near Infra Red (NIRS) technique complement each other. Both XRF and
NIRS spectroscopy are non destructive, sensitive and rapid quantitative and qualitative
techniques of analyzing the fluorescent x-ray or light to investigate sample element
composition or identify compound physical structure which would ordinarily be invisible to
the eye (Brouwer, 2003). Drug metabolism studies have also applied spectroscopy techniques
(Kostiainen et al., 2003). In addition, NIRS authenticates products according to fingerprint
(Downey et al., 1994; Davrieux et al., 2005; Bertrand et al., 2005b; Huck et al., 2005).
X rays and NIRS have been used as rapid characterization tools with diverse applications in
medical and pharmaceutical imaging. XRF benefits also outweigh relative requirement of
adequate sample volume for destructive grinding and pressing to make a pellet, or fuse with
inert material to form glass bead and time consumption are other draw backs (FitzGerald et
al., 2008). At low concentrations, NIRS technique cannot fully quantify substances. In such
situations, precise and verification purposes may use the more expensive, complex and time
consuming analyses, for example by High Performance Liquid Chromatography (HPLC), Gas
Chromatography (GC) be warranted.
2.9 Environmental conditions for coffee growth
2.9.1 Altitude and latitude
Coffea is a tropical plant that requires specific environmental conditions for commercial
cultivation. Altitude, latitude, temperature, rainfall, soil, sunlight, wind and humidity
influence the quality of the developing bean from flowering, bean expansion until ripening
(Cannell, 1985; Clifford et al., 1985; Muschler, 2001; Decazy et al., 2003; Vaast et al., 2006).
Production of beans with superior beverage quality appears to be highly dependent on the
climatic conditions (Decazy et al., 2003). At best, Arabica coffee grows at altitude range
1200-1800 meters above sea level (m above sea level) but can also be grown below 400 m
above sea level between, 25o Tropic of Cancer in the North and 25o Tropic of Capricorn in the
South unless there is frost. Robusta coffee cultivation is most suitable between latitude 0o to
100. Robusta coffee can be grown between sea-level until such a height when vegetative
growth with poor crop setting is reached. Gentle but not steep slopes to fairly level fields are
ideal for Robusta coffee. Under Ugandan conditions where soil has less influence on the
distribution of Robusta than climate (Wrigley, 1988), most Robusta coffee is cultivated in the
range of 1000 to 1500 m above sea level. Nearer to the Equator, coffee plants require higher
altitudes compared to further North and South. Beyond latitudes 230N and 250S, temperature
becomes a major limiting factor because Robusta coffee plants are more sensitive to extreme
temperature (Wrigley, 1988).
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2.9.2 Temperature
It is generally accepted that 100 meters increase in elevation decreases mean daily
temperature by 0.6–10C. High temperatures can be harmful, especially if the air is dry (Coste,
1992) and suitable temperature changes with the phenological stage of coffee (DaMatta et al.,
2006). For example, an optimum temperature of about 30-320C over a 3 weeks period is
adequate for Arabica coffee to accomplish the germination process while at 170C germination
takes 3 months and at 350C germination is inhibited. Robusta coffee prefers warm
temperature range of 24-300C but not below 150C. Temperatures of up to 300C are also
needed for floral bud initiation. For adequate root development, best soil temperature was 24270C. It is also estimated that a 2oC rise in temperature would affect coffee production in
Uganda drastically, reducing the total coffee area by three quarters (UCTF, 2008; 2009).
2.9.3 Rainfall
The pattern of rainy and dry periods is important for growth, budding and flowering. Rainfall
requirements depend on the retention properties of the soil, atmospheric humidity, cloud
cover and cultivation practices. An optimum annual rainfall range of 1200-1800 mm is
required for Arabica coffee while Robusta coffee adapts to intensive rainfall exceeding 2000
mm at a relative humidity of 80-90% and for a short while in less humid sites during dry
season (Coste, 1992). In contrast, Arabica coffee requires a less humid atmosphere (Coste,
1992). Air humidity has a significant impact on the vegetative growth of the coffee tree. For
both species, a short dry spell, lasting 2-4 months corresponds to the dormant growth phase
that stimulates flowering. Lack of dry period can limit coffee cultivation. Meanwhile
abundant rainfall throughout the year causes scattered harvest and low yields, water
deficiency results to empty and dry cherries. However, C. canephora variety Kouillou
acclimatizes much better to drier environments than the C. canephora, variety Robusta.
Rainfall of about 2.5 cm received either on one day or in 2-3 consecutive days adequately
induces normal blossom in a productive Robusta coffee tree. Unless irrigated during
flowering period, poor flower bud growth and poor fruit set may result. Coffee requires bright
and light winds on the day of flower opening for proper dispersal of pollen grains by wind
and insects. Stormy, rainy, frost and hail storm damage flowers, cherries and other vegetative
parts of coffee tree reducing green bean quality. Because of shallow root system and larger
leaf area, Robusta coffee is more sensitive to moisture stress as compared to Arabica coffee.
At the same time Robusta coffee does not perform well in very high rainfall regimes.
Generally, coffee growing areas receive rainfall of 1500-2500 mm per annum. After
fertilization, a well distributed rainfall of 1200 mm to 2000 mm over a 9 month period is ideal
for Robusta coffee bean development (Cannell, 1985; De Castro et al., 2006).
Diverse environmental factors that include rainfall influence the five growth stage bean
development period (Geromel et al., 2006). At pin head (6-8 weeks) that follows fertilization,
backing showers of 2.5 to 4.0 cm are required within one month after blossom showers for the
retention of set fruits or else they dry up reducing yield. Moisture content is important for
rapid cell growth (10-15 weeks) of locules containing ovaries to develop into swollen drupes
as drought constrains normal growth (Cannell, 1985). Water stress at 6-16 weeks decreases
physiological activities of the developing coffee beans and can result to empty or smaller
beans. The endosperm enlarges filling and replacing the integument cavity with a silver skin
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at 12-19 weeks (Cannell, 1985; De Castro et al., 2006). Water is required to generate 70% of
photosynthetic products such as storage proteins, sucrose and complex polysaccharides, used
to harden the endosperm at full formation and that stalls plant growth. Finally at 30 to 35
weeks, the endosperm is dehydrated and the pericarp {exocarp (peel), mesocarp (sweet pulp
is rich in reducing sugars, sucrose and water) and endocarp} changes color to red or yellow
(De Castro et al., 2006). A single dry period of 2-3 months that coincides with the harvest
season is required for drying and for coffee trees to recover after harvest (DaMatta et al.,
2007). However, Uganda being along the equator has two seasons, rainy and dry, resulting in
two cropping cycles per year. The main harvest season in the Northern hemisphere occur
around November to January while that for the Southern hemisphere is in April to June. In
practice, any sporadic rain after a dry spell creates uneven flowering and fruit ripening in
Robusta coffee.
2.9.4 Plant nutrient element requirement in coffee
Coffee roots require much oxygen that is inadequate in heavy, poorly drained and clay soils.
Coffee grows on soils of widely different geological origin that include gneiss, sandstone,
limestone, basalt, lava and alluvial and colluvial soils of volcanic ash texture with a high base
exchange capacity (Wrigley, 1988; Zake et al., 1996; Wintgens, 2004). A free drainage depth
of about 1.5 m to 3 m in drier areas permits the development of roots over wider water supply
ground coverage (http://www.coffeeresearch.org/agriculture/coffeeplant.htm). A water table
of lower than 1.5 meters suffocates the tree root systems with a flood condition. Though
coffee requires deep (at least 75cm), rich organic matter content (>2.5 per cent organic
carbon), friable, open textured and permeable soil that allow gaseous exchange and drainage,
the crop can grow on soils of different depths, texture neutral acidity (6.0-6.5 pH) and mineral
content, given suitable applications of fertilizer (Wrigley, 1988).
For healthy Robusta coffee growth, development and production, coffee trees requires macro
and micro nutrients such as nitrogen (N), phosphorus (P), potassium (K), calcium (Ca),
Magnesium (Mg) (Zake et al., 1996) in different quantities or combinations. About 90%
NPK and Mg, 39% of Ca are taken by fruits where they are rapidly metabolized. Even if
mycorrhiza fungi and nitrogen fixing bacteria may improve soil fertility, coffee is a heavy
feeder crop that loses about 30% of soil nutrients to the harvested ripe cherries. To obtain one
metric ton of Robusta coffee green cherries requires 30kg of N, 3.8 kg P2O5 and 47.8 kg of
K2O from soil (Onzima et al., 1996). Application of 500 g Ammonium Sulphate Nitrate
(ASN) and 50 g Single Super Phosphate (SSP) fertilizer per tree per year (Zake et al., 1996)
restores soil fertility for normal coffee growth. Coffee residues like husks, pulp, pruning, culls
(rejects) and seed coat can be added as compost and mulch to coffee field to amend soil
structure and nutrients (Kibirige-Sebunya et al., 1996). According to Zake et al., (1996), use
of coffee husks provide high levels of potassium (4%), nitrogen (1.5%), considerable amounts
of phosphorus and calcium with a high carbon and nitrogen ratio of 5:1. Zake et al., (1996)
further indicated that Ugandan soils were acidic with high nitrogen, available phosphorus and
low levels of exchangeable bases. With a high carbon and nitrogen ratio, chemical fertilizers
are required to hasten mineralization and release of nutrients.
Trace element deficiencies of manganese, iron, boron and zinc usually can visually be
detected by leaf chlorosis (leaf yellowing, sometimes in characteristic patterns), leaf
whitening (purple, dark green, bronze discoloration) stunted growth, necrotic areas,
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susceptibility to root rot, leaf curl and crinkle, bent stem (lodging) and premature abscission.
Lime (CaCO3) is often applied to help improve acidic soils to a pH range of 4.5-5.5 in the
first 20 cm of soil (Zake et al., 1996). Depleted soils can be improved with inorganic fertilizer
with micronutrients especially in leached sandy acid soils. Organic fertilizers have to be
mineralized to avail nutrients. Mycorrhizal fungi can be used to improve soil quality (Zake et
al., 1996; Kibirige-Sebunya et al., 1996). Regions with low annual precipitation or long dry
season normally have sandy, rocky and heavy laterite soils which have poor water retention
and are not suitable for coffee growing. Suitable soils for coffee cultivation should contain no
more than 20-30 % coarse sand (larger than 2mm in size) and 70 % of clay in the 30 cm upper
layer (Mitchell, 1988). Hard-pans of rock, lava, calcareous tufa or mud-stone origin are dense,
thick and impenetrable by coffee roots. In cases where Robusta coffee has either by-passed or
penetrated through fissures and clefts of laterite shield, trees grow well because there is ample
provision for nutrients, air and water infiltration.
Acidity and organic matter content are the major factors that control soil nutrient supply.
Organic matter promotes microbial activities that improve soil structure, aeration and water
holding capacity allows soil to respond to inorganic fertilizers (Zake et al., 1996). Fresh
manure is not recommended as it generates heat during decomposition that burn plants, holds
nitrogen in the soil and is a source for Orchratoxin A (OTA) moulds
(http://www.fao.org/docrep/008/ae939e/ae939e06.htm). Mulching using dry grass and crop
residue conserves soil moisture, protects soil from compaction, and reduces soil acidity
(Onzima et al., 1996). Farm yard manure or increased exchangeable potassium improves
nutrient uptake (Kibirige-Sebunya et al., 1996). High potassium improves metabolism of
nitrogen supply, but induce magnesium deficiency after prolonged application (KibirigeSebunya et al., 1996). Ngambeki et al., (1992) reported that less than 20% Ugandan farmers
used fertilizers in coffee production. Farmer low rate of fertilizer application range from
unavailability, high price, slow adoption culture and lack of information. Sometimes coffee
farmers may use excessive urea, in times when there is an acute shortage of phosphatic and
potash fertilizers. This unbalanced fertilization does not only deplete the soil of other
nutrients but also results in the inefficiency of applied nitrogen and deficiency of other
essential. Essential element deficiencies or absence lead to severe abnormalities in growth,
development, or reproduction. With Uganda’s annual population growth of 3.4% per year and
the average of 6.7 children per woman, use of soil amendments to improve crop yields cannot be
avoided. Regular soil fertility amendment in weathered and poor soils is one approach of
increasing productivity and reducing land pressure. Since Coffea coffee thrives from shade to
bright sunshine, sandy to humic soils, from very wet habitats (C. congensis Froehner) to arid
ones (C. rhamnifolia (Chiov.) Bridson), the diverse agronomic traits expressed by genotypes
in multi geographical habitats offers a great potential for phenotypic and genetic trait
selection.
2.10 Factors that influence coffee quality
Coffee quality is a complex trait to measure because numerous factors such as plant genetics,
technical handling procedures, ecological conditions and agricultural practices influence
quality characteristics along the value chain. International Organization for Standardization
(ISO) describes quality as “the ability of a set of inherent characteristics of a product, system
or process to fulfill requirement of customers and other interested parties” (ISO, 2000).
Depending on the concerned party along the chain (Leroy et al., 2006), coffee quality could
imply variety, price of coffee culture, consistent supply, tonnage or bean physical characters
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and biochemical compounds. Effects on health and sociological aspects are equally important.
Cup quality is what determines commercial coffee grade, but not necessarily bean size. ISO
(2004a) has defined a standard for green coffee quality (ISO 9116 standard) and methods of
measuring qualities to include defects, moisture content, bean size, chemical compounds and
cup tasting.
2.10.1 Bean physical characters
Coffee green bean (seed inside hull) physical characters such as weight, volume, size, shape,
colour, solubility, moisture content and texture are usually evaluated to provide an indicative
assessment of quality. Inherent traits and growth conditions determine bean physical
characters (Leroy et al., 2006). Different environments and farm management practices may
have significant contribution to bean physical characters, biochemical composition and to
human health (Lu et al., 1997; Davrieux et al., 2003). Different markets prefer different
physical bean characters provided they have acceptable visual aspect, are homogeneous and
their production is regular and reliable. Robusta coffee beans from high altitude may be
greenish in colour, small, denser, harder and more appreciated due to higher acidity, good
aroma and flavour than that from lower altitudes.
2.10.2 Green bean biochemical compounds
Biochemical compounds that determine coffee cup quality arise from precursors in green
beans during development (Davrieux et al., 2003) and are genetically and environmentally
influenced (Montagnon et al., 1998; Leroy et al., 2006). These biochemical compounds help
discriminate the different coffee types making them key factors for organoleptic cup quality.
A large variation in bean biochemical compounds has been observed in over one hundred
genus Coffea species (Clifford, 1985) with C. canephora being less aromatic and richer in
caffeine than Arabica coffee. High chlorogenic acid and caffeine content make the coffee
liquor bitter, while high sucrose and trigonelline contents produce better aroma and fat
content help fix flavour compounds formed during roasting (Davrieux et al., 2003; Charrier et
al., 1985). High chlorogenic acid is associated with high caffeine content (Campa et al., 2005
a, b). Caffeine, a byproduct of chlorogenic acid and purine bases is probably produced in
response to stress and attack as a defense mechanism (Ashihara et al., 2008; Uefuji et al.,
2003). Trigonelline is probably the most significant constituent contributing to excessive
bitterness in coffee (Berthaud et al., 1988; Ky et al., 2001b). Trigonelline is 100% water
soluble and is perceived bitter at concentrations of 0.25%, whereas chlorogenic acid is
perceived at concentration of 0.4% at pH of 5. Coffea arabica has more trigonelline content
than C. canephora (Charrier et al., 1985). Different levels of narrow sense heritability have
been reported for Robusta coffee green bean biochemical compounds as follows; sucrose
content (0.11), fat content (0.74), trigonelline (0.39), caffeine (0.80), chlorogenic acid (0.36)
and bean weight (0.73) (Montagnon et al., 1998). Robusta coffee biochemical groups relate
greatly to molecular groups (Leroy et al., 1993). Attributing any of the over 800 aromatic
compounds present in roasted coffee to any flavour is not practically viable (Wintgens, 2004).
As a result, indirect predictors such as chemical compounds (sugars, lipids, proteins,
chlorogenic acids, and methylxanthines) that are determined through the traditional wet
chemistry method and indirect ones, such as the Near Infrared Spectroscopy (Bertrand et al.,
2005b) have been engaged to access coffee quality.
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Several environmental and tree physiological factors influence the deposition of green bean
biochemical compounds. Microclimate and soil contribute to coffee flavor profile (Wintgens,
2004). According to Silva et al., (2005) elevation but not soil water availability influenced
bean biochemical composition. Temperature influenced fatty acid composition during coffee
bean development (Villarreal et al., 2009; Joet et al., 2010). High leaf to fruit ratio reported in
higher elevation arises from a longer leaf life span (Vaast et al., 2006). Air temperature (Joet
et al., 2010) and elevation (Bertrand et al., 2006) increased chlorogenic acid during seed
development. Altitude increased fat concentration in Arabica traditional varieties (Bertrand et
al., 2006). Higher sucrose, chlorogenic acid and trigonelline concentrations have been
observed in sun-grown than in shade-grown beans possibly due to incomplete bean
maturation and account for increased bitterness and astringency in the coffee beverage
(Muschler, 2001). Glucose levels were positively affected by altitude, while sorbitol content
after wet processing depended directly on the glucose content (Joet et al., 2010). Temperature
influences the phenological cycle of coffee, particularly berry development and ripening
(Guyot et al., 1996), athough some reports revealed that early picked ripe cherry of C. arabica
in Costa Rica gave the best quality (Muschler, 2001) Delayed berry flesh ripening
encountered in low temperatures at higher elevations, allowed for longer and better bean
filling that improved bean size, chemical contents and cup quality than yellow or green
cherries of C. canephora picked earlier (Guyot et al., 1988; Vaast et al., 2006). Over-bearing
potentially reduces bean size as a result of carbohydrate competition among berries during
bean filling (Cannell, 1985; Bertrand et al., 2004; Vaast et al., 2006).
2.10.3. Organoleptic cup quality
Though coffee visual appearance is an important indicator of quality, it is not reliable. Final
coffee quality depends on cup quality as assessed by human sensory organs and consumers
who have a specific taste according to their nationality (Leroy et al., 2006). Usually attributes
such as fragrance, aroma, flavour, bitter, sweet, salt, acid, mouth feel, aftertaste, balance are
normally evaluated. Smell of roasted dry or ground beans provide fragrance while aroma is
smelt upon brewing with boiled water. Aroma helps evaluate flavor and coffee liquor
brightness (Clarke, 1986). Flavour which is how much a person appreciates or delights in the
coffee brew taste includes aroma. Fat fixes flavour compounds formed during roasting
(Davrieux et al., 2003; Charrier et al., (1985). The undesirable coffee bitter taste in the mouth is
correlated to the total dissolved coffee solids. High levels of potassium in Robusta coffee are
associated with brackish (high saltiness and un pleasant aroma) aftertaste while low
potassium levels in coffee brew are savory (low saltiness and pleasant aroma). When both
potassium and caffeine are at lower levels, the coffee brew taste is coarse and harsh
(http://www.coffeeresearch.org/science/bittermain.htm). At medium roast, coffee has less
soluble solids, a higher acid content, and a potent aroma as compared to the dark roast
(Wintgens, 2004). With bitter/sweet aspect ratio, low bitterness with high sweet combination
is rated high.
Acidity is regarded as the sharp and pleasing sweet to fruity/citrus taste akin to the bright and
dry taste experienced on the back sides of the tongue while drinking red wine. Perceived
acidity in coffee does not necessarily correlate to the pH of coffee, but is a result of the acids
such as aliphatic, chlorogenic, alicyclic carboxylic and phenolic acids that are developed best
at medium dark roast stage. Citric acid, malic acid, and acetic acid could be the most
important factors in cup acidity because they exist in high proportions and have low
phosphous and potassium. Phosphoric acid has been suggested as a major contributor to
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acidity though it may not directly correlate to perceived acidity (Maier, 1987). Meanwhile
mouth-feel or liquor body is determined by micro fine fiber and fat content. Liquor weight is
caused by micro fine fiber particles while texture is derived from oils extracted from ground
coffee suspended in the brew. Brew colloids are formed when oils coagulate around fibers
suspended in the brew. Coffee weight and texture (slipperiness) in the tongue is compared to
pure water and is determined by the micro fine fiber and fat content (http://solublecoffee.com/coffee_vocabulary.html). Viscosity is caused by proteins and fibers in the brew
and is normally heavier in medium and dark coffee roast than lighter roast beans
(http://www.coffeeresearch.org/science/news.htm). Taste is the feeling in the mouth after
sipping the beverage while aftertaste is the lingering remnant sensation experienced at the
back of the throat after swallowing and often changes over time. Normally the tongue
perceives
sweet,
salt,
bitter,
and
sour
taste
attributes
(http://www.coffeeresearch.org/science/news.htm). In a balanced cup, a complementary
synergistic combination of flavor, aftertaste, mouth feel and bitter/sweet aspect ratio occurs
when
the
four
attributes
are
in
equal
intensities
((http://www.coffeeresearch.org/science/news.htm). Soft, pleasing and delicate taste derived
from acidity and sweet coffee is obtained from the present fruit acids, high sugars levels and
chlorogenic acids (http://www.ico.org/vocab.asp).
Previous research indicated that roast bean fat correlated with aroma, body, acidity, flavor,
aromatic intensity and quality, overall judgment and preference (Charrier et al., 1985;
Davrieux et al., 2003; Barbosa et al., 2005; Decazy et al., 2003; Tessema et al., 2011). When
vigorous and productive trees yield in excess beyond what the tree can adequately nourish
under favourable conditions, beans with reduced acidity are produced. Caffeine content has
been found to be negatively and significantly correlated with cup quality attributes (Dessalegn
et al., 2008). Moschetto et al., (1996) reported linear correlation coefficients between
preference and acidity and aroma in Robusta coffee hybrids and commercial clones. Based on
Leroy et al., (2006) cup acidity and aroma could be used as selection criteria for Robusta
organoleptic quality since they are easier to define and select.
High quality coffee markets demand distinctive cup attributes that are homogeneous, regular
and reliable. Organoleptic cup attributes ought to be stable, especially for the roaster and the
consumer (Leroy et al., 2006). Evaluation of organoleptic cup attributes and other quality
parameters using different scientific methods have revealed varietal similarities and
differences related to genetic traits. In addition to genotypic and environmental influences
(Barbosa et al., 2012) cup quality is further accelerated by how cherries and beans were
handled between picking, shipping and roasting. Varying cup differences that result from
genotypic differences contribute greatly to market, for example buyers in Central America
prefer traditional varieties (Bourbon, Caturra, Catuai, Pacamara) to newer varieties derived
from the ‘Hybrid of Timor’. In Uganda, where C. canephora has evolved over years and
traditionally cultivated as a culture, farmers and buyers have been observed to be skeptical of
Arabusta hybrids selected based on quality and other desirable agronomic traits even they
have resistance to the coffee wilt disease. Genotypes portray different cup qualities under
different environments. For instance Blue Mountain provides superior liquor quality when
grown in Latin America than in East Africa (Leroy et al., 006). In general coffee from Africa
has high acidity, low body, a distinct bright colour of citrus, sweet fruits, floral and a dry wine
taste ( http://www.nature.com/nature/journal/v429/n6994/full/429826a.html).
Coffee from Asian countries such as India, Java, Sumatra, Sulawesi and Papua New Guinea
has low acidity, high body and smoothness, earthy and spice flavour characteristics
(http://www.blackcow.com/Beans/Beans.html). Countries from Latin America such as Brazil,
Columbia, Costa Rica, Guatemala, Nicaragua, Mexico, El Salvador, Peru, Panama and
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Honduras produce coffee with medium acidity and body, intense aroma with a full spectrum
of tastes that range from fruit to earth and nut, vanilla and chocolate. Other than genotype and
crop husbandry effects, organoleptic cup differences in various continents are attributed to
environmental conditions such as soils, temperature, altitude (Leroy et al., 2006).

2.10.4 Effects of coffee farm management on coffee quality
The genotypes the farmer desires to have in their field and how they are managed influence
tree growth and production. Since landraces dominate most cultivated coffee in Uganda, tree
existence depends on farmer choice which is based on yield and other desirable agronomic
biotic an abiotic traits. Tree canopy management practices such as pruning helps to check
biennial bearing and leads towards systematic but moderate yields. Non pruned and desuckered coffee have reduced yield and are more pronounced effects of fungal and pest
infestations that make the beans deteriorate into immature or damaged fruits (Wrigley, 1988.)
Flies such as Ceratitis coffeae introduce bacteria into the bean that produces a potato taste
with 2-methoxy-3-isopropyl-pyrazine molecule. Damage by diseases such as red blister and
coffee berry disease, dry out the fruits or make it rot. Sanitary, proper and timely applications
of pesticides minimize damage (http://www.fao.org/docrep/003/x6939e/X6939e05.htm).
Excessive use of potassium-rich Pennisetum purpurem as mulch introduces excess potassium
fertilizer that can lead to harsh beverages. Too much nitrogen fertilizer increases the caffeine
content of beans, leading to a more biter beverage. Chemical treatment of infected beans if
not properly done gets expressed in the coffee brew.
2.10.5 Coffee bean processing
Harvest and post harvest processing also influence bean quality (Clarke, 1985). For instance,
glucose content was positively affected by altitude, while sorbitol content after wet processing
depended directly on the glucose content in fresh seeds (Joet et al., 2010). Selective picking
of physiologically ripe coffee avoids a bitter and a stringent cup produced by physically
premature beans. In Uganda, Robusta coffee is commonly dry processed and called
(“Kiboko”), while Arabica is wet processed. Dry processed Robusta coffee brew has body,
sweet, smooth and complex. Increased body of dry processed coffees masks cup acidity. Dry
processing is generally avoided for quality samples as it enhances bitterness in the liquor. In
cases where the Robusta coffee is wet processed, the coffee brew derived is cleaner, brighter
and fruitier. Some other processing methods that Ugandans could adopt to improve their
coffee quality or diversify their coffee products include pulped natural or re-passed methods.
With pulped natural method, pulped coffee is not fermented to remove the silver skin. Pulped
natural brew is sweeter than wet-processed coffees, has body of dry-processed coffee and
retains some acidity characteristics of wet processed coffee. Low humidity is required for the
mucilage to dry rapidly before fermenting. The re-passed or raisins method uses coffee that
dries in the trees before collection. Re-passed coffee has high flavor profile and much sweeter
than traditional pulped coffees. They can be washed or used as pulped naturals
(http://www.coffeeresearch.org/agriculture/flavor.htm). In all the drying and storage process,
caution should be taken to avoid water re-absorption or exposure to humid environments.
Removal of defect beans such as cracked, withered, moulded beans improves coffee quality.
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Coffee beans have a porous and spongy texture which makes them pick up strong odours and
absorb water easily. Moisture content in fresh cherry is estimated at 50%, green bean 12.5 %
depending on humidity. Moisture content of up to 12.5% is recommended for storage
(Clifford et al., 1985; Clarke et al., 1985) to minimize contamination. Porous and spongy
texture of coffee beans (Priolli et al., 2008) encourages absorption of odours and water that
encourage fungi growth and rapid deterioration (Clifford et al., 1985; Clarke et al., 1985).
When acidity gets lost with long time storage, the coffee is described as aged. High moisture
content makes the coffee age fast with excessive loss of weight during roasting. The pulping
or hulling machine should properly be designed and adjusted to minimize chipping or
crushing of beans. With roast temperatures of above 200°C, the coffee bean undergoes
dehydration and chemical reactions generate gas and make beans brown. About 16 % of water
is lost with a 50-60% volume increase in beans (Clifford et al., 1985; Clarke et al., 1985).
Roasting develops and attains desired chemical, physical, structural and sensorial changes
(Clarke et al., 1988). Roast bean color change and weight loss frequently estimate the roast
degree and final roasting temperature. Smell and physicochemical bean roast characteristics
are used to target unique aroma, flavour profiles and structural product properties of specific
brands. Long roast time at low temperature is known to produce sour, grassy, woody and
under developed flavour properties. A short roast time at high temperature generates high
quality coffee with more aroma, moisture content, pH value, titratable acidity and porous bean
cell structure. Additionally, a short roast time at high temperatures produces more flavor,
aromatic acids and caffeine. Roasting can be done using hot gas in conventional horizontal or
vertical drums for 3-12 min at 230-250oC. In a wet bed, beans are roasted using a high
velocity hot air of 230-360oC usually from the bottom of the roaster that suspends beans in
turbulent air.
There are four major reactions that determine to a great extent the aroma of roasted beans.
Firstly the Maillard reaction occurs between nitrogen containing substances such as amino
acids, proteins, trigonelline and serotonine with carbohydrates such as sugars. Degradation of
individual amino acids, particularly sulphur amino acids, hydroxy-amino acids and praline is
the second reaction. Thirdly, sucrose degrades to compounds like aliphatic acids and caramellike substances that contribute to flavor either as volatile aroma compounds, or non-volatile
taste compounds (De Maria et al., 1996; Ginz et al., 2000). Fourthly phenolic acids
particularly the quinic acid moiety are degraded. Other reactions involve degradation of lipids
and interactions between degraded products
(http://www.food-info.net/uk/products/coffee/aroma.htm).The resultant pyrroles created
eventually change the chemical composition of the bean giving rise to coffee aroma as well as
release carbon dioxide. At medium dark roast colour, roasted beans develop an oily sheen
from caramelizing sugars.
Among coffee aromatics, furans are the most predominant compounds that likely impact on
coffee aroma due to their typical caramel-like odors that result from sugar pyrolysis (Clarke,
1985; Wintgens, 2004). At roast, furans also produce key aroma notes when reacting with
sulphur containing compounds (http://www.food-info.net/uk/products/coffee/aroma.htm).
Pyrazines aromatic compounds contribute to the roasted, walnut, cereal, cracker, or toast-like
flavors in coffee.

21




CHAPTER THREE
THE GENETIC DIVERSITY OF ROBUSTA COFFEE AS MEASURED
BY SIMPLE SEQUENCE REPEAT MOLECULAR MARKERS
3.1 Abstract
Biotic and abiotic factors together with high population pressures are rapidly eroding Robusta
coffee genetic resources that contribute 60% of Uganda’s foreign earnings. The aim of this
study was to assess the extent of the genetic variability among cultivated Robusta coffee
(Coffea canephora) that can be used to enhance productivity and quality and ultimately
improve small-scale farmer earnings. Eighty four gene bank C. canephora and 265 accessions
from diverse agro-ecologies and foreign gene banks were evaluated using 18 Simple
Sequence Repeats markers (SSRs) present in Coffea canephora linkage groups. The mean
population heterozygosity and the F-statistics was calculated using GenAlEx 6.41 statistical
package. Darwin Neighbour Joining tree was derived from Un-weighted Pair Group
Arithmetic Mean. The Principal Component Analysis (PCA) was used to plot accession
dissimilarity matrix table. The Arlequin (version 2.0) software calculated the molecular
analysis of variance. The results revealed that populations had a mean allele range of 3 to 10.
The genetic diversity over loci range was 0.53-0.78 and the genotypes clustered into three
groups with a mean genetic distance of 0.60. The variability within populations was 81.87%,
whereas within individuals was 54.05% and among populations was 17.03%. The population
inbreeding index was less than 50% implying that accessions in C. canephora are dominantly
outcrossing. Ugandan C canephora has enormous genetic diversity that is enhanced by
continuous gene-flow between the wild and cultivated populations.
Key words: Alleles, Heterozygosity, Microsatellite markers, Out-crossing, Robusta coffee
3.2 Introduction
In Uganda, 80% of the total coffee production is Robusta and is grown at an estimated
270,000 hectares (UCDA, 2001-2003). About 8 million Ugandan peasant farmers derive
income from coffee cultivation that has an export value of 388.4 million US dollars (UCDA,
2007; 2008). Coffea canephora , otherwise known as Robusta coffee accounts for 30% of the
world’s production and is one of diploid parents of Coffea Arabica , an allotetraploid derived
from the hybridization of C.eugenioides and C. canephora ( Combes et al., 2000). The erect
form of Robusta coffee, “erecta” (normally known as Robusta or Coffea quillou) and the more
spreading type locally known as Coffea ugandae or "nganda” are the two main coffee types
grown in Uganda. The two forms are grown in mixtures and interbreed easily (Thomas, 1935).
Other than being variable in morphological characteristics, Prakash et al., (2005) reported that
Robusta coffee is endowed with economically useful traits such as tolerance to pest
infestations and high crop production. With increased genetic erosion being brought about by
biotic and abiotic factors as well as by extensive human settlement, Uganda’s heterogeneous
genetic resources are being genetically eroded before they can be characterized and protected.
In a perennial crop such as coffee, assessment of genetic diversity by use of DNA molecular
markers such as microsatellites or SSRs is the most practical way of hastening the selection
and improvement of agronomic and market driven traits such as yield and coffee cup quality.
SSR markers are more variable and abundant than other marker systems such as AFLP
(Amplified Fragment Length Polymorphism), RFLPs (Restriction Fragment Length
Polymorphisms) or RADPs (Random Amplified DNA polymorphism) in many crop genomes
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and when linked to the gene loci of interest, are amenable to Marker Assisted Selection
(MAS) (Aga et al., 2003; Leroy et al., 2005; Prakash et al., 2005). At present, there are four
coffee genetic maps, including the consensus map of C. canephora that have been constructed
using SSR, RFLP and SNP (Single Nucleotide Polymorphism) markers (Dufuor et al., 2001).
In Uganda, where the production of Robusta coffee is affected by such factors as poor bean
quality, moisture stress, pests and soil degradation, SSR markers are indispensable in the
development of superior cultivars with genes needed to alleviate these constraints.
Of the 18 markers used in this study, 14 were from the enriched library of C. canephora clone
126 (Dufour et al., 2001; Pouncet et al., 2007) whereas three were obtained from C. Arabica
var ‘Cattura’ (Combes et al., 2000 ; Rovelli et al., 2000) and one, SSR DL026 marker was
derived from a bacterial artificial chromosome (BAC) library for sugar metabolism in coffee
(Leroy et al., 2005). All these SSRs were developed at the Centre for International
Agricultural Research Development, France (CIRAD) based on a method described by
Billote et al., (1999) while a the primers were synthesized by the Eurogentec company of
South Africa.
3.3 Materials and Methods
3.3.1 Germ-plasm collection
In order to adequately screen all the Coffee canephora L. germplasm in the country, cultivated
land-races and gene-bank conserved accessions were sampled. Control samples were included
in both cases to compare genetic relationships (Table 1).
Leaf DNA of 84 accessions, consisting of 19 ‘’erecta’’ types, 20 ‘’nganda’’ types, 18 from
Entebbe Botanical Gardens, 15 controlled crosses clones, 7 parental materials of controlled
crosses and 5 control samples were initially selected and screened with 9 SSRs markers to
provide information in Table 4 and Figure 5a. The accessions from Entebbe Botanical
Gardens, ‘controlled’ crosses and parental materials were regarded as improved germ-plasm.
Another two hundred and thirty one leaf samples of local landraces of Robusta were collected
for DNA extraction from 14 traditional growing districts shown in Figure 1. In addition, eight
elite commercial clones, seven accessions from West and Central Africa and two Ugandan
wild types were included. One accession from cultivated “nganda” type was used as the
control DNA. While sampling the local land races, in the farmer fields, spreading trees with
weaker upright stems, smaller and darker green leaves were regarded as ‘’nganda’’ types
whereas trees with stronger stems, pale larger leaves and bigger berries were sampled as
‘’erecta’’ types. Robusta coffee trees in districts near forests were also sampled. To minimize
the chance of a common maternal origin, sampling was done after every five kilometres in
any direction.
Table 1. Ugandan Robusta coffee local-landraces and gene-bank accessions evaluated for
genetic diversity
Source

Agro ecological
Zone/ germ-plasm

Western highlands

Land-

Origin

Location
code

Bundibudyo
Kabarole
Kamwenge
Kyenjojo
Hoima
Kibale

BU
KB
KW
KJ
HM
KI

Genebank
&
controls
-

Landraces &
controls
11
31
34
37
24
20
23




races

Kiboga
Kayunga
Mubende
Mukono
Mpigi
Southern drylands Rakai
Jinja
South East
Kamuli
Kawanda
Lake-Victoria
GeneHybrids
bank
& Crescent
Entebbe
Conserved
Kawanda
collections
Kawanda
Controls
Ugandan wild
Kibale forest
‘’nganda’ types
Kawanda
West & Central West
and
Africa controls
Central Africa
Total
Lake-Albert
Crescent

KG
KY
MB
MK
MP
RK
JJ
KM
UC
UH
EB
UE
UN
UW
UN
C&G

15
6
12
19
20
7
5

8
8
13
4
11
15
3
12
16
8
2
1
7

84

265

Key: BU=Bundibudyo; HM=Hoima; JJ=Jinja; KB=Kabarole; KG=Kiboga; KI=Kibale;
KJ=Kyenjojo; KM=Kamuli; KW=Kamwenge; KY=Kayunga; MB=Mubende; MK=Mukono;
MP=Mpigi; RK=Rakai; UC=controlled crosses; UH=Hybrids; EB=Entebbe botanical
gardens; UE=Erecta types; UN=Nganda types; C, G= West and Central Africa controls; UW,
UN=Ugandan wild and nganda types controls.

Fig1.Map of Uganda showing cultivated sites where Robusta coffee germ-plasm
was collected
Table 2. Eighteen SSR markers used to evaluate the genetic diversity of the 265 cultivated C.
canephora accessions
24




Estimated
Sequen Prime Species
allele
Primer sequences (5 3’)
ce
r
origin
position Repeat
origin origin
Moti
SSR Min
Max type No. f
primer
F:CGAGACGAGCATAAGAA
Leroy Leroy C.
A
1
R:GTGGAATGAAGAATGTAG
2005 2005 canephora,
DL026
17
clone 126
F:CTATGATGTCTTCCAACCTTCTA Dufour Ponce C.
2001 t 2007 canephora,
170 212 TG
2
AC
clone 126
355
15
R:GGTCCAATTCTGTTTCAATTTC
F:CATGCACTATTATGTTTGTGTTT Dufour Ponce C.
265 321 CA
2
T
2001 t 2007 canephora,
R:TCTCGTCATATTTACAGGTAGG
clone 126
358
11
TT
F:AGAAGAATGAAGACGAAACAC Dufour Ponce C.
2001 t 2007 canephora,
82 112 A
1
A
clone 126
364
21
R:TAACGCCTGCCATCG
F:CACATCTCCATCCATAACCATTT Dufour Ponce C.
166 210 TG
2
R:TCCTACCTACTTGCCTGTGCT
2001 t 2007 canephora,
368
13
clone 126
F:ACGCTATGACAAGGCAATGA
Dufour Ponce C.
263 276 AC
2
R:TGCAGTAGTTTCACCCTTTATCC 2001 t 2007 canephora,
384
10
clone 126
F:GCCGTCTCGTATCCCTCA
Dufour Ponce C.
137 161 TG
2
R:GAAGCCCAGAAAGTAGTCACAT 2001 t 2007 canephora,
394
9
AG
clone 126
F:CATTCGATGCCAACAACCT
Dufour Ponce C.
181 206 A
1
R:GGGTCAACGCTTCTCCTG
2001 t 2007 canephora,
429
13
clone 126
F:CGCAAATCTGAGTATCCCAAC Dufour Ponce C.
211 245 CA
2
R:TGGATCAACACTGCCCTTC
2001 t 2007 canephora,
442
19
clone 126
Dufour Ponce C.
F:CCACAGCTTGAATGACCAGA
283 297 AC
2
R:AATTGACCAAGTAATCACCGAC 2001 t 2007 canephora,
clone 126
445
10
T
F:TGGTTGTTTTCTTCCATCAATC Dufour Ponce C.
273 313 AC
2
R:TCCAGTTTCCCACGCTCT
2001 t 2007 canephora,
456
14
clone 126
F:CGGCTGTGACTGATGTG
Dufour Ponce C.
88 124 AC
2
R:AATTGCTAAGGGTCGAGAA
2001 t 2007 canephora,
461
9
clone 126
F:TTACCTCCCGGCCAGAC
Dufour Ponce C.
305 339 CT
2
R:CAGGAGACCAAGACCTTAGCA 2001 t 2007 canephora,
471
12
clone 126
F:CACCACCATCTAATGCACCT
Dufour Ponce C.
135 181 TG
2
R:CTGCACCAGCTAATTCAAGC
2001 t 2007 canephora,
501
8
clone 126
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283 321 CA
753

2
15

126 158 GT
790

837

2
21

TG,
116 138 GA 16, 2
11
230 290 AC

477

2
16

Rovelli Ponce C.
2000 t 2004 canephora,
“Caturra”
F:TTTTCTGGGTTTTCTGTGTTCTC Rovelli Ponce C.
R:TAACTCTCCATTCCCGCATT
2000 t 2004 canephora,
“Caturra”
F:CTCGCTTTCACGCTCTCTCT
Rovelli Ponce C.
R:CGGTATGTTCCTCGTTCCTC
2000 t 2004 canephora,
“Caturra”
F:CGAGGGTTGGGAAAAGGT
Dufour Ponce C.
R:ACCACCTGATGTTCCATTTGT 2001 t 2007 canephora,
clone 126
F:GGAGACGCAGGTGGTAGAAG
R:TCGAGAAGTCTTGGGGTGTT

3.3.2 DNA extraction and amplification
At the CIRAD laboratory, fresh leaf DNA was extracted using Mixed
Alkytrimethylammonium Bromide (MATAB) buffer as stipulated by Risterucci et al., (2000)
on cocoa. The quality of DNA was refined using Promega Wizard Genomic DNA purification
Kit and adjusted to 0.5 ng/ l after determining the concentration with cocoa standard DNA
concentrations in agarose gel. The 18 microsatellite loci shown in Table 1 were amplified in a
10.0 l final volume constituting 5.0 l of 0.5 ng/ l genomic DNA and 5.0 l of PCR mix
(water, 10mM tris-HCL, ph 9.0, 50 mM KCl, 0.1% triton X-100, 1.5 nM of Mgcl2, 0.2 pmol
of primer 0.2 nM of dCTP, dGTP, dTTP, 0.01 nM of dATP (reverse primer), 0.8 nCl [33 P]dATP (forward primer tailed with M13 sequence) (Amersham Pharmacia, Piscataway, N.J),
and 0.5 l Taq DNA polymerase (Promega, Madison, W.S). Temperatures were regulated
during denaturation, annealing and elongation of forward and backward primers in a PTC-200
thermocycler (MJ and Appendorf Research, Westbury, NY, USA) using a touchdown PCR
procedure.
3.3.3 Electrophoresis and allele coding
PCR products loaded in a capillary comb loaded radioactively labelled with a 10-base pair
(bp) ladder was migrated in a 25 centimetre plate casted in denaturing polyacrylamide gel
using a LICOR 4300 automated sequencer (LI-COR Biosciences, Lincoln, NE, USA). The
sequenced image bands were coded as alleles based on fragment size (bp) as estimated by
Combes et al., (2000) using SAGA Generation 2 computer program. C. canephora being a
diploid was expected to reveal a maximum of two allele positions per individual.
3.3.4 Data analysis
Arlequin version 2.0 Integrated Software Package for Population Genetics Data Analysis
(Schneider et al., 1999) was used to estimate the mean intra population molecular diversity
and variance among genetic groups as shown in Table 3 and Table 4 respectively.
Gen-Al-Ex 6.41 statistical package (Peakall et al., 2006) was used to calculate mean
population heterozygosity over loci and F-statistics as shown in Tables 3 and 4 respectively.
A pair wise genetic distance dissimilarity matrix was generated using Darwin4 free software
developed by CIRAD using the Dice index (1945) , equivalent to Nei and Li (1979) genetic
2n1,1
distance and calculated the distance as: SG 
, where n1,1 is the number of
(2n1,1  n1, 0  n0,1 )
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bands shared by the individuals I and j, n1,0 is the number of bands observed for I and missing
for j, and number n0,1 the number of bands observed for j and missing for I. When both I and
j were missing, the information given was not considered. Factorial Analysis of Dissimilarity
Table (FADT) using Darwin Neighbour Joining Un-weighted Pair Group Arithmetic Mean
(UPGMA) method as described by Saitou and Nei (1987) graphically represented genetic
distances as a tree shown in Figure 3. The FADT was further used to present the
dendogramme in Fig 4 and also to show the geographical distribution of the genetic variation
in form of the Principle Component Analysis (PCA) linear and non-parametric recognition
pattern (Fig 5a and 5b) using the XLSTAT version 2011.2.05 statistical package. A 1000
repeated data analysis using bootstrap method evaluated the reliability of tree values.
3.4 Results
A sample of allelic polymorphism at two microsatellite loci for 96 accessions of C. canephora
showed the 18 SSR markers were polymorphic (Figure 2). C. canephora revealed up to two
alleles per accession that differed in the gel position based on fragment size base pairs as
shown in Figure 2.

Fig 2: Microsatellite locus Polymorphism for 96 accessions of C. canephora
In Table 3, the highest total gene copies were found in the populations of Kyenjojo (74),
Kamwenge (68) and Kabarole (62) districts while the lowest counts came from Jinja (6),
Mukono (8) and DNA controls (6-8). Usable gene copies were also high in Kyenjojo (70),
Kamwenge (64.11) and Kabarole (57.44) and low among DNA controls (5.33-5.67). The
lowest number of usable (4) and polymorphic loci (4) was recorded in Kamuli population.
Jinja district accessions had the most usable loci of 17.0. Kibale district population, despite
having the highest number of 16 polymorphic loci, had the lowest gene diversity over the loci
of 0.50. Gene diversity over loci was highest in Kiboga accessions (0.78), in hybrids (0.72)
and in Kamwenge accessions (0.71). The highest number of alleles was found in accessions
from, Kamwenge (9.56), Kyenjojo (7.94), Hoima (6.39), Kibale (6.22) and Mubende (6.06)
(Table 3).
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Table 3. Mean intra population molecular diversity parameters of 265 cultivated Ugandan C.
canephora accessions calculated according to Nei, and Li (1987) as assessed by 18 loci at up
to 50% level of missing data
Pop

Total
gene
copies
BU 22
C
8
G
6
UG 6
HM 48
JJ
6
KB 62
KG 16
KI
40
KJ
74
KM 24
KW 68
KY 16
MB 26
MK 8
MP 22
RK 30
UC 32
UH 16

Usable Poly
Loci
Loci
14
16
13
15
15
17
14
7
16
12
4
11
14
8
15
13
11
12
5

14
15
13
12
14
13
14
7
16
12
4
11
14
8
12
13
11
12
5

Gene
diversity
over loci
0.61
0.70
0.67
0.53
0.59
0.53
0.53
0.78
0.50
0.68
0.63
0.71
0.61
0.68
0.56
0.62
0.61
0.62
0.72

Usable
Alleles Heterozygosity
gene copies
Obs
Exp
(Ho)
(He)
20.11
5.11
0.40
0.56
7.33
3.72
0.44
0.73
5.33
2.61
0.23
0.58
5.67
2.56
0.42
0.55
44.56
6.39
0.39
0.58
5.67
2.44
0.33
0.50
57.44
5.78
0.28
0.52
14.33
4.94
0.38
0.70
38.67
6.22
0.38
0.56
70.00
7.94
0.37
0.67
20.78
5.44
0.47
0.66
64.11
9.56
0.42
0.72
14.89
4.39
0.47
0.59
23.78
6.06
0.41
0.66
7.56
2.94
0.47
0.60
21.00
5.50
0.46
0.64
27.78
5.67
0.44
0.62
29.44
5.44
0.41
0.60
13.89
4.72
0.50
0.68

Key: BU=Bundibudyo; HM=Hoima; JJ=Jinja; KB=Kabarole; KG=Kiboga; KI=Kibale;
KJ=Kyenjojo; KM=Kamuli; KW=Kamwenge; KY=Kayunga; MB=Mubende; MK=Mukono;
MP=Mpigi; RK=Rakai; UC=controlled crosses; UH=Hybrids; C, G, UG=Controls (Ugandan
wild, nganda, Congolese).
The lowest number of alleles was scored from populations with the lowest total gene copies,
namely; Jinja (2.44), Ugandan control (2.56), Guinea (2.61) and Mukono (2.94). The
observed heterozygosity (Ho) ranged from 0.23 in the Guinea population to 0.50 in the hybrid
accessions but these values were all less than the expected heterozygosity (He) in all the
populations. The expected heterozygosity was highest in the Congolese and Kamwenge
accessions at 0.73 and 0.72 respectively while in the other populations, the values ranged
from 0.50 (Jinja) to 0.70 (Kiboga).
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Genetic comparison of cultivated and germplasm collection of C. Canephora populations is
shown in Table 4. Cultivated Robusta had most alleles among populations of Kamwenge
(10.06) and Kyenjojo (8.50) districts with the lowest values among “nganda” control (1.50)
and Jinja (2.50). Robusta germplasm collection allele value ranged 3.35 in the hybrids and
5.55 in nganda types. Effective alleles in cultivated Robusta ranged from 1.50 in “nganda”
control to 4.88 among Kamwenge district accessions whereas the germplasm collection
values ranged from 2.74 in the hybrids to 3.49 for “nganda” types (Table 4). Observed
heterozygosity values for the germplasm collection ranged from 0.47 in the Congolese control
to 0.66 in the Uganda parent material while cultivated Robusta highest values of 0.50 was by
‘’nganda” DNA control and the lowest value of 0.20 was by the Guinean DNA control.
Among cultivated Robusta, expected heterozygosity was highest in the districts of Kamwenge
(0.73), Kyenjojo (0.69) and Kiboga (0.69) while germplasm collections values ranged from
0.58 by hybrids to 0.69 for Congolese populations. The lowest expected and expected
unbiased heterozygosity values for “nganda” control were 0.25 and 0.43 respectively. High
fixation indices (F) in Kiboga (0.52), Kabarole (0.50), Mubende (0.49), Kamwenge (0.46)
reflected high genetic diversity within populations than in parent materials (UP) (0.03) and in
the Entebbe botanical gardens accessions (0.17). Kamwenge accessions had the most rare
alleles of 22 whereas the hybrids and “erecta” types had one each. No alleles were detected
among Jinja, Kayunga, Mukono and parent (UP) populations (Table 4). “Nganda” types had
more rare alleles (8) than “erecta” types (1) as shown in Table 4.

Table 4. Comparison of accession mean population heterozygosity over loci
cultivated and 77 germplasm collection of C. canephora.
Germ-plasm Pop
N
Na
Ne I
Ho
He
UHe F
C
4
3.83 2.97 1.11 0.36 0.59 0.67 0.39
G
3
2.89 2.61 0.93 0.20 0.56 0.67 0.68
UN
1
1.50 1.50 0.35 0.50 0.25 0.50 -1.00
UW
2
1.83 1.67 0.48 0.31 0.32 0.43 0.01
BU
11
5.33 3.23 1.17 0.40 0.55 0.58 0.33
HM
24
6.67 3.19 1.24 0.39 0.57 0.59 0.34
Cultivated C. JJ
3
2.50 2.14 0.71 0.33 0.42 0.50 0.26
canephora
KB
31
6.06 2.76 1.11 0.28 0.52 0.53 0.50
KG
8
5.56 3.85 1.43 0.35 0.69 0.74 0.52
KI
20
6.61 3.32 1.25 0.36 0.55 0.57 0.34
KJ
37
8.50 4.12 1.55 0.36 0.69 0.69 0.47
KM
12
6.22 3.63 1.44 0.40 0.68 0.71 0.43
KW
34
10.06 4.88 1.71 0.40 0.73 0.74 0.46
KY
8
4.61 3.03 1.16 0.44 0.59 0.63 0.32
MB
13
6.61 3.97 1.45 0.38 0.67 0.70 0.49
MK
4
3.11 2.58 0.93 0.43 0.53 0.60 0.19
MP
11
5.78 3.39 1.32 0.43 0.62 0.65 0.35
RK
15
6.06 3.08 1.29 0.39 0.61 0.63 0.41
UC
16
5.78 3.15 1.24 0.40 0.60 0.62 0.43
UH
8
5.44 3.66 1.41 0.43 0.69 0.74 0.40

for 265
Pa
15
13
2
3
4
8
Nd
4
2
3
11
6
22
Nd
4
Nd
3
3
2
4
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Mean
C
EB
C. canephora UC
germplasm
UE
collection
UH
UN
UP
Mean.

13.25
4
10
13
18
5
20
7
11

5.25
4.15
4.65
4.35
5.35
3.35
5.55
4.70
4.59

3.14
3.43
3.14
2.96
3.26
2.74
3.49
3.44
3.21

1.16
1.29
1.24
1.17
1.32
1.03
1.35
1.32
1.25

0.38
0.47
0.53
0.55
0.59
0.55
0.59
0.66
0.56

0.57
0.69
0.64
0.62
0.67
0.58
0.67
0.68
0.65

0.62
0.80
0.68
0.65
0.69
0.65
0.69
0.73
0.70

0.32
0.33
0.17
0.14
0.12
0.10
0.12
0.03
0.14

6.41
15
7
2
1
1
8
Nd
5.67

Key; N=Number of genotypes; Na = Number of different alleles; Ne = Number of effective
alleles; I = Shannon Information/ Diversity Index; Pa= Rare/private alleles (alleles unique to a
single population); Ho=observed heterozygosity; He = expected heterozygosity; UHe =
unbiased expected heterozygosity; F=Fixation index; nd=not detected; UB= Entebbe
botanical gardens; UP=parents; Pa= rare alleles
Three major diversity groups were formed from Ugandan cultivated Robusta coffee
accessions (Figures 3 and 4 ). The control accessions from West and Central Africa formed a
group of their own. As shown in Figures 3 and 4, one group was dominated by genotypes
from Kabarole, Bundibudyo (Western highlands region) and Hoima (Lake Albert Crescent
region) located in Western Uganda. A second group comprised genotypes from adjacent
districts of Kyenjojo, Kamwenge (Western highlands), Kiboga (Lake Victoria Crescent
bordering Lake Albert Crescent region) and Kamuli at the far South East. The third group
constituted a mixture of accessions from different locations; Kayunga, Mpigi, Mubende,
Rakai, Mukono from Lake Victoria Crescent and Kamwenge from Western highlands.
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Fig 3. Neighbour Joining tree derived from Un-weighted Pair Group Arithmetic Mean using
Factorial Analysis of Dissimilarity matrix for 265 genotype DNA with 18 SSR
markers
Key;BU=Bundubudyo;HM=Hoima;JJ=Jinja;KB=Kabarole;KG=Kiboga;KI=Kibale;KJ=Kyen
jojo;KM=Kamuli;KW=Kamwenge;KY=Kayunga;MB=Mubende;MK=Mukono;MP=Mpigi;;
RK=Rakai;Controls: Pelezi, Mouniandougou, Nana, Inearch, Inengua, Ugandan wild and
“nganda” types

Fig 4; Dendrogramme of Un-weighted Neighbour Joining Arithmetic Mean from Factorial
Analysis of Dissimilarity Table for 265 farm and two sets of 8 and 16 elite research DNA
analysed with 18 SSR.
Key: uf = farmer landraces (purple); uh (green) and uc (red) = elite research material;
Congolese (C) and Guinean (G)] controls; Ugandan wild (UW) and nganda
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Of the 81.87% variability imbedded within populations in Table 5, 54.05% was attributed to
individual accession variation while 28.92% was distributed among individuals within
populations. The variation shared among populations was 17.03%. Inbreeding index (FIS)
value of 0.35 meant an estimated measure of 0.65 was by out-crossing. The 0.46 breeding
index for all cultivated Robusta coffee showed a 0.54 value that represented the level of
crossing among genotypes from different locations. Genetic differentiation value (FST) of 0.17
implied that a fairly polymorphic change occurred over generations.
Table 5. Molecular Analysis of Variance (AMOVA) for 265 cultivated Robusta coffee
accessions
Source of variation
d.f
Sums of Variance
Percentage
FIS
FIT
FST
squares
components
of variation
Among populations
18
434.68
0.72
17.03
0.35 0.46 0.17
Among individuals 246 1161.60 1.22
28.92
within populations
Within individuals
265 604.50
2.28
54.05
Within populations
511
1766.10 3.46
81.87
Total
529
2200.78 4.22

As shown in Table 6, Population differentiation indices (FST) and inbreeding index (FIS)
indices after 10,000 permutations gave an average population differentiation index of 0.18.
Except for Kamwenge where populations had 0.17 rating, the rest of the populations had
either 0.18 or 0.19 differentiation indices. The highest inbreeding index value of 0.81 was
given by the Guinea control population while the Ugandan control population had the least
inbreeding value of 0.02. The rest of the populations had inbreeding indices that ranged from
0.20 to 0.49. In twelve districts, there was no likelihood that randomly observed inbreeding
indices would differ. At P=0.05, no significant difference was realized between randomly
observed inbreeding indices for the Guinean and Ugandan controls as well as collections from
Jinja and Mukono locations. There were significant differences among randomly observed
inbreeding indices for Congolese types, hybrids and genotypes from Kayunga.
From the PCA plot in Figure 5a, all genotypes from the germplasm collection were widely
distributed but not consolidated into defined groups. Controlled crosses (UC in red) were
grouped with genotypes from Kabarole, Bundibudyo and Hoima (Figure 5b). The hybrids
(UH in blue) clustered mainly with the third group that comprised of a mixture of accessions
from different locations, namely Kayunga, Mpigi, Mubende, Rakai, Mukono from Lake
Victoria Crescent and Kamwenge from Western highlands, at a genetic distance of about 0.58
from the controlled hybrids. Control DNA (UC in black) was placed along 0.55 genetic
distance that separated Kyenjojo, Kamwenge, Kiboga and Kamuli group from the group that
had mixed accessions from different locations. Meanwhile the ‘’nganda’’ and ‘’erecta’’ types
were spread in all the three genetic diversity groups distributed average genetic distances of
0.55, 0.68 and 0.58 with an average of 0.6.
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Table 6. Population inbreeding, differentiation and gene flow indices (10100 permutations
with significance tests of 1023 permutations)
FIS
P (random FIS
No.
Populations
FST
>=observed FIS
1
Bundubudyo
0.18
0.29
0
2
Congolese controls 0.18
0.49
0.01
3
Guinea controls
0.19
0.81
0.06
4
Ugandan controls
0.18
0.02
0.32
5
Hoima
0.18
0.32
0
6
Jinja
0.19
0.33
0.12
7
Kabarole
0.18
0.44
0
8
Kiboga
0.18
0.46
0
9
Kibale
0.19
0.26
0
10
Kyenjojo
0.18
0.38
0
11
Kamuli
0.18
0.22
0
12
Kamwenge
0.17
0.43
0
13
Kayunga
0.18
0.24
0.0008
14
Mubende
0.18
0.35
0
15
Mukono
0.18
0.20
0.13
16
Mpigi
0.18
0.30
0
17
Rakai
0.18
0.31
0
18
Crosses
0.18
0.26
0
19
Hybrid
0.18
0.22
0.01
Mean
0.18
0.33

33




Fig 5 (a) Principal Component Analyses of dissimilarity matrix for
germ-plasm collections (legend as in Fig 5b)

34




Fig 5 (b) Principal Component Analyses of dissimilarity matrix for cultivated Robusta coffee
Key:BU=Bundubudyo;HM=Hoima;JJ=Jinja;KB=Kabarole;KG=Kiboga;KI=Kibale;KJ=Kyen
jojo;KM=Kamuli;KW=Kamwenge;KY=Kayunga;MB=Mubende;MK=Mukono;MP=Mpigi;;
RK=Rakai;Controls Pelezi, Mouniandougou, Nana, Inearch, Inengua, Ugandan wild and
“nganda” types; EB=Botanical gardens Entebbe (12); UE=“erecta” (19); UN=“nganda” (20);
UH=Hybrids (6); UC=Controlled crosses (15); Progenitors (parents =7); C and G=Check
samples (Pelezi, Mouniandougou, Nana, Inearch, Inengua = 5 accessions).
3.5. Discussion

This study has revealed that 265 accessions evaluated by 18 polymorphic SSR markers were
genetically diverse as indicated in Fig 2. The highest genetic diversity was found in
accessions from Kamwenge (KW), Kyenjojo (KJ) and Kabarole (KB) districts as reflected by
the values in total gene copies (68,74,62), allele numbers (9.56, 7.94, 5.78) expected gene
diversity (0.72, 0.66, 0.52) and number of usable gene copies (64.11, 70.00, 57.44)
respectively (Table 3). These parameters were however low in accessions from Jinja,
Guinean, Ugandan and Mukono populations (Table 3). Kamwenge, Kyenjojo and Kabarole
are located at the periphery of Kibale forest where the opportunity for gene exchange between
wild and cultivated C. canephora exists. Accessions from farms close to urban areas such as
those from, Jinja and Mukono have been under farmer selection pressures for many years and
hence their higher fixation indices as shown in Table 3 and lesser genetic diversity. In certain
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cases, such accessions as those of Kibale showed the highest number of polymorphic loci of
16 but at the same time gave the lowest gene diversity over the loci meaning that only a few
of those polymorphic loci have been fixed. For these accessions, outcrossing has been from
within and very little has been experienced from the wild populations. Again, there were few
alleles found among Jinja accessions (2.44), Ugandan controls (2.61), “nganda” and Mukono
(2.56, 2.94) populations respectively and as well as low total gene copies shown in Table 3.
Accessions from Kamwenge and Kyenjojo that are closer to natural forests harbouring wild
C. canephora had higher different alleles with a mean of 5.25 with a range of 1.50-10.06
compared to a mean of 4.29 in gene bank collections shown in Table 4. The expected (He)
heterozygosity values for cultivated accessions of 0.57 compared to that in the germ-plasm
accessions of 0.65 indicates that there was more outcrossing among the farmer accessions but
more inbreeding among the germ-plasm accessions. The freely outbreeding nature of all the
Robusta populations sampled here is further affirmed by the FST and FIS mean values of 0.19
and 0.33 respectively in Table 6. Again, more rare alleles were detected among the local
landraces reinforcing the fact that cultivated accessions have acquired genes from wild
populations through outcrossing. Equally, it appears that even among C. canephora germplasm, the rate of gene-flow from wild to cultivated populations of Robusta coffee is
influenced by both artificial and natural selection as indicated by the closer and almost
similar Shanon index and fixation values shown in Table 4. The highest variation was found
within populations (81.87%) and also within individuals (54.05%) (Table 5) suggesting that
the highest genetic advance would be realized if selection targets these entities. The low
inbreeding indices in Table 5, again confirm that out-crossing which is about 65% is more
important in creating genetic diversity in C.canephora as has always been thought and is
responsible for the higher diversity values given by land-races in Tables 3 and 4, findings that
concur with those of Musoli et al., (2009 ). The gene-bank accessions of Kawanda, Entebbe
botanical gardens and Kituza demonstrated lesser genetic diversity (Table 4; Figure 5a) as
would be expected because these populations have continued to lose trees due to old age ,
pest and diseases attack without replacement (Wrigley, 1988). The higher Shannon Diversity
Index (I) values (Table 3) in populations of Kamwenge (1.71) and Kyenjojo (1.55) further
confirmed these populations are well established and distinct as compared to “nganda”
(0.35), Ugandan wild (0.48), Guinean (0.93) controls and Mukono (0.93) accessions. Rare
alleles were fairly more in Robusta coffee fields dominated by landraces, particularly in
Kamwenge (10) ,Kyenjojo (8) and bordering Kibale forest.
It is clear that Kyenjojo and Kamwenge accessions that have been grown closer to Kibale
forest and have had constant gene exchanges between cultivated and wild types of Robusta
are the most likely sources for genes required not only to improve bean quality in Robusta
coffee but may also be important reservoirs for biotic and abiotic stresses genes. This is also
probably true of the largely unselected and random mating populations such as the Congolese
and Guinean populations and in the “nganda” landraces. From the PCA plot in Figure 5a,
genotypes from the germ-plasm collection were widely distributed but did not consolidate
into defined groups, pointing out the wide genetic variability of a few genotypes. However
three diversity groups that differed from the control accessions of West and Central Africa
were formed in both UPGMA and PCA analyses as shown in Figures 3, 4 and 5b, verifying
not only the reliability and preciseness of the two methods but also confirming the relatedness
of the accessions placed in the respective groups. Some accessions whose phenotypes might
have been regarded as “nganda” and “erecta” types did not group independently but were
rather distributed into the three genetic diversity groups at genetic distances of 0.55, 0.68 and
0.58 with an average of 0.60. The distinctive characteristics of “nganda” and “erecta” wild
types could have lost their originality through intra -crossing, making it difficult to
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differentiate the two types clearly at genetic level (Fig 5a.) The controlled crosses (UC) that
grouped with genotypes from Kabarole, Bundibudyo and Hoima (Fig 5b) possibly had lineage
with Toro No.9 tree selection by Maitland in 1916 (Thomas, 1935; Wrigley, 1988). In Figure
5b, the hybrids (UH) grouped with accessions from Kayunga, Mpigi, Mubende, Rakai,
Mukono from Lake Victoria Crescent and Kamwenge from Western highlands that possibly
provided their parents. Confinement of controlled crosses and hybrid research improved
varieties to separate single genetic diversity groups with a genetic distance of 0.58 implied
that they were of different parental origin and had a narrow genetic base.
This study shows that there is genetic diversity in both “nganda” and “erecta” cultivated C.
Canephora populations in Uganda (Tables 5, 6 and Figures 3, 4 and 5a,5b) but this is more
so
among the “nganda” local landraces that continue to be cultivated closer to the wild
Robusta and that have experienced lesser human artificial selection for plant type. This
genetic diversity is closer and similar to that found in West Africa, Congo and Guinea and
although there is reason to believe that these later populations could have been earlier
progenitors of the C.canephora landraces found in Uganda, genetic drift and evolutionary
forces may have created ‘’nganda” and “erecta” types that outcross more with wild Robusta
populations.
3.6 Conclusion
Most of the genetic variability in C. canephora in Uganda is within populations and within
individuals, implying that diverse cultivars are widely distributed countrywide. Almost all the
current C. canephora landraces in Uganda are panmictic, highly out-crossing and their
adaptation in various agro-ecological zones is most likely under, selection and gene-flow
influences. The out crossing nature of the cultivated Robusta coffee has created an effective
gene exchange mechanism between the cultivated “nganda” and “erecta” types with wild
types enhancing the genetic variability for desirable traits such as disease resistance and the
preferred coffee cup quality.
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CHAPTER FOUR
PHENOTYPIC DIVERSITY IN THE LAND-RACES OF ROBUSTA
COFFEE
4.1 Abstract
Tree morphological characters have a direct relationship with bean physical qualities that
ultimately determine the market and price of coffee. This work assessed tree and roast bean
phenotypic variability in the Robusta coffee so as to be able to inform markets the appropriate
selection criteria for these two traits. Two hundred and six C. canephora genotypes from 21
traditional growing districts and three on station germ-plasm collections were evaluated using
nine quantitative coffee descriptors for morphological traits and four roast bean physical
characteristics. Girth diameter increased with age, vigour was closely associated with
production capacity and all the leaf characters with the exception of number of stems were
also closely associated. Hybrids with a significant Mahalanobis distance (D2) were distantly
unrelated to “nganda” and “erecta” whereas, commercial types, “nganda” and “erecta” types
with insignificant D2 values were closely related to each other. About 80% of the beans were
of screen size 15 (>) while 61% were of the average size, 15. Denser beans of screen sizes
15, 15(>) and 18 had longer roast time but lesser weight decrease. The Robusta local landraces in Uganda are endowed with tremendous, genetic variability and present opportunities
for selection of desirable agronomic traits.
Key words: Morphological traits, Multivariate analysis, Principal Component Analysis,
Screen sizes


4.2 Introduction
In the past, coffee plant descriptors developed by International Plant Genetic Resources
Institute (IPGRI, 1997) were used to identify highly productive cultivars such as, the eight
commercial Robusta coffee varieties namely, 1s/2, 1s/3, 1s/6, 223/32, 236/26, 257s/53 and
258s/24(0), 259s/56) described by Thomas, (1940 ; Leakey, 1970 ;Wrigley 1988; KibirigeSebunya et al., 1993). According to Aga et al., (2003) there is considerable phenotypic
variance that is heritable despite the combined effects of the genotype, growth stages and
environment.
Robusta coffee bean like all other food products possess characteristics which are related to
their state or appearance such as weight, volume, size, shape, colour, solubility, moisture
content and texture. The characteristic quality expressed by coffee green bean (the seed inside
the hull) is a combination of genetics and the environment (Leroy et al., 2006). Charrier and
Berthaud, (1985) reported that the size, shape of Robusta beans, colour, chemical composition
and flavor to a great extent determined by the genotype. In addition, environmental and farm
management practices significantly contribute to the variability in physical characters and to
the biochemical composition (Lu et al., 1997; Davrieux et al., 2003. For instance, coffee beans
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from high altitude may be greenish in colour, smaller, denser, harder and more appreciated
due to its higher acidity, good aroma and flavour than that from lower altitudes. Different
markets prefer different physical bean characters provided they have acceptable visual aspect,
are homogeneous and their production is regular and reliable. Bean size from a commercial
point of view is related to the coffee grade and therefore to the price (Leroy et al., 2006).
Roasted beans with moisture content of 12.5% and above are normally discarded. Different
markets prefer different physical bean characters provided they have acceptable visual aspect,
are homogeneous and their production is regular and reliable.
To enhance Robusta coffee landraces utilization in crop improvement program, understanding
the phenotypic diversity at the farm level is necessary. Knowledge of morphological and bean
physical character diversity of cultivated Robusta coffee is key to devising appropriate
conservation measures and at the same time mitigate the effects of genetic erosion.
Conventional plant breeding relies heavily on morphological characters either when choosing
parental materials in a crossing program or in advancing targeted progenies, and (Van der
Vossen, 1985) even with modern assisted marker breeding, concurrent exploitation of
phenotypic variation is inevitable (Montagnon et al., 1996; Leroy et al., 1993)
However, analysis of phenotypic and morphological diversity in Robusta coffee has been
limited. An attempt to assess phenotypic variation among cultivated Ugandan Robusta coffee
land-races by (Maitland, 1926; Thomas, 1940) may not have provided sufficient statistical
information because their descriptions were based on a germ-plasm with a narrow genetic
based that did not consider key aspects such as quality disease and drought tolerance
(Leakey, 1970). The few representatives of domesticated and wild seedling progeny at
Kawanda field gene bank represent only a small fraction of original parent stock. This work
sought to characterize the variability of phenotypic and morphological characteristics of
hybrids, commercial cultivars and also of “erecta’ and ‘nganda” the local landraces over a
much wider geographical area covering 21 districts where Robusta coffee is grown.
4.3
4.3.1

Materials and Methods
Tree and site selection

Six traditional Robusta growing agro ecological zones, namely, Lake Victoria crescent, Lake
Albert crescent, South East, Southern highlands, Southern dry lands and Southern highlands
were sampled (Fig 6). Accessions were collected from 21 on-farm Robusta growing districts
and also from three germ-plasm collections at Kawanda, Kituza and Entebbe botanical
gardens (Table 8). In each district, including those closer to the forests such as Kabarole and
Kamwenge, green beans were sampled at a distance of 5 kilometers between a group of
farmers as distinct accessions. In all cases, trees older than 10 years and above were sampled
on assumption that they were well adapted as land races. A sample size of 25-30 trees per
population was considered adequate to address questions related to genetic distance. At
Kawanda where earlier germplasm had been established in 1935, field records were used to
select 59 trees based on coffee types; “nganda”, “erecta” or hybrid. At Entebbe botanical
gardens, planted in 1902 (Wrigley, 1988) 10 trees were selected while at Kituza, all the 16
controlled Robusta crosses planted were sampled.
4.3.2 Morphological data scoring
The quantitative descriptors scored are as shown in (Table 7). In cases where the farmer was
not certain about the tree age, the age was estimated using the trunk of the tree in comparison
to the perceived tree trunk of known age. Each of the following attributes were measured as a
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mean of 25 trees; Ten randomly selected ripe cherry clusters not earlier harvested were
counted per tree. Inter node length was measured as the mean distance between two nodes of
a primary branch in centimeters (cm) from 10 branches per tree. Leaf length was measured as
the mean distance from the base of a leaf petiole along the mid rib to the apex in centimetres
from 10 leaves per tree. Leaf width was measured as the distance between two widest points
of a leaf at half length in centimetres from 10 leaves per tree. Tree production capacity and
vigour were scored on a 1-5 scale respectively where 1= very few berries present in the tree;
5 = Very many berries in the tree and 1= unhealthy tree growth; 5 = healthy tree growth
respectively). The location of the study site was taken using Geographical Position Systems
(GPS).

Table 7.Quantitative morphological characters scored in the 206 accessions of Robusta coffee
Parameter
1.Tree

2. Primaries
3. Leaves
4. Fruits

Character Description
Number of stems
Tree age
Tree girth
Production capacity
Vigour
Primary
internode length
Leaf length
Leaf width
Fruit number/axil

Measure
Counts
Centimetres
Centimetres
Rating
Rating
Centimetres

Acronym use
SN
TA
TG
PC
VG
IL

Centimetres
Centimetres
Counts

LL
LW
FN

Key : Rating for production capacity and vigour:
PC:
1 = few berries present in the tree; 5 = many berries in the tree
Vigour:1 = unhealthy tree growth; 5 = Healthy tree growth
4.3.3 Harvesting and drying Robusta coffee ripe cherry
All the 206 tagged Robusta coffee trees, had at least 2 kilograms of their ripe cherry harvested
and scored as shown in Table 1. Most locations in the Northern hemisphere had their ripe
cherry harvested between September and January while in the Southern hemisphere, the
cheeries were harvested during April to June season. Harvested ripe cherry was poured in a
bucket of water and beans and debris were removed before sun drying in wire mesh boxes.
The ripe cherry with an estimated initial 50% moisture content (Clifford et al., 1985;
http://www.ico.org/ecology.asp) was spread to a maximum of 1.5 cm layer thickness to avoid
formation of mold or bean deterioration. The coffee was regularly turned until it achieved
12.5% moisture content. Drying lasted for about a month and the coffee beans were later
stored in a dry aerated room.
The dried cherry referred to as (“Kiboko”) was carefully hulled. A metal tray was used to
winnow and physically separate defective cherries and bean hulls from clean beans based on
density. Beans with defects were sorted from normal green bean. Clean green beans were
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stored in polythene bags and placed in an aerated dry place awaiting evaluation of green bean
physical characters.
4.3.4 Evaluating green bean physical characteristics
Three hundred grams of cheery beans were randomly collected from each of the two hundred
and six farms comprising from the 21 Robusta growing districts and included Kawanda and
Kituza Robusta germ-plasm collections. The green beans were graded according to their size
using specified screens whose sizes varied as: large (A) 18 (7.0 mm), medium (B) 15-<17
(6.0–< 6.75 mm) small size 15 (6.0 mm). Green and roasted beans were weighed in grams in
an analytical balance and volume was measured using a volumetric cylinder in cubic
milliliters. Roast time per gram (RTPG) was calculated in seconds by dividing total roast time
with total weight of green beans roasted. Percentage weight decrease of roasted beans was
measured as green bean percentage weight loss. The percentage increase in volume of roasted
beans was obtained by expressing the difference in green and roasted bean volumes and
expressed as a percentage.
4.3.5 Data analysis
Multivariate analysis was conducted using Principal Component Analysis (PCA) and the
geometric representation for the main factors plotted using XLSTAT version 2011.2.05
(Addinsoft, Paris, France). Bartlett's specificity test in XLSTAT version 2011.2.05 statistical
program was conducted to establish significant differences from zero among correlated
phenotypic parameters before performing PCA. Genetic distances between accessions were
estimated using the Euclidean straight line method (Mohammadi and Prasanna, 2003).
Varimax rotation in XLSTAT version 2011.2.05 statistical program was used to improve the
principal component plot reliability (Mohammadi and Prasanna, 2003). Genotypes with the
highest attribute variance were then assigned to the principal components.
Mahalanobis and Fisher inter-group distances at 95% probability were calculated using
factorial step discriminant analyses and the confusion matrix estimated the efficiency of
genotype placement among groups in percentages. A similarity index between phenotypic
characters of different genotypes was used to calculate the distance of each phenotypic
character from average and determined whether the accessions were from the same or were
from different populations. Comparing the different phenotypic characters group mean,
median, variance, inter quartile range in form of box plots was done using descriptive
statistics.
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Figure 6. Ugandan agro -ecological zones where farm Robusta accessions were collected
Table 8. Agro-ecological information from the 23 locations where the C. canephora samples
were collected for phenotypic evaluation
No. of
Region
Agro ecology
District
Code Phenotyp
Altitude
es
range (m a s
l)
Min
Max
Mayuge
MY
18
1181 1217
Bugiri
BG
17
1080 1120
East
South
Jinja
JJ
18
1124 1184
East
Mubende
MB
Kamuli
KM
22
1080 1120
Iganga
IG
17
Mukono
MK
15
1122 1176
Lake Victoria Kayunga
KY
20
1088 1105
Central crescent
Kiboga
KG
21
1136 1373
Masaka
MA
18
1202 1283
Kalangala
KL
18
1028 1239
Lake Albert
Masindi
MS
12
1152 1180
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crescent
West
Western
highlands

South
West

Southern
Drylands
S. highland
On station
germplasm

Hoima
Kibaal
Kyenjojo
Kabarole
Kamwenge
Bundibidyo
Bushenyi
Rakai
Mbarara
Rukungiri
Kawanda
Entebbe
Kituza
Controls

HM
KI
KJ
KB
KW
BU
BS
RK
MR
RG
KA
EB
KZ
CN

26
21
23
18
26
16
19
18
19
18
50
10
16

1101
1110
1372
1009
1242
687
1015
1212
1383
1015
1177
1177
1200

1295
1247
1517
1568
1325
1017
1654
1230
1478
1559
1177
1177
1200

476

4.4
4.4 1

Results
Morphological traits

As shown in Figures 2 (a) “nganda” and “erecta” types were much older trees as compared to
the commercial and hybrid types (Fig 2a). The “nganda” types had the highest mean stem
number (6.63) followed by “erecta” (5.09) while the hybrids had the least (3.25) (Figure 2 c).
As for the leaf length pattern, the hybrids had the longest mean leaves (19.94 cm), followed
by the commercial types (19.17 cm) and the lowest by “nganda” (17.89 cm). Regarding mean
leaf width, the hybrids had the narrowest leaves (6.96 cm) next by “nganda” (7.36 cm), while
“erecta” types had the broadest leaves (7.47 cm). The commercial types had the most fruits
(21.93) while hybrids had the least number (16.49) (Figure 2 b). The ranges of all
morphological values were highest in “nganda” and “erecta” types indicating high variability
in all the traits measured in the two landraces. The overall mean values were almost similar
among the “nganda” and “erecta” types.
(a)

(b)

(c)

Figure 7. Comparison of Robusta coffee types morphological attributes of 476 genotypes;
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PC=production capacity (scale 1-5); IL=inter node length (cm); LL=leaf length (cm)

Tree girth increased with tree age (Fig 8a). Tree vigour was associated with production
capacity. The most unrelated coffee type morphology was between the hybrids and landraces,
particularly that of “nganda” (Fig 8b). The commercial types and hybrids were distantly
associated with each other (Fig 8b) but the commercial types were more closely related to
“erecta” than to “nganda” types. However, the “erecta” and “nganda” types were closely
related. The commercial types had longest internodes, longest broad leaves, many fruits and
fewer stems. The hybrids were the youngest, most vigorous and productive. Most of the
variability was defined by hybrids, followed by commercial types then by “erecta” with
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Figure 8 (a, b): PCA relationships between (a) morphological characters (b) cultivars

44




Mahalanobis genetic distances of 4.40 and 4.06 respectively. The Mahalanobis genetic
distance value of 2.79 between the commercial types and hybrids was close to 3.0 and almost
categorized the two as different populations. The Mahalanobis distances between the “erecta”
and “nganda” (0.20), commercial and “erecta” types (0.84), commercial and “nganda” (1.50)
were not significant and therefore, all the three types did not qualify to be classified as
separate populations. Equally, as was the case with Mahalanobis distance, the longest genetic
distance using Fisher estimates was between the hybrids and “nganda”, while the shortest was
between “erecta” and “nganda”. Fisher probability that any two groups were different from
each other was highly significant (Table 9).
Table 9. Mahalanobis and Fisher distances for cultivated Robusta coffee types
Mahalanobis distance
Fisher distances
Com Erecta Hybrids nganda Com Erecta Hybrids Nganda
Com
0
0.84
2.79
1.50
0
4.98** 5.40** 9.09**
Erecta
0.84
0
4.06
0.20 4.98**
0
9.89**
3.33*
Hybrids 2.79 4.06
0
4.40 5.40** 9.89**
0
10.84**
Nganda 1.50 0.20
4.40
0
9.09** 3.33* 10.84**
0
Key to Table 9; com = commercial ; Fisher distances, p values, ** significant at p<0.0001
and p<0.003 respectively.
coffee tree girth increased with age (Figure 9a). Leaves of 11-20 year old coffee trees were
slightly less longer than those of 61-70 years. Stems increased with age although trees of 6170 had notably few stems. Trees of age range 61-70 had the longest inter node length as
would be expected. Fast growing trees were found at elevation 1101-1200 (Figure 9 b).
Productive and vigorous trees were mainly located at 1301-1400 m above sea level. The least
productive trees were found at height below 1101-1200 m above sea level while low tree
vigour was located below 1200 m above sea level. The longest leaves were observed at
elevation 1101-1200 m above sea level while the shortest mean record was at 1401-1500 m
above sea level.
(a)
(b)

Figure 9. Morphological performance at different (a) tree age ranges and (b) elevation ranges
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4.4.2. Multivariate analyses of phenotypic parameters
In Figure 10 (a), PCA1 axis, on the positive side, factor 1 was composed of number of
stems , whereas PCA2 axis was dominated by older trees with wider girth, longer and wider
leaves with longer internodes contributing 21.90% variance. On the negative side of PCA2
axis, factor 2 was dominated by higher producting vigourous trees with many fruits. Altitude
appear to have any no signficant effects on morphological characters. The factor discriminant
analysis in Figure 10 (b) confirms the PCA information in Figure 10 (a). Based on PCA
information in Figure 10 (a), three distinct groups were formed. Group 1 with a negative
variance, comprised of a majority of young, productive and vigorous trees with few stems.
Group 2 had also some young vigorous and productive trees with long internodes, long and
broad leaves with many fruits and stems. Group 3 with a positive variance was dominantly
made up of older trees with a greater girth. Group 2 positioned between group 1 and 3 had
the lowest variance. It is clear that groups 1 and 3 were the most distant, while groups 1 and
2 were the closest. There was an apparent relationship between altitude with production
capacity, vigour and on the other hand, number of fruits and age with girth.

Figure 10. PCA Relationships among (a) morphological parameters with altitude (b)
morphological groups; PC=production capacity (scale 1-5); IL=inter node
length (cm); LL=leaf length (cm) LW=leaf width (cm); F=principal component
Correct placement of the initial 476 genotypes sampled (Table 8) according to coffee types in
right groups ranged from 6.82% (commercial) to 62.50% (“nganda”) with an average of
36.73% (Table 10). Of the 27 trees initially rated as commercial types, only 3 were retained
while 27 were regarded as “erecta”, another 11 as “nganda” and 3 as hybrids. When the
genotypes were arranged into multivariate grouping, the retention of genotypes in the correct
groups, ranged from 91.77 to 97.77% with an average of 95.27% (Table 10).
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Table 10. Estimate of 476 genotype placement based on coffee type and morphological
parameters using a confusion matrix

From\
to
com
Com
3
UE
1
UH
0

Coffee types
U
UE H UN
27
3
11
89
2 100
6
5
5

Tot
al
44
192
16

%
correct
6.82
46.35
31.25

UN

0

84

0

140

224

Total

4

206

10

256

476

62.50
Mean=
36.73

Multivariate morphology attribute groups
from\
Tota
%
to
1
2
3
l
correct
1
219
5
0
224
97.77
2
10 156 4
170
91.77
3
0
3
79
82
96.34
Mean=
Total 229 164 83 476 95.27

Key to Table 10: com=commercial UE=“erecta”; UH=hybrids; UN=“nganda; Rows = Given
groups; Columns = Predicted groups
Table 11 compares the correct placement of groups by coffee types with PCA multivariate
arrangement. Most variables, starting with vigour, production capacity, leaf width to age, in
both coffee types and multivariate grouping could be classified as distinct populations, with
cumulative percent variance ranging from 100-78.93% and 100-83.64% respectively. The
mean group abundance variance for vigour and production capacity was higher in hybrids and
commercial types than in “erecta’ and “nganda” types whereas abundance values for girth
and age were higher in the landraces than in the commercial and hybrid cultivars, a fact also
reported in Figures, 8 (a, b) and 10 (a, b). Hybrids and commercial types, using production
capacity and vigour could only be placed in group 1 as indicated by their higher mean
abundance values for these two attributes in the multivariate grouping. Using girth and age as
group formation criteria, “nganda’ and “erecta” would most likely fall under groups 2 and 3.
As regards morphological characters, girth, number of fruits per tree and leaf length in both
coffee type and multivariate groups were the most variable attributes.
Table 11. Similarity percentages for 476 Robusta coffee types and multivariate phenotypic
parameter groups derived from Bray-Curtis distance measure
Mean group abundance
Multivariate groups
Cumulative % variance contribution
Coffee types
Coffee types
Multivariate groups Com UE UH UN
1
2
3
Girth
45.41
48.75
46.5 69.6 47 74.3 43.6
75
126
Age
78.93
83.64
11.7 36.9 12 37.4 15.2 43.5 65.5
Fruits
85.92
89.02
20.9 20.6 16.5 19.9 20.2
20
20.7
Stems
90.74
93
4.09 5.33 3.25 6.63 4.73 6.94 6.11
LL
94.59
95.9
19.2 18.3 19.9 17.9 18.4 17.7
19
IL
96.43
97.27
6.39 6.2 5.09 5.98 6.06 6.01 6.27
LW
98.19
98.62
7.38 7.47 6.96 7.36 7.39 7.34
7.5
PC
99.15
99.35
3.73 3.3 3.56 3.26 3.46 3.21 3.23
Vigour
100
100
3.55 3.22 3.56 3.18 3.32 3.18 3.16
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Key to Table 11; UE=“erecta”; UH=hybrids; UN=“nganda”; PC=production capacity (scale
1-5); IL=inter node length (cm); LL=leaf length (cm) LW=leaf width (cm); F=principal
component

4.4.3 Physical bean parameters and multivariate analysis
The lowest time used to roast a gram of green beans was 0.05 seconds while the longest was
0.38 with a mean of 0.11 (Table 12). Roasted green beans weight loss ranged from 4.30%51.59% with an average of 15.29%. Percentage increase of roasted beans was 11.80-180.0%
with an average of 70.98%. Green bean 100 seed weight ranged between 5.10-28.80 grams
with an average of 14.55 grams. Some samples lacked green beans of screen sizes 18 and 12.
Some samples had 91.90% screen size 18 green beans with an average of 19.03%. Average
screen size of 15 had a minimum value of 7.1% with a maximum of 94.10% and a mean of
61.27%. However, screen size 15 (>) had a minimum value of 7.1% and a mean of 80.30%,
with some accessions having all large bean size. The highest record for screen size 12 was
92.90% with a mean value of 19.87%.
Table 12. Variability of green bean physical characters for 204 Ugandan farm Robusta coffee
genotypes

RTPG
Minimum
0.05
Maximum 0.38
Mean
0.11
s.e
0

RB%VL
GB%WT dec inc
4.3
11.8
51.59
180
15.22
70.98
0.4
1.33

SDD
5.1
28.8
14.55
0.22

scr18 scr15 scr15
0
7.1
7.1
91.9 94.1
100
19.03 61.27
80.3
1.62 1.57
1.63

scr12
0
92.9
19.87
1.64

Key to Table 12: RTPG=roast time per gram (seconds); GB=roasted green bean percentage
weight decrease; RB=roasted green bean percentage weight increase; SSD=seed density;
S18=screen size 18; S15=screen size 15; S15=screen size 15 and above; S12=screen size
12 and below; s.e=standard error.
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Figures (11a-g) show that groups coalesced into three and their means, median, variance,
inter-quartile range within attributes were variable. Group 1 had high variance values for
screen sizes 15, 15 (>), medium seed density and volume increase but the lowest roast time.
Group 2 variance and inter-quartile range was high for screen size 12, and for some screen
size 15 beans but the group also had the lowest seed density (Figure 11a-g). Group 3 had
consistently high values for mean, variance and inter-quartile range for roast time, roast bean
volume increase, seed density and screen size 18 attributes (Figure 11a-g).
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Figures 11 (a-g): Descriptions of green bean physical character diversity groups using box
plots
Table 13, shows the three groups had Mahalanobis distances of greater than 3 indicating that
they were significantly different. All Fisher probability values were highly significant. In both
Mahalanobis and Fisher distances for bean physical characters, the largest distance was
between group 2 and 3 while the shortest was from 1 to 3 (Table 13).
Table 13. Mahalanobis and Fisher distances between green bean physical character diversity
groups
Group Mahalanobis distances
Fisher distances
p-values for Fisher distances
1
2
3
1
2
3
1
2
3
1
0
10.01 5.49
0
55.29 30.32
1
<0.0001 <0.0001
2
10.01
0
13.26 55.29
0
73.25 <0.0001
1
<0.0001
3
5.49 13.26
0
30.32 73.25
0
<0.0001 <0.0001
1
Association between bean physical characters, altitude and multivariate bean physical
attribute groups is illustrated in Figures 12 (a, b). Group 1 composed of younger trees with a
high green bean weight decrease, lesser roast time and mostly of screen size 15 (>). Older
trees were classified in group 2 and were predominantly small beans of screen size 12 (<),
with a higher roast time and volume increase. Group 3 beans were denser with a medium
roast time but of larger beans of screen size 15 (>) and of screen size 18. Denser beans were
positively associated with higher screen sizes. The furthest distance was between group 2 and
3 while the shortest was between 1 and 3.
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Figure 12 (a, b). Green bean physical character (a) relationships from the principle component
analysis (b) diversity groups from step discriminant analysis
Key to Figure 12 (a, b): RTPG=roast time per gram (seconds); GB%WT decrease=roasted
green bean percentage weight decrease; RB%VLincrease=roasted green bean percentage
volume increase; SDD=seed density; S18=screen size 18; S15=screen size 15 and above;
S15=screen size 15; S12=screen size 12 and below.
Correct group placement ranged between 58.62-92.45% with a mean of 82.44% (Table 14).
Again as in Figure 12 (b) , the farthest groups were 2 and 3 while the shortest was from 1 to 2.

Table 14. Estimated group placement and pair wise distance comparison of green bean
physical characters using a confusion matrix.
Confusion matrix
from \ to
1
2
3
Total
% correct
1
115
0
10
125
92.45%
2
10
45
1
56
77.14%
3
3
1
19
23
58.62%
Total
128
46
30
204
82.44%
Table 15 shows similarity percentages of variance for the various bean physical attributes and
collaborates the results of Figures 12 (a-g) and Table 14. The cumulative variance indicates,
roasting characteristics were more important in separating the groups as their cumulative
variances ranged from 100% for roast time per gram (RTPG) to 95.16% for roasted green
bean percentage and volume increase (RB%VL) but variances of screen sizes ranged from
82.26% for screen size 18 to 22.27% for screen size 15 (>). Roast time per gram in seconds
was the most dominant character that could separate the groups, on the basis of their
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dissimilarity but screen size 15(>) with the lowest cumulative variance % was an indication
similarity of groups. Nevertheless, screen sizes, 15, 12 (<) and 15 (>) contributed the most
variance. Group1 was characterized by beans of screen sizes, 15 and 15(>) that had high
percent volume increase as indicated by the mean group variance. Group 2 had beans of three
screen sizes, namely 15, 15(>) and 12(<) with that were also had high percent volume
increase, whereas group 3 were beans of sizes, 15 and 18 with a slightly longer roast time of
0.13 seconds (Table 15).

Table 15. Similarity percentage for pooled Robusta coffee green bean physical characteristics
from Bray-Curtis distance measure
Pooled groups
Taxon
Screen size 15
Screen size 12
Screen size 15
Screen size 18
RB%VL increase
Seed density
GB%WT decrease
RTPG

Variance
Contribution Cumulative %
6.46
22.27
6.46
44.54
5.76
64.39
5.18
82.26
3.74
95.16
0.80
97.91
0.60
99.98
0.01
100

Mean group abundance
1
2
3
92.2
51.4
86
7.8
48.6
14
72.3
49.5
29.9
19.9
1.88
56.1
67.6
73.6
83
15.1
11.6
18.6
16
14.4
13.2
0.10
0.12
0.13

Key to Table 15: RB%-VL increase=roasted bean % volume increase; GB%WT
decrease=roasted bean % weight decrease; RTPG=roast time per gram (seconds).
4.5 Discussion
In coffee as in many other tree crops, morphological differences between genotypes is masked
by the interactive effects of genotype and environment. To discern the variance effects of the
different components, it becomes necessary to subject PCA information to further
multivariate analysis as can be seen when the data in Figure 8 (a, b) is subjected to factorial
step discriminant analysis in Figures 10 (a, b). Montagnon et al., (1996) and Leroy et al.,
(1993) also demonstrated how difficult it is to measure the intra-specific variations of
vegetative traits such as leaf and fruit characters even with PCA because of the effects of the
environment. Despite “nganda’ and “erecta” types having a higher number of stems and longer
internode length, the commercial and hybrid types had a much higher production capacity
(Figure 7c). Leaf length rather than the number of fruits per tree appears have been responsible
for the higher production capacity in commercial and. hybrid types, perhaps because of the
increased leaf area and larger photosynthetic capacity (Figure 7 b). Commercial types also had
the longest internodes which seemed to offer adequate space for fruit nodes and for formation
of secondary branches. Girth width increased with age and was highest in “nganda” and
“erecta“ types. In the PCA analysis shown in Figure 9 (a) production capacity, vigour and
number of stems defined factor 1 variance whereas, leaf length, leaf width internode length and
number of fruits defined factor 2 variance. From PCA, analysis shown in Figures 8 (a, b) ; 10 (a,
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b), it is clear that “nganda” and “erecta” types were closely related to each other with a D2 value
of less than 3 and an insignificant Fisher value (Table 9) but both local land races were
significantly different from hybrid types. Commercial types appeared to be more closely related
to the former two types that to the hybrids. As has been reported in previous studies (Musoli et
al, 2009 ; Maitland, 1926; Leakey, 1970) there is increased intercrossing between these two
landraces and it has been suggested that‘’erecta” types arose as a result of farmer selection from
“nganda” populations and commercial types may have arisen from hybridization between
introduced cultivars from West-Africa and the land race cultivars or as reported by
(Wrigley,1988; Kibirige-Sebunya et al., 1996) they might have been progenies of a cross
between Toro no. 9 tree with selected “erecta’ types. The genetic variability in these landraces
is enhanced especially in the Western highlands agro-ecological zones of of Kamwenge,
Kyenjojo, Bundibudyo, Kabarole and Hoima in Lake Albert Crescent region where wild
forms of Robusta grows alongside the cultivated types and where the practice of farmer
sharing planting materials is common.
With the “nganda” representing 62.50% and “erecta” 46.43% of landrace population (Table
10), the phenotypic variation in morphological characteristics of cultivated Robusta coffee
would be expected to be dominated by these two coffee types. This confirms earlier reports
that had indicated that the spreading “nganda” and the upright “erecta” land races were the
two distinctive plant types of Robusta coffee varieties grown in Uganda (Maitland, 1926 ;
Thomas,1935) which besides the indeterminate or determinate habits, had similar morphological
traits and could be grouped genetically into one multivariate group (Figures 8 a, b; Tables 10 and
11). The spreading nature and open tree growth of “nganda” types is preferred by small scale
farmers because they require minimal pruning, less weeding and have a large canopy that
keeps soil temperatures cool (Thomas, 1947). Preferential farmer selection for “nganda”
plant types have been accompanied by other traits such as increased vigor, tolerance to leaf
rust and production of secondary branches with large flower bracts (Wrigley, 1988).
Tree production capacity and vigour increased with elevation up to a height of 1301-1400
metres above sea level (Figure 9 b). At higher elevations, high leaf to fruit ratio may have
resulted into a longer leaf life span which in turn may have increased bean nutrient supply
(Vaast et al., 2006). The effect of low temperatures at higher elevations, may have caused
delayed berry flesh ripening that then allowed for longer and better bean filling as reported by
(Vaast et al., 2006).
Dry green bean physical characters such as uniformity, size, density, shape and colour
determined how long and evenly the coffee roasted. Larger and denser beans roasted for a
longer period (Figure 12a). Denser beans required a considerably longer roast than lighter
beans in order to achieve favorable flavor (Clifford et al., 1985). Screen size 15 beans,
generally produced by younger trees roasted for a shorter time and had high bean weight loss
(Figure 12a) possibly because of inadequate bean filling. A high bean weight loss could also
arise from excessive water loss and burning off of bean tissue, particularly with prolonged
roast time (Clarke, 1985). Overall, the mean green bean percentage weight decrease and
volume increase upon roasting were 15.22% and 70.98% respectively as shown in Table 12
which is comparable to that reported by (Clarke, 1985) of an average of 16% weight loss and
50-80% roast volume increase.
The multivariate analysis of PCA estimated three green bean physical character diversity
groups (Figure 11 a-g). Beans from group 1 were of mainly screen sizes, 15 and 15 (>), with
the shortest roast time and the lowest roast weight loss. These bean sizes also had high mean
abundance variance, meaning there is a chance that selection would lead to a higher genetic
advance compared to the other sizes (Table 15). The consistently lower mean and variance
values realized in group 1 (Figure 11 a-g) reflected a high level of homogeneity among group
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genotypes. Group 2 beans were of screen size 12 (<), less denser, with moderate roast time,
originating mainly from old trees. Beans of small sizes might have arisen from inadequate
farm management practices such as maintenance of old trees. Group 3 consisted of denser
beans of mainly screen size 18 with a longer roast time, reduced roast weight loss but high
roast volume increase. This screen size is ideal for markets given its weight, volume and
quality. The wide mean and bean size variance that dominated the multivariate group
formation was an indication of the wide variation of gradable bean sizes that exist in the
farms and which could be exploited by the diverse markets.
Factors such as genotype, tree physiological age, harvesting period, fruits to leaf ratio
strongly influence the physical and chemical content of green beans (Vaast et al., 2006). Bean
size development is more pronounced in shade grown than in sun grown coffee trees (De
Castro et al., 2008). The high ratio of reducing sugars to sucrose experienced over a longer
period in shade than in the sun grown coffee encourage cell division and elongation in young
perisperm and endosperm tissues resulting into larger beans (Muschler, 2001; De Castro et
al., 2006 ; Vaast et al., 2006). The seed physiology and development seemed to vary based on
the position of the fruits within plagiotropic branches and on the amount of light received
(Vaast et al., 2006). Yellow or green cherries harvested at the end of the season develop better
quality characteristics such as larger beans and deposit more biochemical compounds as a
result of prolonged bean growth (Muschler, 2001; Vaast, et al., 2006). It has also been shown
that low shade temperatures positively affect bean size, biochemical composition and
beverage quality by slowing berry flesh ripening by up to one month (Muschler, 2001; Vaast,
et al., 2006) . It is therefore desirable to harvest coffee berries as soon as the pericarp is soft
enough to be removed easily during processing as the fruit will continue to respire at a high
rate for two to three weeks after losing the green colour, thereby increasing the weight of the
fresh pericarp and draining the carbohydrate reserves in the tree.
The out crossing nature of the dominantly cultivated and widely distributed wild forms and
landraces might possibly have contributed to the high genetic bean variability (Maitland,
1926; Thomas, 1935). Other processes such natural evolution, farmer selection and the highly
variable biophysical adaptation systems could have contributed to this variability. It is also
possible that physiological changes associated with old trees may have been responsible for
some phenotypic variations in morphology but more so in the physical bean characteristics.
4.6 Conclusion
Most of the cultivated C. canephora in Uganda comprised of “nganda” and “erecta” landraces
with hybrids and commercial types constituting only 10% of the genotypes. The local
landraces, “nganda’ and “erecta” were closely related whereas the hybrid types had
significantly larger genetic distances from the landraces. Girth diameter, production capacity
and vigour were the most important parameters defining the genotype characteristics. About
61% of the traded Robusta coffee beans were average screen size 15 while 19% were of
screen sizes larger than 15. Beans of screen sizes 15, 15 (>) and 18, with a longer roast time,
a lesser weight loss but a higher roast volume percent increase were the most abundant for
the markets. Nevertheless, there is a high level of morphological and bean size variability in
the landraces of Ugandan Robusta coffee that can be exploited for crop improvement.
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CHAPTER FIVE
GREEN BEAN BIOCHEMICAL COMPOUNDS DIVERSITY AS
EVALUATED BY NEAR INFRA RED SPECTROSCOPY
5.1 Abstract
Genetic erosion aided by climate change effects is gradually threatening the cultivation of
Ugandan Robusta coffee (Coffea canephora) local races. This study characterized
biochemical compound variability that influence green bean quality in C. canephora as a
basis for identifying heterogeneous genotypes for use in crop improvement. Four hundred
and fifty four accessions from twenty four districts were analyzed with Near Infra Red
Spectroscopy (NIRS) for six biochemical compounds using calibrations developed at
CIRAD, France. C. canephora caffeine content was lower than that of West-African
Robusta coffee but higher than that of Arabica coffee. Chlorogenic acid and fat
concentrations reported in this study, were much higher than those reported earlier. Caffeine
concentrations were positively significantly correlated with cholorogenic acid but negatively
significantly correlated with trigonelline, sucrose, fat and dry matter contents. Caffeine and
chlorogenic acid concentrations increased with age whereas trigonelline declined as trees
aged. Chlorogenic acid and trigonelline concentrations were at their lowest levels in
elevations of between 1000- 1200 metres above sea level and like fat and dry matter
concentrations, the compounds were at their highest levels in higher elevations of about
1500 metres above sea level. Local landraces, ‘’nganda’’ and ‘’erecta’’ had higher
concentrations of chlorogenic acid, sucrose and caffeine than improved, hybrid and
commercial types. Four distinct diversity groups derived from the six biochemical
compounds represented the major organoleptic categories.
Keywords: Biochemical Variability, Cup Quality, Green bean, Robusta coffee
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5. 2 Introduction
Biochemical compounds that determine the coffee quality cup arise from precursors in green
beans (Thomas, 1935; Davrieux et al., 2003). Flavour and aroma of roasted coffee result from
the interactions of many different biochemical compounds such as sucrose, trigonelline,
chlorogenic acids, caffeine and fat. Increased concentrations of chlorogenic acids and caffeine
contents increase bitterness. High sucrose and high trigonelline contents are associated with
better aroma. Fat content helps fix flavour compounds formed during roasting (Davrieux et al.,
2003; Charrier and Berthaud, 1985). The presence of these compounds helps to discriminate
between the different coffee types making them key factors in the determination of
organoleptic cup quality. Attributing any of the over 800 aromatic compounds present in
roasted coffee to any flavour is not practical (Wintgens, 2004). Instead indirect predictors
such as sugars, lipids, proteins, chlorogenic acids, and methylxanthines analyzed through the
traditional wet chemistry method or through indirect methods such as NIRS (Bertrand et al.,
2005) have been recommended. Beverage quality for Robusta coffee could be selected using
spectral data derived from biochemical compounds analyzed during the crop growth period
instead of liquor quality which is normally determined at the end of the cycle by wet
traditional methods (Charrier and Berthaud, 1988; Leroy et al., 2006).
Several analytical methods in coffee biochemistry research have been used to determine the
composition of substances, track chemical changes and concentrations in both volatile and
stable samples. One of the methods use the High Performance Liquid Chromatography
(HPLC) technique whose high sensitivity and resolution power make it suitable for routine
chemical analysis, verification and for calibrating analytical instruments such as NIRS
(Davrieux et al., 2005; Huck et al., 2005). However, HPLC is costly and is based on the
absorption of electromagnetic radiation at wavelengths in the range of 800–2500 nm. NIR
uses the higher energy near infra red range of 14000-4000ocm-1 (2.5-0.8om or 800 to 2500
nm) whose location is beyond the visible wavelength range and has greater penetration depth
into the sample. The NIRS measurement is the ability by organic molecules made up of atoms
such as carbon, oxygen, hydrogen, and nitrogen (C-H; O-H and N-H) linked to each other by
covalent chemical bonds, to absorb light when the frequency of the radiation hitting the bond
is equal to the vibration frequency of that bond (Brouwer, 2003; Davrieux et al., 2005) The
quantity of light energy (photons) absorbed follows Beer- Lambert’s Law, which is ; A=Cl
[(absorbance A=log (1/R) or A = log (1/T) where R; radiation reflected and T; radiation
transmitted]. The reflected and transmitted radiation gives an absorbance measurement
proportional to concentration of molecules. The NIR analysis of food and agricultural samples
is based on calibration against a reference method using a set of samples which represent the
variability in the population (Brouwer, 2003) .
In this work, NIRS was used because it is a fast and non-destructive method that does not
require adjusting the equipment when determining the concentrations of dry matter, fat,
caffeine, chlorogenic acid, trigoneline and sucrose in the coffee bean. NIRS can be used to
monitor quality, determine blend levels, predict and quantify biochemical composition and
physical properties in many complex products (Downey et al., 1994; 1997; Bertrand et al.,
2005b). In coffee, NIRS has been used successfully to predict and quantify the biochemical
content of green beans as well as identify and authenticate products according to fingerprint
(Downey et al., 1994; Davrieux et al., 2005; Bertrand et al., 2005; Huck et al., 2005; Dussert
et al., 2003). Values obtained from NIRS analyses have been deemed to be comparable to
those from HPLC or from Gas Chromatography (GC) analyses .
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Eighty per-cent of Uganda’s coffee is Robusta which is considered by world markets to be
inferior in cup quality to Arabica coffee due to its flavor. Coffee quality is normally a
combined factor of seed, liquor and the final roasted product (Charrier and Berthaud, 1985).
The overall, small bean size, lack of good flavor and pronounced bitterness are some of the
undesirable traits in Robusta coffee that have lowered its prices compared to C. arabica
(Wrigley, 1988; Prakash et al., 2005).
Despite this, Robusta coffee has some other well rated attributes in international markets such
as a mild neutral brew that is comparable with the Arabica coffees (Charrier and
Berthaud,1985; UCTF, 2008; 2009). Recently, coffee quality genes have been mapped and it
is speculated that the high nucleotide diversity within protein nucleotide domain of 3'untranslated region (3’UTR) for three genes that encode enzyme metabolic pathway for
Kaurene Oxydase, Kaurene Synthase and CPS Ent-copalyl diphosphate synthase found in
Ugandan Robusta landraces, may be the contributing factor to the biochemical diversity
(Durand et al., 2006).
The aim of this study was to characterize the biochemical compounds variation that
determine cup quality in the main Robusta Ugandan local land-races, namely ‘erecta’ and
‘nganda’ and in a few improved research cultivars. Characterizing green bean biochemical
compounds through a standard calibration method provides a means of not only predicting
Ugandan Robusta coffee biochemical compound variability but also a foundation for
building a coffee quality data base.
5. 3 Materials and Methods
5.3.1 Comparing the precision of with HPLC and NIRS methods in estimating
biochemical diversity
Sixteen genotypes from a collection of 135 on-farm accessions were analyzed for their
caffeine concentrations obtained through NIRS and HPLC methods as shown in Figure 1.
5.3.2 Sample prepartion and NIRS analysis
Four hundred and fifty four genotypes consisting of 369 from 21 Robusta growing districts,
fifty nine from Kawanda Research Station, 10 from Entebbe Botanical gardens and 16 from
Kituza were collected for NIRS analysis at NACCRI in stratified manner to minimize
duplication, contamination and selfing. In each district, genotypes were sampled within a
distance of 5 kilometers between lots of four farmers from trees aged ten years and above and
farm records were used to verify age and cultivar type. Samples were dried to maintain, a
moisture content of between 8.0 -12% in a silica dehydration chamber. About 20 grams of
each green bean sample was chilled to freeze the fat in -20oC freezer for a day. Chilled green
beans together with the motorized hand grinder were rapidly frozen with liquid nitrogen (197oC) before grinding. The sample was ground thrice and sieved with a 1mm sieve mesh.
The grinder, sieve and the work place were cleaned and sterilized using alcohol of over 95%
concentration. About 3.0 grams of homogenized powder was sampled randomly and packed
in thoroughly cleaned and alcohol sterilized crystal cells with special lenses. Spectrometer
Nirsystem 6500 Foss- (Danemark) machine and Software ISI NIRS 2 version 4.11 (Infra Soft
International, Port Matilda, USA) were used to analyze samples in diffuse reflectance from
400 nm to 2500 nm (2 nm steps) (Davrieux et al., 2003). Predictive models were used to
quantify dry matter, caffeine, chlorogenic acids (CGA), trigonelline, sucrose and fat contents
in green beans.
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A second derivative was used to calculate biochemical compounds with exclusion of water
content because prior analysis of water composition in the homogenous ground green coffee
showed effects coming from water were reflected in the differences in dry matter. The
absorbance spectra for 135 genotypes is shown in Figure 14.
5.3.3 Data analysis
The statistical package, XLSTAT version 2011.2.05 (Addinsoft, Paris, France) was used to
determine biochemical compound variations as shown in Table 16. Spearman correlation
coefficients were calculated to quantify the strength of paired biochemical compound
relationship on an ordinal scale at 5% significance level (Table 17). The Principal Component
Analysis (PCA) was used to aggregate bean biochemical compound contents into high
internal homogeneity and high external heterogeneity. The factorial step discriminant analysis
was used to spatially distribute multivariate groups on the principal component as shown in
Figure 18 and calculated the Mahalanobis and Fisher inter-group distances at 95% probability
(Table 19). The PCA relationship of tree age, altitude and green bean biochemical compounds
was compared with groups derived from factorial step discriminant analysis to determine
where the biochemical compounds were placed as shown in Figure 19 (a, b). The confusion
matrix was used to estimate the efficiency of placing genotypes into correct groups in
percentages as shown in Table 20. The variance contributed by each of the biochemical
compounds to group formation and mean group abundance was estimated using Bray-Curtis
distance measure as reflected in Table 21.
5. 4 Results
Differences in amounts of caffeine derived from NIRS and HPLC techniques for 16
genotypes were plotted with a bar graph as shown in Figure 13. The caffeine content from the
two techniques was very close and insignificantly different.
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Figure 13. Comparison of caffeine values derived from HPLC and NIRS techniques
Robusta ground green coffee absorbance spectra is as shown in Figure 14. The spectra peaks
for genotypes varied in wavelength and amplitude.
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Figure 14. Uganda ground green coffees absorbance spectra for 135 genotypes

Table 13 shows a comparison of Ugandan Robusta coffee green bean biochemical compounds
data with that reported by other authors. On average, the Ugandan Robusta coffee had more
or less similar caffeine conntent as that reported by Wintgens (2004) but less caffeine content
than that in West-African Robusta reported by (Ky et al., (2001). Chlorogenic acid content
was much higher than that reported by the the two authors and also higher than that of
Arabica coffee. Whereas, trigonelline and sucrose content values of Ugandan Robusta coffee
were close to that of Robusta coffee in West Africa, the fat content in Ugandan Robusta
coffee was much higher.
Table 16. Comparison of Ugandan Robusta coffee green bean biochemical compound
variability with samples reported by other authors
Source
Uganda
Robusta
W. Africa
Ky et al., (2001)
Wintgens,
(2004)-, Uganda

Range of biochemical values (% dry matter)
Caffeine
CGA %
Trigonelline
Sucrose
% dm
dm
% dm
% dm
10.88Robusta
0.66-1.03
2.48-7.34
1.41-3.29 15.64
(13.26)
(0.845)
(4.91)
(2.33)
1.0–5.0
0.75–1.24
4.05–7.05
Robusta (3.0)
**
(0.995)
(5.55)
1.50-2.8
5.34-6.41 0.60-1.70
5.0-7.0
Robusta (2.2)
(5.875)
(1.15)
(6.0)
0.70-2.2
4.80-6.14 1.0-1.20
6.0-8.0
Arabica ( 1.4)
(5.47)
(1.1)
(7.0)
Species

Fat % dm
10.44-15.94
(13.19)
**
7.0-11.0
(9.0)
13-17
(15.0)

Key to Table 16: **=values not provided by authors
The correlations between the various compounds are shown in Table 17 for 452 samples.
Caffeine content was significantly positively correlated with chlorogenic acid content but
significantly negatively related with trigonelline, sucrose and fat contents. Chlorogenic acid
was insignificantly negatively correlated with trigonelline but significantly positively
correlated with sucrose and fat contents.

59




Table 17. Correlation coefficients of C. canephora green bean biochemical compounds.
Variables
Caffeine
CGA
Trigonelline
Sucrose
Fat

Caffeine
(% dm)
1
0.51***
-0.43***
-0.12**
-0.17***

CGA
(% dm)

Trigonelline Sucrose Fat
(% dm)
(% dm) (% dm)

1
-0.06
1
0.21*** 0.21***
0.38*** 0.37***

1
0.22*** 1

Table 17 legend : **, *** significant at 0.05, 0.0005 levels of probability; CGA=chlorogenic
acid

Figures 15 (a and b) , shows the variation of biochemical compounds with age. Caffeine
increased in the first ew years decreased with age but after 11-20 years range, the
concentration increased till up to between 41-50 years range and then declined (Figure 15 a).
On the other hand, trigonelline content, declined which age up to 51-60 years range and
thereafter there was a slight increase. Chlorogenic acid concentrations first declined with age
and the then increased and peaked at 61-70 age range.( Figure 15 b).
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(a)

(b)

Figure 15 (a, b, c). Robusta coffee mean green bean caffeine, chlorogenic acid and
trigonelline contents among tree age ranges
In Figures 16 (a and b), the green bean biochemical concentrations were compared along the
various altitude ranges. At altitudes of between 1000-1100 metres above seas level, ( m a s l)
chlorogenic content at first decreased from 12.99% dm to 12.65% dm at a higher altitude of
between 1100-1200 m a s l and peaked at about 1500 m a s l (Table 16 a). Likewise,
trigonelline concentration declined sharply at 1100-1200 m a s l elevation but thereafter
increased progressively up to 1500 m a s l (Table 16 a). Similarly dry matter content firstly
showed a decrease at an elevation of between 1100- 1200 m a s l and thereafter peaked
elevation range of between 1200-100 m a s l (Figure 16 b). Fat content also showed a sharp
decline at altitude of between 1000-1300 m a s l and thereafter peaked at elevations of
around 1500 m a s l.

(a)

b
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Figure 16 ( a and b). Robusta coffee mean green bean dry matter, trigonelline, chlorogenic
acid and fat concentrations at different altitude ranges (metres above sea
level).
Figures 17 (a, b and c) show the distribution of the biochemical compounds in the four
predominant Robusta cultivars grown in Uganda. Hybrid coffee types had significantly more
dry matter (Figure 17 a) than other cultivars and commercial and hybrid types had
significantly reduced caffeine, chlorogenic acid and sucrose content (Figures 17 a, b). The
“nganda” types had the most sucrose while the hybrids had the lowest content (Figure 17 b).
“Erecta” types had the highest chlorogenic acid and caffeine content whereas the hybrids had
the lowest quantities (Figure 17 c).

Figure 17 (a, b, c). Robusta coffee mean green bean (a) dry matter, (b) caffeine and sucrose
(c) chlorogenic acid.
There were 162 genotypes with high amounts of caffeine and trigonelline compounds spread
over 24 locations as shown by Table 18. Phenotypes with high chlorogenic acid and fat
content were spread in all the 24 sites while beans with more dry matter and sucrose were
wide spread in 23 locations. Beans rich in caffeine had high trigonelline content while those
with high chlorogenic acid had the most fat content and the densest beans had more sucrose
concentration (Table 18).
Table 18. Aggregation of 452 genotypes based on highest green bean biochemical compound
variance from the principal component analysis
F
F1
F2
F3

Eigen
value
3.53
0.98
0.78

Var
(%)
50.43
14.02
11.16

Cum
%
50.43
64.45
75.61

Variables
caf, trig
CGA, fat
dm, suc

Site
24
24
23

Min
1
1
1

Max
12
18
9

Mean
6.75
5.63
3.57

SDEV
2.69
3.80
2.17

Total
162
135
82

Table 18 legend; F=factor; F1=factor 1; Var%=variability percentage;Cum%=cumulative
perentage;caf=caffeine; trigo=trigonelline; CGA=chlorogenic acid; dm=dry matter;
suc=sucrose
Six green bean biochemical compounds from 452 Robusta coffee genotypes were plotted
using the PCA with a variability of 30.07% in axis 1 and 28.44% in axis 2 as shown in Figure
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18. Four diverse groups were formed, each in a quadrant. One category had more caffeine
while another had more chlorogenic acid. Another group had more fat, sucrose and
trigonelline. Another group of accessions had low chlorogenic and low fat content. The
biochemical compound variability in the PCA plot was dominated by genotypes from
Bundibudyo, Bushenyi and Bugiri that are all geographically distantly located to each other.
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Figure 18. Principal component analysis of biochemical compound contents for 454 Robusta
coffee genotypes
Key to Fig 18;. BG=Bugiri; BS=Bushenyi; BU=Bundibudyo farming districts
The factorial step discriminant analyses of green bean biochemical compounds was used to
calculate Mahalanobis (H) and Fisher inter-group distances at 95% probability as shown in
Table 19. Mahalanobis distances between classes were all higher than 3 while all probability
values for Fisher distances were highly significant (<0.0001) implying there were major
variations in group biochemical compound concentrations. The respective Mahalanobis and
Fisher distances of 14.22; 199.53 and 5.17; 72.51 between population 2 and 3 as well as
between population 1 and 3 revealed that the former groups were the most unrelated while the
latter were closely related.

Table 19. Estimated Mahalanobis and Fisher distances among Robusta coffee green bean
biochemical compound groups as per factorial step discriminant analysis.
Mahalanobis distances
Fisher distances
p-values for Fisher distances
Gp 1
2
3
4 1
2
3
4 1
2
3
4
1
0
0
1
2
7.11 0
99.78 0
<0.0001 1
3
5.17 14.22 0
72.51 199.53 0
<0.0001 <0.0001 1
4
11.19 7.80
7.90 0 157.1 109.39 110.90 0 <0.0001 <0.0001 <0.0001 1
The PCA plot of green bean biochemical compounds was compared with the factorial step
discriminant analysis groups to determine the major group biochemical constitution in
relation to elevation and age of the tree as shown in Figures 19 (a, b). Group one consisted of
beans from young trees that had more dry matter, less caffeine and less chlorogenic acid.
Group two were genotypes from low elevation that were deficient in sucrose, trigonelline and
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fat. Group three comprised genotypes mainly from higher elevation with more sucrose,
trigonelline and fat. Group four were genotypes from mainly older trees that had more
caffeine and chlorogenic acid.
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Figs. 19 (a, b). Relationships between bean biochemical compounds with altitude and age (b)
Bean biochemical compound groups derived from factorial step discriminant analysis. X and
Y axes represent plot variance
Table 20. Percentage group placement and pair wise distance comparison for Robusta coffee
green bean biochemical compounds using a confusion matrix
Confusion matrix
from \ to
1
2
3
4
Total
% correct
1
120
2
6
0
128
93.75
2
3
95
0
3
101
94.06
3
5
0
113
2
120
94.17
4
1
5
1
96
103
93.20
Total
129
102
120
101
452
93.80

The variance contributed by each attribute to group formation and the mean averages are
shown in Table 20. Most variance in the group formation was mainly contributed by dry
matter (0.40) sucrose (0.39) and fat (0.38) contents and the least by trigonelline (0.03). Group
1 had more chlorogenic acid and caffeine but had the lowest dry matter content and moderate
sucrose, fat and trigonelline contents. Group 2 had the lowest values for dry matter, sucrose,
fat, chlorogenic acid and trigonelline but had moderate caffeine. Group 3 was described as
having the most sucrose, fat, trigonelline but had moderate amounts of dry matter,
chlorogenic acid and caffeine. Group 4 was explained as having high amounts of dry matter
but had low values of fat, chlorogenic acid, caffeine and moderate amounts of sucrose and
trigonellin
64




Table 21 . Pooled Robusta coffee green bean biochemical compound variance contribution
and mean group content values derived from Bray-Curtis distance measure
Biochemical
compounds
Dry matter
Sucrose
Fat
Chlorogenic acid
Caffeine
Trigonelline

Variance
Contribution
0.40
0.39
0.38
0.36
0.16
0.03

Mean group abundance (% dm)
1
2
3
4
87.7
87.8
88.4
89.2
5.02
4.33
5.85
5.49
13.9
13.3
14.5
13.3
13.5
12.4
13.2
12.4
2.53
2.3
2.23
2.23
0.78
0.77
0.83
0.79

5. 5 Discussion
Estimation of caffeine content using Near Infra Red spectroscopy (NIRS) and High
Performance Liquid Chromatography (HPLC) gave similar results that were insignificantly
different (Figure 13) implying that bean caffeine concentrations can be derived from either
HPLC or NIRS analyses in equal measure. Some authors such as Huck et al., (2005);
Davrieux et al., (2003); Bertrand et al., (2005) claim that NIRS techniques is more sensitive
than HPLC because it has a lower detection limit and that NIRS analyzes many samples in a
shorter time.
Table 16 shows that Ugandan cultivated Robusta coffee beans had higher caffeine,
chlorogenic acid and fat contents than Robusta coffee from West-Africa as reported by
Wintgens, (2004.) As expected the caffeine content was higher in Robusta coffees than in the
Arabicas. Trigonelline and sucrose contents values from West Africa were almost similar to
those in Ugandan Robusta coffees. The high fat content found in the Ugandan Robusta coffee
would be a desirable attribute in fixing flavour in roasted beans (Davrieux et al., 2003;
Charrier and Berthaud, 1985). Also of interest in Robusta coffee quality is the amount of
chlorogenic acid and caffeine alkaloids since they are the main components that contribute to
the bitterness and astringency (Ky et al., 2001). Correlations among biochemical compounds
indicated that caffeine content was positively and significantly correlated with chlorogenic
acid content but was negatively correlated with trigonelline, sucrose, fat and dry matter
contents. The negative significant correlation between fat content and caffeine concentrations
means that selecting genotypes that have a higher fat concentration would yield genotypes
with less caffeine and because fat was also significantly positively correlated with chlorogenic
acid, sucrose and trigonelline, increased concentrations of these compounds would lead to
reduced high flavour and bitterness. Coffee brew with pronounced bitterness is among
undesirable traits that make Robusta coffee less competitive than Arabica (Wrigley, 1988;
Prakash et al., 2005).
Caffeine and chlorogenic acid concentrations appear to be reduced during first 10-20 years of
the Robusta tree life but thereafter their contents increase progressively until the trees are
about 50-60 years old (Figure 15 a). Increase in the biosynthesis of caffeine at old age is
likely to occur in response to physiological stress or as a defense mechanism against pests and
diseases (Uefuji et al., 2003). The graphical association between chlorogenic acid and
caffeine in Figure 15 a, is supported by the strong positive association (r=0.51, Table 2)
which would be expected since chlorogenic acid is ultimately converted into caffeine (Campa
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et al., 2005). However, as reported by Campa et al., (2005) not all the chlorogenic acid is
converted to caffeine chlorogenate complex in the seed. The concentrations of trigonelline, on
the other hand declined with tree age reaching the lowest levels during the ages of 50-60
years as shown in Figure 16b. This lends credence to the finding that Robusta coffee has low
levels of trigonelline during its life time compared to Arabica coffee (Bertrand et al., 2006).
The negative significant association between trigonelline and caffeine (r=-0.43, Table 17)
confirms the inverse relationship observed in Figures 15 (a b) between trigonelline and
caffeine. Altitude appeared to affect the concentrations of chlorogenic acid, trigonelline and
fat in an almost similar manner whereby their amounts declined sharply at elevations of about
1000 m a s l but increased thereafter peaking at elevations of 1500 m a s l. It appears that
green beans harvested after 10 years would be expected to have higher caffeine and
chlorogenic acid contents while those that are harvested at elevations of about 1200 m a s l,
would be expected to have higher amounts of chlorogenic acid, trigonelline and fat. Only
trees that are almost 10 years old and those that are planted at 1000 m a s l, would have the
lowest amounts of all the four biochemical compounds. In Arabica coffee, chlorogenic acid
and fat concentration but not caffeine content has been shown to increase with altitude
(Bertrand et al., 2006). Ugandan Robusta coffee is cultivated mainly between the altitude
range of 1000 to 1500 m above sea level (Wrigley, 1988), a height which is relatively high
compared to cultivation in elevations of between 500-1000 m a s l in India. Altitude is likely
the reason why dry matter, caffeine, chlorogenic acid and fat compounds were significantly
high in the Ugandan Robusta.
In comparing cultivars, hybrid cultivars had the highest dry matter content, but the lowest
caffeine, sucrose and chlorogenic acid contents (Figures 16 a, b, c), the later being the
attributes that may contribute to bitterness with reduced aroma and flavor. The popular
‘’nganda’’ and ‘’erecta’’ types had the lowest dry matter contents but the highest amounts of
caffeine, sucrose and chlorogenic acid (Figures 16 a , b, c). Selection in hybrid types for
vigour, heterosis and less bitterness was likely responsible for the higher dry matter content
and lower chlorogenic acid contents respectively compared to the amounts observed in the
local races and as suggested by Bertrand et al., (2005 ; 2006).
Aggregating the 452 genotypes from the principal component analysis on the green bean
biochemical compound variance basis, showed that all the major biochemical compounds
were were evenly wide spread out in all locations and not restricted to any particular agroecological zone (Table 18).
The four multivariate green bean biochemical compound groups (Figures 18 ; 19a, b) formed
implied that a wide range of biochemical compounds do exist among cultivated Ugandan C.
canephora. Mahalanobis and Fisher significant distances between groups shown in Table 19
and the confusion matrix mean correct genotype group placement of 94% in Table 20,
confirmed that the green bean biochemical compound diversity groups present in the germplasm were definitely four in number. Even without including wild Robusta coffee forms that
are commonly found growing in agro-ecological zones close to natural forests, there appears
to be a wide range of biochemical compound variability among cultivated landraces in Uganda
(Dussert et al., 2003). This variability is enhanced by natural hybridization between ‘erecta’ and
‘nganda’ types (Musoli et al., 2009).
From the results of the multivariate analysis, genotypes that comprised mainly of old trees
had significantly more caffeine and chlorogenic acid but reduced, fat, trigonelline and sucrose
values (Table 17; Figures 19a, b) indicating they were likely to produce reduced aroma and
flavor with a bitter brew. The implication of grouping biochemical compound diversity
(Tables 20 and 21; Figures 18 ;19a , b) would be an indicator of the kind of cup quality
preferences that may be provided for in the various markets. For instance in Figures 19(a, b)
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and Table 20, group one coffee beans from younger trees with, less caffeine, chlorogenic acid,
fat but with moderate sucrose and trigonelline may offer an aromatic and flavoury cup which
is less bitter. A market niche that requires coffee grown in low altitude with limited sucrose,
trigonelline, fat chlorogenic acid amounts but has moderate caffeine contents as given by
group 2 beans in Figure 19 b, would produce coffee with reduced aroma, flavor and
bitterness whereas genotypes represented by diversity group 3 that had the highest
concentration of fat, sucrose, and trigonelline contents but moderate, chlorogenic acid and
caffeine (Table 20; Figures 18 and 19 a b) would potentially offer aromatic, flavoured brew
with reduced cup bitterness. Biochemical diversity group 4 with more chlorogenic acid and
caffeine but less sucrose, fat and trigonelline would most likely produce bitter coffee liqour
with reduced flavour.
High concentrations of sucrose, chlorogenic acid and trigonelline concentrations have been
associated with the more sunlight effects found in equatorial regions (Muschler et al., 2001;
Vaast et al., 2006). However, there are other factors that could have contributed to the high
chlorogenic acid content. In Uganda, most Robusta coffee is grown at an altitude of between
1000 to 1500 metres above sea level (m a s l) (Wrigley, 1988) and only in the Rift valley it is
grown in altitudes of about 1000 m a s l or less. It is has been observed by many workers
(Vaast et al., 2006) that coffee plants from areas nearer the Equator and tropics require higher
altitudes compared to those near the Tropics of Cancer or Capricorn. At higher altitudes, the
higher leaf to fruit ratio reported by De Castro and Marraccini, (2006) and Vaast et al., (2006)
might have been responsible for the increase in carbohydrate supply to berries and
subsequently to fat biosynthesis. The slow berry flesh ripening period experienced at lower
temperatures in higher elevations, may also have allowed for a longer and better bean filling
(Vaast et al., 2006). Therefore lower fruit load at higher elevations might have been the cause
of improved bean biochemical composition and organoleptic cup quality (Cannell,1985 ;
Bertrand et al., 2004; Vaast et al., 2006).

5. 6 Conclusion
Ugandan Robusta coffee has a wide spectrum of green bean biochemical compounds suited
for the diverse consumer market niches and could also be of use in future cultivar
improvement programs. Ugandan Robusta coffee has more fat, sucrose and chlorogenic acid
that provide the preferred high fragrance, aroma and flavor. The Near Infra Red Spectroscopy
technique is a reliable and cost effective method for assessing and characterizing green bean
biochemical compunds in Coffea canephora .
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CHAPTER SIX
ORGANOLEPTIC CUP ATTRIBUTES OF ROBUSTA COFFEE
6.1 Abstract
Coffea canephora organoleptic cup attributes are the most important factors that define its
price in world markets. Determining the components that contribute to the diversity of
organoleptic characters will help in the improvement of these qualities in order to obtain
favourable markets. Two hundred and four genotypes from twenty one districts and two
research institutes were analyzed by a three member expert panel from Uganda Coffee
Development Authority using a 10 point descriptive scale and protocols from, The Coffee
Quality Institute of America (CQIA). The results revealed that the evaluators’ organoleptic
cup trait ratings were significantly different (p< 0.05) for all attributes, reflecting a diversity
of cup interests. Four multivariate groups that were significantly different for fragrance,
aroma and flavor were formed offering diverse cup tests to different markets. A variety of fine
and commercial flavors were detected in ripe cherry and green roasted beans. Cup balance
contributed the highest regression coefficient (R2=0.90) to overall assessment while
fragrance/aroma had the least (R2=0.22). The above average rating of 75% for cup balance,
flavor, mouth feel, aftertaste, fragrance and aroma revealed that Ugandan Robusta coffees
were of high quality with a mild taste. The higher cup acidity among land races,‘’nganda’ and
‘’erecta’’ genotypes revealed that genotypes with high sugars and cup acidity could be
selected for from local germ-plasm. Coffee types and environmental factors such as soil
texture, altitude and location influenced the content and level of organoleptic cup attributes.
Keywords, Acidity, Aroma , Bitterness, Cup balance , Cup profiles.

6.2 Introduction
Coffee being the most traded agricultural crop in the world has several quality classification
systems aimed at facilitating the market and value addition (Leroy et al., 2006a). Coffee
quality may be defined by widely varying characteristics such as physical appearance,
moisture content and organoleptic measurements. Organoleptic qualities are the most difficult
to define because they are based on consumer perception of subjective and sensory factors of
fragrance, aroma, taste and flavors. Two types of analyses have been used to describe sensory
evaluation; the hedonic organoleptic cup evaluation which is done by 60 assessors
representing a population sample where the preference is sought (Leroy et al., 2006a) and the
‘ descriptive analysis’ where trained assessors use a triangular test. In ‘descriptive
organoleptic cup analysis’, trained assessors sample three types of coffee, whereby two cups
belong to the same coffee type and they have to discriminate the unique coffee type using
standard descriptors and define a cup profile (Leroy et al., 2006a). The market value of C.
canephora has persistently remained lower than that of C. Arabica, because the Arabica
coffees are regarded as having more acidity and less caffeine than the neutral Robusta coffees.
Neither, the traditional dry and occasional wet processing methods nor the blending with other
coffees, has improved the Robusta coffee quality (UCTF, 2008; 2009). It is most likely that the
diploidy nature of C. canephora (2n=2x=22) compared to the tetraploidy level of C. arabica
(2n=4x=44) is responsible for the weak, neutral and pronounced bitterness in Robusta coffee
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(Bertrand et al., 2003). Beverage quality, which is under the influence of the level of biochemical
compounds, is the factor that determines the price of coffee in the export markets. Higher levels
of chlorogenic acid and caffeine found in Robusta than in the Arabica coffee are reported to
impart unfavourable effects on the beverage quality whereas the lower trigonelline and sucrose
levels might be responsible for the neutral taste in the Robusta coffee (Clifford, 1985; Ky et al.,
2001a,b).
Robusta grows naturally in Uganda and constitutes 80% of the total area under coffee. Most
of the Robusta genotypes are the local landrace cultivars, namely the ‘erecta’ and ‘nganda’
with improved varieties being grown on a limited scale. These coffee types offer a wide
genetic diversity for an array of many agronomic characteristics, including biochemical
compounds (Aluka et al., 2006). Nevertheless, cup profiles and organoleptic factors that are
critical to market prices have so far not been described (UCTF 2008; 2009).
For many years in Uganda, the organoleptic qualities of Robusta coffee were assessed
through the protocols developed for Arabica coffee. These protocols have been misleading
since the biochemical levels in the two species are different. The development of an
independent sensory assessment for Robusta using a standardized protocol might help to unveil
cup traits that are specific to Robusta. A preliminary organoleptic analyses was conducted by
Aluka et al,. (2006) on 40 accessions of Robusta coffee. Earlier, Moschetto et al., (1996) had
established that there were significant differences in aroma, acidity, body and bitterness,
between the Guinean and Congolese Robusta coffee groups. There have been efforts in the past
to improve the genetic factors that influence cup quality in Robusta coffee. Needless to say, the
genotypic constitution of the biochemical compounds that determine quality are greatly
influenced by environmental factors such as altitude, rainfall and temperature (Cannell, 1985;
Clifford et al., 1985; Decazy et al., 2003). Montagnon et al., (1998) reported that biochemical
compounds and organoleptic cup traits could be improved without affecting yield. Positively
significant correlation coefficients between preference and factors such as acidity and aroma
have been reported in hybrids and commercial clones (Moschetto et al., 1996). In other
efforts, C. canephora quality improvement has been attempted through interspecific crosses
with C. congensis and C. liberica , the latter two species having larger bean size and a better
organoleptic quality (Moschetto et al., 1996 ; Yapo et al., 2003). In Uganda, introduction of
Arabusta hybrids between C. arabica and C. canephora with improved cup qualities have not
been adopted because of farmers continued preference for C. canephora agronomic traits (Ky
et al. 1999). Recently, the opportunity to introgress farmer and consumer preferences from
Arabica coffees into Robusta, appears greater than before, since genetic maps for coffee
quality have been developed and even Quantitative trait loci (QTL) for biochemical
compounds such as trigollenine and chlorogenic acid have been mapped (Leroy et al.,
2011;Campa et al., 2003).
But because, up to now, there has been no considerable research in Uganda to improve
Robusta organoleptic quality, this work set to analyze the structure of organoleptic cup
variability and to develop cup profiles that would be useful in demarcating potential market
niches.
6.3 Materials and Methods
6.3.1 Samples and Green bean preparation prior to cupping
A representative sample size of 206 Robusta coffee genotypes was selected from an initial
germ-plasm based on the Mahalanobis distances of major bean biochemical compounds that
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influence cup quality derived from Near Infra Red Spectroscopy (NIRS) fingerprint (Aluka et
al., 2006). The 206 selected samples comprised of on-farm collections from 21 districts and
also from Kawanda and Kituza Robusta germ-plasm collections. Three other samples with
proven cup test characteristics from Uganda Coffee Development Authority (UCDA) were
included as controls. 300 grams of green beans were measured out and randomly selected for
evaluation.
A trained Robusta roaster from Uganda Coffee Development Authority (UCDA) roasted 10
clean green bean samples a day comprising of 55-120 grams each, at temperatures that
exceeded 200oC. The roasted coffee was left to cool until room temperature and stored
overnight in a cool dry place free from other odours and air flow to minimize contamination.
The silver skin was removed by rubbing softly and by use of a motorized blowing machine.
Three separate measurements of 14.0 grams each from the roasted sample were ground to
medium size using a motorized grinding machine and the powder was kept in three different
cupping glasses (“rocks” glass with thick walls) and covered with a paper lid. The grinding
machine was constantly cleaned with a ground powder of the same sample in advance. The
three glasses with coffee powder were arranged in a triangular manner (1, 2 per row) for
evaluation. Roasted and green coffee of each sample were placed beside a triangle tip and
covered until after the cupping session was over to provide additional comments about the
cup based on bean appearance.
6.3.2 Data collection
Data collection was scored by three professional Robusta coffee organoleptic cup testers from
Uganda Coffee Development Authority (UCDA). The cupping exercise used protocols
developed by ICO (1991), The Coffee Quality Institute of America (CQIA) and Specialty
Coffee Association of America (SCAA). Biochemical flavours that influence Robusta cup
quality were subjectively detected, quantified and described using the cupping vocabulary.
Ground coffee fragrance was rated on a numeric scale of 1-10 (1=least perceived and
10=strongly perceived) based on the cupper’s previous experience. To avoid staling and
oxidation, a ratio of 8.25 ± 0.25 grams of roasted ground powder per 150 ml of boiled water
was infused (brewed) within 15 minutes of grinding using boiled mineral water (94°C) from
Rwenzori Beverage Company Limited, Uganda, an International Standards Organization
(ISO) 9001-2000 certified Company. The water mineral composition in parts per million
(ppm) comprised of Sodium (9.2), Potassium (2.5), Fluoride (0.6), Chloride (4.0), Copper
(0.005), Magnesium (3.7), Iron (0.04) and Calcium (10.5) with a pH of 6.9. Organoleptic cup
attributes scored included aroma, flavour, aftertaste, salt/acid, bitter sweet, mouth feel,
aftertaste and balance. Defective unpleasant smell sensations were also recorded. Cupping
spoons and cuppers mouths were rinsed with boiled water between each coffee taste test.
Coffee aroma that pre-evaluates flavor and coffee brightness was perceived by sniffing
brewed coffee volatile compounds nasally, holding brewed coffee in the mouth and then
swallowing (http://www.coffeeresearch.org/science/aromamain.htm). After 5 minutes of
coffee brewing and sufficient cooling, brew flavour and aftertaste was assessed by passing the
liqour in the mouth . Mouth-feel or liquor body determined by fiber and fat content in the
brew was assessed by comparing the viscosity (weight) and slipperiness (texture) of coffee
liquor with that of pure water. The cup brew was perceived as either sweet or bitter and
remarks were scored. A brew with equal intensities of flavour, aftertaste, mouth feel and
bitter/sweet was quantified as a balanced cup. Aftertaste was the lingering remnant sensation
experienced at the back of the throat after swallowing and often changed over time. All flavor
attributes in the coffee brew were put together in a single personal judgment of one score
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guided by past experience. Total scores were obtained by summing scores for the different
primary attributes. Each cup attribute was evaluated three times as the liquor brew cooled.
The scores ranged from 1-100%. Cupping was kept to a maximum of 10 samples per session
to minimize accumulation of caffeine in the mouth that adversely alters cupping ability. After
the cupping session, coffee samples were uncovered and additional comments were scored
based on appearance.
6.3.3 Data analysis
Analysis of Variance (ANOVA) using XLSTAT version 2011.2.05 statistical program was
used to compare to organoleptic cup attributes. Means were separated with Tukey Honestly
Significant Difference (HSD) at 95% confidence. Shapiro-Wilk test in XLSTAT version
2011.2.05 statistical program (Addinsoft, Paris, France) was used to establish the nonparametric distribution of the data. Spearman correlation coefficients were used to quantify
the strength between a pair of organoleptic cup attribute relationship measured on ordinal
scale at 5% significance level.
Since the sampled cup bean biochemical compounds were assumed not to be normally
distributed, the t-test was used to identify any significant differences between means.
Bartlett's specificity test in XLSTAT version 2011.2.05 statistical program established the
significant differences among correlated phenotypic parameters before performing Principal
Component Analysis (PCA). The PCA aggregated genotypes into high internal homogeneity
and high external heterogeneity using genetic distances estimated from the Euclidean straight
line method (Mohammadi and Prasanna, 2003) as in Figure 4. Varimax rotation in XLSTAT
version 2011.2.05 statistical program was used to improve the principal component plot
reliability (Mohammadi and Prasanna, 2003).
Four organoleptic cup diversity groups derived from the PCA were clustered using the K
means analysis that categorized genotypes with related cup biochemical compounds beyond
PCA analysis (Mohammadi and Prasanna, 2003). A similarity index calculated the distance of
each organoleptic character from the average and determined whether the accessions were
from the same or different populations. Group means in K clustering were created based on
un-weighted paired group mean algorithms. The factorial step discriminant analysis was used
to distribute the K means spatially. The Mahalanobis and Fisher inter-group distances at 95%
probability were calculated using factorial step discriminant analyses to ascertain how the
populations were related. The confusion matrix was used to estimate the efficiency of
genotype placement among groups. The percentage similarity variance contributed by each of
the organoleptic cup attributes to the K means analysis group formation and mean group
abundance was estimated using Bray-Curtis distance measure.
6.4 Results
There were significant differences among evaluators for all organoleptic cup attributes as
shown in Table 22. Evaluators 1 and 2, rated accessions as significantly different for
fragrance,/aroma (p<0.05) and poor cup balance (p<0.0001) Evaluators 2 and 3 detected
significant in low salt/acidity (p< 0.0001) , in bitterness/sweetness (p< 0.0001) and gave a
total low score.
Evaluator 1 scrored low for flavour, mouth feel, and overall cup taste whereas, Evaluator 2
detected significant differences in aftertaste and cup balance.
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Table 22. ANOVA of Robusta coffee organoleptic cup attributes by three evaluators
v.r
Pv
Evaluators Coefficient Pv
Cup attributes
R2
Fragrance/Aroma
0.03
9.89
***
EV1,EV2
0.13,0.4
**,**
Flavour
0.03
10.66
***
EV1
-0.24
**
Aftertaste
0.05
15.85
***
EV2
0.23
**
Salt/acidity
0.20
76.90
***
EV2,EV3
-0.55,-0.54 ***,***
Bitterness/sweetness 0.19
70.39
***
EV2,EV3
-0.62,-0.59 ***,***
Mouth-feel
0.06
18.38
***
EV1
-0.30
**
Cup balance
0.14
50.73
***
EV1,EV2
-0.26,-0.22 ***,***
Overall
0.05
14.57
***
EV1
-0.25
**
Total score
0.09
31.73
***
EV2,EV3
-0.64,-0.67 **,***
Fstat;F2, 621
Key to Table 22 ; **, *** significant at 0.05, 0.0001 levels of probability
R2=coefficient of multiple determination; v.r=variance ratio; p.v =probability value;
coefficient=model coefficient; EV=evaluator; EV1=Fidel; EV2=Beatrice; EV3=Rita; F Stat;
F2, 621= Fisher statistics, 2 degrees of freedom for factor (evaluators) =F2 and 621 degrees of
freedom for cup attribute variables
The least rated organoleptic cup attribute was salt/acid with a minimum score of 6.0,
maximum value of 7.67 and mean rating of 6.80 (Table 23). The highest was for cup balance
with a minimum score of 6.5 and mean rating of 7.43 was for cup balance. Aftertaste and
fragrance/aroma had the most organoleptic cup variance range of 2.34 and 2.0 respectively
while bitter/sweetness and cup balance with variance ranges of 1.50 and 1.67 were the least
(Table 23) an indication that these two latter attributes were the most difficult to measure. 6170% of all the accessions were of average grade, whereas 71-80% and 81-90% were of high
quality and fine grades respectively (Table 24).
Table 23. Variability of organoleptic cup attributes derived from 201 genotypes
CupFaroma Flavour Aftaste Salt/acid Bsweet Mthfeel Bal Overall
Maximum
8.33
8.33
8.67
7.67
7.83
8.17
8.17
8.33
Mean
7.32
7.42
7.36
6.80
7.09
7.30
7.43
7.41
Vrange
2.0
2.0
2.34
1.67
1.50
1.92
1.67
2.16
S.E
0.03
0.02
0.03
0.02
0.02
0.02
0.02
0.02
Key to Table 23;
S.E-standard error; Faroma, fragrance-Aroma ; Aftaste-aftertaste; Salt/acid-saltiness and
acidity; Bsweet-bitter sweet; Mthfeel-mouth feel; Bal-balance
Only 50% of the accessions were of fair grade. There were no accessions that could be
described as belonging to the fine grade in terms of being high in salt/acidity and
bitterness/sweetness (Table 24) and even in the very good category, only 39 accessions could
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be classified as being high salt/acidity, the majority being in the average category. In terms of
bitterness/sweetness, about half of the genotypes could be categorized as average or very
good grades (Table 24). Most of the accessions belonged to the very high grade and scored
high for fragrance/aroma, flavor, aftertaste, mouth feel, balance and overall cup attributes
(Table 24).
Table 24. Organoleptic cup attribute score rating for 209 coffee genotypes
Accession score rating
Organoleptic
cup
Fair
Average
Very good
Fine
attributes
50-60%
61-70%
71-80%
81-90%
Fragrance/aroma
0
50 (32.7%)
153 (64.9%)
5 (2.4%)
Flavor
0
29 (14%)
173 (83.1%)
6 (2.9%)
Aftertaste
0
43 (20.7%)
155 (74.5%)
10 (4.8%)
Salt/acid
0
169 (81.3%)
39 (18.7%)
0
Bitter /sweet
0
107 (51.4%)
101 (48.6%)
0
Mouth feel
0
48 (23.1%)
156 (75%)
4 (1.9%)
Balance
0
19 (9.1%)
186 (89.5%)
3 (1.4%)
Overall assessment
0
27 (13%)
175 (84.1%)
6 (2.9%)
All organoleptic cup attributes had a significant and positive correlation with overall cup
assessment as indicated in Table 25. Cup balance (r=0.75), mouth feel (r=0.73), Flavor,
(r=0.72) and aftertaste (r=0.62), were all highly positively significantly correlated with the
overall score but aroma (r=0.21) salt/acid (r=0.41) and bitterness/sweetness(r=0.54) though
positively correlated with overall score had lower coefficients. Fragrance/aroma was not
correlated with salt/acid and with bitter/sweetness taste.
Table 25. Relationships among coffee organoleptic cup attributes in 209 genotypes
Salt/acid Bsweet
Mthfeel Balance
Faroma Flavour Aftaste
Faroma
Flavour
0.32**
Aftaste
0.27** 0.75***
Salt/acid
0.10
0.34*** 0.25**
B/sweet
0.13
0.43*** 0.33*** 0.31***
Mthfeel
0.21*
0.60*** 0.54*** 0.31*** 0.37***
Balance 0.24** 0.61*** 0.57*** 0.51*** 0.42*** 0.64***
Overall
0.25** 0.72*** 0.62*** 0.41*** 0.54*** 0.73*** 0.75***

Overall

-

Key to Table 25; *, **, ***; p> 0.05, 0.003, 0.0001 levels; FaromaFragrance/Aroma;Aftaste-Aftertaste;Mthfeel-mouthfell;salt/acid-salt/acidity;B/sweetbitterness/sweetness
As shown in Figure 20, cup balance was regarded the most important organoleptic attribute in
overall cup assessment (R2=0.90). Flavour and mouth feel were rated second in overall cup
assessment. Fragrance/ aroma and salt/acidity were considered the least important attributes in
overall cup test respectively (R2=0.22, 0.42).
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Figure 20. Contribution of organoleptic cup attributes to overall organoleptic cup assessment
using regression coefficients
‘Erecta’ and ‘nganda’ landraces had a more salty/acidic organoleptic cup as compared to the
commercial and hybrid types shown by Figure 21a. The ‘erecta’ types had a more bitter/sweet
cup than hybrids, and it appears that salt/acidity and bitter/sweet were closely associated with
each other in all cultivars, fact also confirmed by the positive significant correlation
coefficient in Table 3 (r=0.31). Altitude range of 1301-1400 metres above sea level (m a s l)
produced better aftertaste while elevation of 1401-1500 metres above sea level had reduced
aftertaste (Figure 21 b). Robusta coffee acidity mean values were highest at 1201-1300 m
above sea level and lowest at 1501-1600 m above sea level. Organoleptic cup balance was
highest at elevation 1301-1400 metres above sea level and lowest at 1501-1600 metres above
sea level.
(a)
(b)

Figure 21. Comparison of mean organoleptic cup attributes for (a) coffee types, salty/acidity
and bitterness/sweetness (b) altitude ranges for aftertaste, balance and salty/acidity
Figure 22 a, b, shows PCA when considering only the variance of the organoleptic attributes
in the accessions. Factor 1, contributed the most variance (85.75%) while factor 2, contributed
only 15.40%. All the seven organoleptic attributes measured were on the positive side of the
PCA and none on the negative side. The accessions were separated into four diversity groups,
two on either side of the X axis. One group comprised of genotypes that were superior in
fragrance/aroma, flavour and aftertaste while directly opposite the second group genotypes
were devoid of these attributes. A third group comprised of genotypes that had better cup
balance, salt/acidity and bitter/sweet attributes while opposite to this group, the genotypes, in
group 4 were limited in those attributes.
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Figure 22 (a): Principal Component Analysis of Robusta seven coffee organoleptic cup
diversity in 209 accessions (b) Factorial Discriminant Analysis of the groups
Differences in organoleptic cup attribute diversity in the four groups is shown in Figures 23ag. Except for fragrance/aroma where group 3 had the highest mean, the rest of the attribute
means were highest in group 1 and lowest in group 4 (Figure 23 a-g). Attribute group means
were placed either above or below the median. All attribute sub-groups variance and inter
quartile range values varied pointing out the different levels of variation present among in the
groups as shown in Figures 23a-g.
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Figures 23 (a-g). Description of organoleptic cup attribute diversity groups
All Mahalanobis distances were greater than 3, implying that the groups were different
populations (Table 26). Equally, all the Fisher distances were significantly different, implying
that the formed groups had different organoleptic cup attributes. The Fisher as well as the
Mahalanobis data indicated that the longest distances was between group 1 and 4 while the
shortest was between group 2 and 3. The distance between group 1 and 2 was greater than that
between group 1 and 3.

Table 26 Estimated Mahalanobis and Fisher distances for Robusta coffee organoleptic cup
attribute groups
Mahalanobis distances
Fisher distances
P-values for Fisher distances
Gp
1
2
3
4
1
2
3
4
1
2
3
4
1
0
0
1
2 11.81
0
46.18
0
<0.0001
1
3
9.80 5.76
0
36.35 22.31
0
<0.0001 <0.0001
1
4 35.73 9.10 11.14 0 117.04 30.97 36.20 0 <0.0001 <0.0001 <0.0001 1
Figures 24 (a and b), further confirms the results of Figures 3 (a and b) and those in Table 27.
In Figure 24 (a), factor 1 of the PCA, contributed 38.85% variance while factor 2 contributed
12.52% variance when altitude and age were also considered alongside accessions. Age and
altitude accounted for the organoleptic attributes variance in all accessions. Group 1
comprised of genotypes that were superior in all organoleptic cup attributes (Figure 24 a, b).
Group 2 had more acidity, sweet mouth feel while group 3 genotypes had better fragrance and
aroma, aftertaste, balance and flavor (Figure 24 a, b). Genotypes that were inferior in all
organoleptic cup attributes were placed in group 4 (Figure 24 a, b). Although fragrance and
aroma increased with altitude, very high elevations and old trees had reduced organoleptic
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quality. The longest distance was between group 1 to 4 while group 2 and 3 distances were in
between 1 and 4 groups.
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Figure 24 (a). Organoleptic cup attribute relationships with altitude and tree age as shown by
the Principal Component Analyses (b) Organoleptic cup attribute groups from a factorial step
discriminant analysis

Table 27. Estimated correct genotype group placement and pair wise distance comparison for
organoleptic cup attributes using confusion matrix
Confusion matrix
from \ to
1
2
3
4
Total
% correct
1
50
2
2
0
54
92.59 %
2
1
54
4
0
59
93.22 %
3
0
1
52
0
53
96.23 %
4
0
1
0
41
42
88.10 %
Total
51
58
58
41
208
92.79 %
All the organoleptic attributes measured had more ore less the same mean abundance that
ranged from 0.35 for cup balance to 0.47 for aftertaste (Table 28). But cup balance had a
cumulative percentage variance of 100 % meaning that the groups were distinctly different
for this trait and less so for aftertaste (Table 28).

77




Table 28. Pooled contribution of variance for Robusta coffee organoleptic cup attributes and
mean group content derived from Bray-Curtis distance measure
Variance
Mean group abundance
Variable
Contribution Cumulative %
1
2
3
4
Aftaste
0.47
16.49
7.76
7.16
7.47
6.97
Mthfeel
0.43
31.43
7.66
7.22
7.36
6.91
Flavour
0.43
46.33
7.77
7.31
7.49
7.02
Faroma
0.42
60.95
7.45
7.18
7.48
7.16
Salt/acid
0.39
74.53
7.05
6.93
6.6
6.55
B/sweet
0.37
87.63
7.34
7.14
7.01
6.79
Cup Balance
0.35
100
7.72
7.45
7.37
7.09

6.5 Discussion
The protocol used to evaluate farm Robusta coffee organoleptic cup attributes was able to
detect, differentiate and segment organoleptic cup differences using their technical experience
(Tables 22; 23; 24). The significant differences found in evaluator organoleptic cup scores
reflect the subjective individual preference enriched by past experience. Individual cup taste
perception and preference for varietal specific characters such as acidity, body, aroma, flavor
and taste that constituted the nature and scoring of the brew implied that markets too vary and
are specific. Coffee drink preference is personal and consumers have a specific taste
according to their nationality, which makes it further difficult to define organoleptic cup
quality (Leroy et al., 2006). Furthermore, cup flavor in roasted coffee is reported to constitute
of over 800 multiple aromatic compounds and individuals perceive them differently
(Wintgens, 2004). Other factors that might also have contributed to liquor differences among
the accessions but were not measured in this study include, date of harvesting, processing and
storage.
Organoleptic cup characteristics were variable as shown in Table 23. Overall salt/acidity had
the least cup grading, an attribute that confers a low grade rating for Robusta coffee (Prakash
et al., 2005), despite some cultivars being achieving premium grade in all other attributes. Of
the 208 genotypes, 81% had average liquor salt/acidity of the usual good quality while 19%
were of very good premium grade.
Most of the assessed attributes were positively significantly correlated to each other as shown
by Table 25, meaning that there is opportunity to improve most of the desirable organoleptic
characters simultaneously. The overall cup quality was highly positively significantly
correlated with cup balance (r=0.75), mouth feel (r=0.73) and flavor (r=0.72) than with aroma
(r=0.32) and salt/acidity (r=0.41). However, cup acidity had positive significant correlation
coefficients with a sweet cup (r=0.31), good mouth feel (r=0.31), cup balance (r=0.51) and
overall cup (r=0.41 (Table 25) implying that acidity is an important determining factor by
consumers. Cup balance accounted for most to the total variance (Figure 20) making it, a
major organoleptic trait in Robusta coffee and a priority in quality improvement. This fact is
further supported by the results in the PCA analysis (Figures 22a, b; 23 a-g and 24 a, b) and
by the non-Euclidean dissimilarity cumulative variance shown in Table 28. Cup balance
stands out as one trait that could be targeted for improvement as it consistently demonstrated
larger variance and diversity than the rest of the attributes. Aroma/ fragrance on the other
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hand was a lesser variable organoleptic trait. Aroma was not at all correlated with acidity or
sweetness in this study, though Moschetto et al., (1996) reported linear correlation
coefficients between preference and acidity and aroma in Robusta coffee hybrids and in
commercial clones. In this study, cup balance and aftertaste were at the highest levels at
altitudes between 1301-1400 m a s l whereas acidity was on the decline (Figure 21b) . At
higher altitudes of 1500 m a s l and above, cup balance and acidity levels decreased but
aftertaste levels were on the increase (Figure 21b). Decazy et al., (2003) also supported the
idea that high sensory quality is associated with altitude, which can be a criterion for selecting
genotypes with high levels of salt/acidity (Leroy et al., 2006b).
The ‘nganda’ and ‘erecta’ landraces had significantly more acidity and were more
bitter/sweeter than the research elite commercial and hybrid types (Figure 21). As suggested
by (Bertrand et al., 2006; Dessalegn et al., 2008), selection for vigour and larger seeds in the
hybrids and in the commercial types may have led to reduced variability for acidity and
sweetness.
The four categories of organoleptic cup attributes obtained from the PCA in Figures 22, and
24 ( a , b) reflected the combined effect of genotype and genotype x environment variances.
Group 1 (Figures 5, a, b), regarded as having the best brew had the highest ratings for
fragrance/aroma, flavour, aftertaste, acidity, sweetness, mouthfeel and cup balance. Group 1
was also influenced by altitude whereas group 2 which was defined by mouthfell, acidity and
bitter/sweetness was also mostly influenced by age. All the variances in groups 3 and 4 were
entirely due to altitude and age. Table 28 confirmed that indeed group 1 was the most superior
in organoleptic qualities and group 4, the least. The Malanobis and Fisher distances in Table
26, show that the differences between group 1 and 4 that tanslate to genetic distances, again
implied that these two groups of genotypes are distantly related. The fact that four groups
comprised of genotypes from different locations that were far apart with varying ecologies
and crop husbandry practices, suggest that organoleptic variability was not restricted to any
site or location (Figures, 22 a,b ; 23 a-g; 24 a,b ; Table 25), but was influenced by both
genotype and the environment (Leroy et al., 2006b). The diverse organoleptic cup
characteristics (Table 23) coupled with a wide geographical distribution (Table 25 ; Figures
21 a,b ; 22 a,b) provide immense variability among Ugandan grown landraces of coffee that
can not only be traded to diverse markets but that can be selected for quality and other
desirable agronomic traits.
6.6. Conclusion
Ugandan Robusta coffee was characterized into four distinct organoleptic cup groups using
the principle component and factorial step discriminant analyses. Organoleptic cup
differences based on Robusta coffee types were detected. About 84% of Robusta coffee
produced in Uganda was of the premium grade while 13% was of the average grade and 3%
of the fine grade. Genotypes with low caffeine, high acidity and superior organoleptic cup
attributes exist among ‘nganda’ and ‘erecta’ land races and can be identified. Cup balance
was the most important organoleptic in determining overall cup.
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CHAPTER SEVEN
VARIATION OF NUTRIENT ELEMENTS IN ROBUSTA COFFEE
MEASURED BY ENERGY DISPERSIVE X -RAY FLOURESCENCE
7.1 Abstract
In Robusta coffee (Coffea canephora), cup quality, a key factor in market prices, is
determined to a large extent by the concentrations of macro and micro- nutrients found in the
soil that end up in the green bean. The aim of this study was to analyze the extent of
microelement densities in the soil, leaf and green bean of the Robusta coffee grown in
Uganda. Nutrient densities of potassium (K), calcium (Ca), iron (Fe), tin (Ti), zinc (Zn),
copper (Cu), boron (B), lead (Pb) and manganese (Mn) of sixty seven soil, leaf and green
bean samples collected from 23 districts were measured with Energy dispersive x-ray
fluorescence (EDXRF). All the samples were oven-dried at 800C for 18-20 hours and ground
to about 50 mm sieve-size. Three pellets of 2.5 cm in diameter were made and irradiated with
a Cd-109 radioactive source. The X-rays emitted by the elements were detected by liquid
nitrogen cooled Si (Li) detector and data analyzed with the Quantitative X-ray Analysis
System (XQAS/AXIL) software. The results showed that the mean concentrations of Ca, Mn,
Fe and Zn were highest in the soil but lowest in green beans. K concentrations were higher in
green beans than in the leaf and were lowest in the soil. In most cases, the concentrations of
microelements found in the soil determined the levels in the leaf and in the green bean.
Micro-element availability and concentrations were influenced by the interaction between the
various elements, tree age, elevation, soil texture and location.
Key words: EDXRF, Green Bean, Micro-Elements, Robusta, Soil
7.2 Introduction
In many parts of the world, Coffea grows between latitude 250N and 250S and requires
specific climatic conditions to produce high bean yield and quality. In Uganda, Robusta
coffee is grown in a diversity of soils that range from red sandy clay or gravelly loam to soft
laterite (Wrigley, 1988). High soil organic content (6.66-17.8%) and acidic soils of pH 5.1-6.8
may promote Robusta coffee growing but due to the low soil nitrogen, phosphorus, calcium,
magnesium and exchangeable bases, crop yields may remain low (Zake et al., 1996). Liming
may be used to restore acidity while soil fertility can be amended using organic or inorganic
fertilizer or in combination. Fertile soils contribute to the size, weight and quality of the
coffee bean (Bertrand et al., 2006). Various coffee species especially when grown under
diverse environments may assimilate different levels of macro and micro-elements and this
would lead to varying production capacity, bean quality and disease tolerance. Concentrations
of macro and micro-nutrients in soils is strongly related to biological and geochemical cycles
and to anthropogenic factors, such as deforestation and management (Slagle et al., 2004) .
Trace mineral content of plant tissue or foods reflect the trace element concentration in the
soil in which they are grown. For example, soils rich in zinc ions enable the plant to have
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more zinc compared to the zinc-deficient soils depending on the species and plant genotype
(Grusak et al., 1999). However, this ability to take-up ions from the soil is not only limited to
the amounts present in the soil, but also to the inherent ability of certain crops to actively
absorb certain ions. To track and quantify nutrient elements in coffee, methods such as
coupled plasma atomic emission spectroscopy (ICP-AES) have been used to measure
concentrations of K, Cu and Mn (Paltridge et al., 2011). However X-ray methods are more
preferred to ICP-AES techniques, because they are not as expensive, do not require extensive
sample preparations, are non-destructive and can analyze many number samples within a
short period (Paltridge et al., 2011). .
In this study, EDXRF was used to evaluate the element composition and concentration of soil,
leaf and green beans. The principle behind EXDRF is that all elements emit secondary
fluorescent X-rays when exposed to higher X-ray energy source and that the emitted X-ray
fluorescence is specific and defines the characteristics of that element. Heavier elements
require heavier energy levels to emit fluorescence and are easier to measure (Paltridge et al.,
2011). Macro-elements such as as K, Ca and Na though detectable through EDXRF are not
as heavy as trace elements such as Fe, Zn, Cu, Mn, a factor that makes the micro-elements
more amenable to EDXRF measurement.
The EDXRF spectrometer instrument has a semi conductor detector that measures the entire
energy spectrum when placed closer to the sample to minimize loss of energy by the
fluorescent X-ray. Unlike X-ray tubes that generate high power monochromatic beams, the
EDXRF instrument is capable of generating gamma or proton rays at high speed (Brouwer,
2003); Fitzgerald et al., 2008) The detectors in EDXRF are able to discriminate the various
X-ray intensities and therefore many samples can be analyzed simultaneously .The
spectrometer maintains the detector at low temperature, reduces multi-proton pace and sets
low conductivity giving more time for pulse shaping and better resolution Fitzgerald et al.,
2008) . Analyzing samples with well characterized shape and surface maintains uniformity in
density, roughness, and thickness and helps to reduce matrix effects Fitzgerald et al., 2008) .

7.3. Materials and Methods
7.3.1 Soil, Robusta Coffee leaf and Green Bean Sample Collection
Harvested ripe cherry was poured in a bucket of water and beans and debris were removed
before being sun dried in wire mesh boxes. The ripe cherry, with an estimated initial 50%
moisture content (Clifford et al.,1985 ; http://www.ico.org/ecology.asp) was spread to a
maximum of 1.5 cm layer thickness to avoid formation of mould or bean deterioration. The
coffee was regularly turned until it achieved 12.5% moisture content. Drying lasted for about
a month and the dry coffee bean was stored in a dry aerated room.
Leaf and soil samples were harvested from sixty seven tagged trees whose ripe cherry had
been picked for bean quality analysis in twenty three on farm locations at Kawanda and
Entebbe (Table 29). The cherries were harvested when they were physiologically mature and
the subsequent leaf and soil samples were collected from the same tree bearing the cherries.
The soil was sampled from fields that did not have a two year fertilizer application history
and the surface litter was removed without scraping off top soil. An auger was used to drill up
to a depth of 30 cm in three triangular spots located 30cm-150 cm tree radius and was cleaned
after each sampling. Soil samples were placed in polythene bags and labeled. About six to ten
physiologically mature leaves were harvested close to or within the ripe cherry clusters using
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clean and gloved hands. Leaves were packed in paper sample bags, labeled and left aerated
until they dried. Wet soil samples were initially sun dried and later air dried and made into a
compost sample for each tree.
7.3.2. Energy Disruptive X-Ray Fluorescence Measurement
About 20 grams of frozen green bean were initially ground using a nitrogen pre-cooled
motorized grinder. Dried soil and leaf were ground to fine particle size using a motorized
grinder in the University of Nairobi, Department of Nuclear Science and Technology. The
pre- ground coffee green powder was further crushed to finer particles using a hand motor and
pestle. Ground samples were sieved using 0.1 mm screen size and fine powder of 0.3-0.5
grams was weighed with AT460 Delta-Range balance. A compacting machine pressed fine
powder to homogenous flat circular discs (pellets) of diameter 20-50 mm with sufficient
thickness to absorb the entire X-Ray florescence primary beam, including lighter elements
which omit fluorescence of a few micrometers sample depth. The X-ray was calibrated using
a representative soil, leaf and green bean sample of accurately known element concentration
to enable calculation of the investigated sample element concentration. Sample pellets were
randomly picked and geometrically placed at a standardized small distance on a high
precision motorized sample stage located in a containment box that acted like a vacuum by
sustaining X-ray energy. The sample stage was positioned accurately beneath the X-ray tube
window in line with the detector assembly connected to liquid nitrogen (-197oC). Liquid
nitrogen limited lithium atoms from drifting or migrating. To reduce the effect of sample
irregularities, the sample was span at 5-20 rotations per minute (rpm). Individual pellets were
then scanned by bombarding with X-rays from a Cd-109 (cadmium) radioisotope source.
Canberra Multi -Channel Analyzer and spectral data processing software unit, MCA (S-100)
was linked to a personal computer. Sample spectra multiple peaks for different energy
intensities were visualized on the computer monitor as a plot of specific element
distribution/composition and concentration was measured by an in built colour video camera.
Multiple elements in the sample were imaged concurrently and information from all
detectable elements was captured simultaneously. The data generated was pre-amplified,
amplified, stored and analyzed using AXIL and QAES computer software. In preamplification, the burst of electrons were converted into signals of elements which were
further amplified and transformed from analog (not quantified) to quantified values in parts
per million (ppm).
7.3.3 Data Analysis
The ANOVA was calculated with the XLSTAT version 2011.2.05 and the t-test was used to
identify significant differences between the means because the sampled population was
assumed not to be normally distributed. The Gaussian Species packing analysis in the
Palaentological Statistics PROGRAM 2.14 (PAST) was used to estimate the regression
effects in altitude and age factors using the multiple regression equation: y = m1x1 + m2x2 +
... + mnxn + b +  . Pearson product moment correlation coefficient was used to calculate the
correlation coefficient, r and the coefficient of determination R2. The percentages of variance
in the PCA analysis representing the eigen-values was calculated according to Lohnes (1971).
 
Nine nutrient elements consistently detected in the soil, leaf and green beans were potassium
(K), calcium (Ca), tin (Ti), manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), lead (Pb) and
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boron (B) (Table 29). Manganese and iron values were minimal in the soil. Ca and Fe had
minimal values in leaf samples but K values were highest in green beans. K, Ca, Mn, Fe, Cu,
Zn, Pb and B were detected in the soil, in the leaf and in the green bean. The concentrations of
Mn, Fe, Zn and Pb decreased progressively in the soil, in the leaf and were lowest in the green
beans. The concentration of K in the soil was 8206.2 ppm compared to that of 911716.4 ppm
in the leaves and 12904.4 ppm in the green bean. Ca in the soil had a mean value of 4939.3
ppm but the value increased to 13343.9 ppm in leaves and reduced to 12904.4 ppm in the
green bean. Cu and B concentrations in the green beans were 12.8, 1.7 ppm respectively but
were 10.0, 1.5 ppm respectively in the leaves.
Table 29. Nutrient elements concentrations in ppm from soil, leaf and green bean samples
from 67 farms in Uganda

Key Table 29:K=potassium; Ca=Calcium; Ti= Tin; Mn=Manganese; Fe=Iron; Cu=Copper;
Zn=Zinc; Pb=Lead; B=Boron
The principal component analysis (PCA) in Fig 25 shows the relationships between elements
and Table 30 shows the associations within the soil elements. In Fig 25, the total variance for
principal component 1 and 2 was 51.29%. K concentration was not significantly different
from Ca. Pb was inversely related to soil K and Ca but not to significant levels. In Table 30,
K was significantly negatively correlated with Ti (r=-0.51) and Fe (r=-0.35) and the
coefficient of determination R2 value was higher with Ti (0.26) than with Fe (0.12). In both
cases, there the linear relationship between the variables was weak. Only 26% and 12% of the
total variance could be explained by the linear relationships either between K and Ti and
between K and Fe, respectively. Ca was significantly positively correlated with Mn and Zn
but the correlation was strongest with Zn. Ti was positively significantly associated with Mn,
Fe, Zn and B but the correlation was strongest with Fe (r=0.59) and B (r=0.4). About 35% of
the total variance could be accounted by the linear relationship between Ti and Fe. Mn had a
significantly positive correlation with Fe and Zn whereas Fe was positively and significantly
correlated with Cu and Zn.
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Fig 25. PCA relationships among Soil Microelements
.
Table 30. Linear correlations (r ) and correlations of determination (R2)
Among Soil Micro-elements in 67 farms
Association
R
R2
p value
K
Ti
-0.51
0.26
0.0001***
K
Fe
-0.35
0.12
0.005**
Ca
Mn
0.24
0.06
0.05*
Ca
Zn
0.40
0.16
0.001**
Ti
Mn
0.34
0.12
0.005**
Ti
Fe
0.59
0.35
0.0001***
Ti
Zn
0.25
0.06
0.05*
Ti
B
0.40
0.16
0.001**
Mn
Fe
0.37
0.14
0.001**
Mn
Zn
0.47
0.22
0.0001**
Fe
Cu
0.24
0.06
0.05*
Fe
Zn
0.24
0.07
0.05*
Key to Table 30: p values of *, **, ***significant at, 0.05, 0.001 and 0.0001 probability
levels respectively

Fig 26 and Table 31, show the PCA variances and correlation coefficients within leaf
elements respectively. Fig 26 shows that Zn, Mn, Pb, Ti and Fe were positively correlated to
each other but were inversely related to K and Cu. From Table 31, K was significantly
negatively correlated with Zn (r=-0.26) while Ca had significant negative correlation with Ti
(r=-0.31) and with Zn (-0.26) indicating little linear relationship between these variables. Ti
was significantly positively correlated with Mn, Fe, Zn, Pb and B. The correlation was
stronger with Zn (r-0.59) and B (r=0.55) which explained only 35% and 30 respectively of the
total variance between the elements. Mn was positively and significantly associated with Zn
(r=0.28) and B (r=0.25) while Zn was positively significantly correlated with Pb (r=0.4) and
with B (r=-.38). Only the regression between Ti and Zn and between Ti and Br appeared to be
linear.
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Fig 26. PCA relationships among Leaf Micro-elements
Table 31. Linear correlations (r ) and coefficients of determination (R2)
Among Leaf Microelements in 67 farms
Association
R
R2
P value
K
Zn
-0.26
0.07
0.05*
Ca
Ti
-0.31
0.09
0.01*
Ca
Zn
-0.26
0.07
0.05*
Ti
Mn
0.25
0.06
0.05*
Ti
Fe
0.26
0.07
0.05*
Ti
Zn
0.59
0.35
0.0001***
Ti
Pb
0.37
0.13
0.005**
Ti
B
0.55
0.30
0.0001***
Mn
Zn
0.28
0.08
0.05*
Mn
B
0.25
0.06
0.05*
Zn
Pb
0.40
0.16
0.001**
Zn
B
0.38
0.14
0.001**
Key to Table 31: p values of *, **,*** significant at 0.5, 0.001 and 0.0001 probability
Levels respectively

Fig 27 show PCA relationships between green bean elements whereas Table 32 gives the
correlation coefficients. As shown in Fig 27, Ca had an inverse insignificant correlation with
Pb, Zn and Mn while K had a significant positive correlation with Ca, Fe and Cu. In Table 32,
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Fig 27. PCA relationships in Green Bean Microelements
Table 32. Linear correlations (r ) and coefficients of determination (R2)
Among Green-bean Microelements in 67 farms
Association
R
R2
P value
K
Ca
0.34
0.11
0.005**
K
Fe
0.54
0.29
0.0001***
K
Cu
0.41
0.17
0.001**
Mn
Zn
0.46
0.21
0.001**
Mn
Pb
0.40
0.16
0.001**
Mn
B
0.38
0.14
0.002**
Fe
Cu
0.39
0.15
0.001**
Zn
Pb
0.43
0.19
0.001**
Zn
B
0.26
0.07
0.03*
Pb
B
0.47
0.22
0.0001***
Key to Table 32: p values of *, **,*** significant at 0.5, 0.001 and 0.0001 probability
Levels respectively
K was positively significantly associated with Fe (r=0.54) and with Cu (r=0.41) with 29% and
17% of the total variance respectively being explained by their linear relationships. Mn was
significantly and positively related to Zn (r=0.46), to Pb ( r=0.40) and to B (r=0.38) (Table
32). Fe was significantly positively correlated to Cu (r=0.39) while Zn was positively
significantly correlated with Pb (r=0.47) and with B (r=0.26), the linear relationship being
stronger between Zn and Pb.

Table 33 shows regression effects of soil elements on green bean elements. The only
significant linear regression equations are those of green-bean Fe on soil B, green bean Fe on
soil Mn, and green bean Mn on soil Ti as indicted by their significant p values. Their
respective R2 values of 10.9%, 10.9% and 10.7% gives the amount of variation accounted for
by their linear relationships.
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Table 33: Regression effects of soil elements on green bean elements in 67 farms
Bean
Elements

Soil

Regression
coefficient

Vr

Pvalue

T-test

R2 (%)

Elements
(Slope)
Br

Ti

-6E-4

1.75

Ns

**

7.4

Ca

Ca

0.05

1.55

Ns

**

5.5

Fe

B

0.48

2.15

**

**

10.9

Fe

Mn

-6E-3

2.15

**

**

10.9

K

B

72.7

1,66

Ns

*

6.6

Mn

Ti

-8E-4

2.13

**

**

10.7

Fstat, 7, 59
Key to Table 33; p values significant at *, **, *** at 0.05, 0.001, 00001 levels of probability
d.f=degrees of freedom; v.r=variance ratio; F value=Fisher probability test; t-test=Student t
test; R2= coefficient of determination ns=not significant; Fstat; F7, 59= Fisher statistics; 7
factors and 59 variable degrees of freedom.

In Table 34, the most significant regression effects were those of Cu leaf on soil Pb, K
and Mn with R2 values of 17.1 %. There was some significant regression of leaf K on soil B
with an R2 value of 11.5%. An increase in soil Cu concentration caused an increase in leaf Pb
but decreases in soil K concentration and Mn caused increases in leaf Cu concentration. High
concentrations of soil B significantly reduced leaf K. Increasing soil Ti significantly increased
leaf Zn. Even with insignificant fitted terms, soil Pb, Ti and Cu elements had significant
effects on leaf micro-elements. Leaf micro-element variability explained by soil elements
ranged from 3-17.1%.
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Table 34. Regression effects of soil elements on leaf nutrient elements in 67 farms
Pvalue

T-test

R2%

Elements

Regression Vr
coefficient
(Slope)

Br

Pb

-0.07

1.62

Ns

**

5.3

Cu

Pb

0.17

3.26

***

**

17.1

Cu

K

-7E-4

3.26

***

**

17.1

Cu

Mn

-4E-3

3.26

***

**

17.1

Fe

Ti

1.0

1.29

Ns

**

2.6

K

B

-132.8

2.43

**

***

11.5

Mn

Ti

0.04

1.76

Ns

***

6.5

Mn

Cu

-1,76

1.76

Ns

*

6.5

Ti

Ti

0.18

1.34

Ns

**

3.0

Zn

Ti

0.02

2.15

*

**

9.5

Leaf
Elements

Soil

Fstat: 6, 60
Key to Table 34; p values significant at *, **, ***, **** significant at 0.05, 0.001, 0.0001
levels of probability respectively; Fstat; F6, 60= Fisher statistics; seven factors, 59 variable
degrees of freedom
.

The effect of increasing coffee tree age and elevation on green beans micro-element
concentrations and quantity is shown in Table 35. Green bean concentrations of Mn and Zn
increased significantly with tree age and with altitude respectively as shown in Table 35.
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Green bean Mn concentration increased with altitude up to 1300 metres above sea level (m a
s l) but declined thereafter, while green bean Zn concentration on the other hand increased
from 0.5 ppm at 13000 m a s l to reach 3.5ppm at higher elevation of 1500 m a s l, and
declined afterwards (Fig 32). Altitude accounted for 11.8% in green bean Zn variability while
age of trees accounted for only 5.5% in green bean Mn variability (Table 35).
Table 35: Effects of Tree Age and Altitude on Mn and Zn Green Bean Elements
Green
Bean
Element
Mn
Zn
Fstat;
F2, 64

Predictor Coefficient s.e

Vr

Fp

Tp

R2(%)

Age
Altitude

2.94
5.42

**
***

**
***

5.5
11.8

0.10
0.06

0.04
0.002

Key to Table 35: p value, *, **, *** significant at 0.06, 0.05 and 0.009 levels of probability

Figure 28:Comparing mean leaf manganese and bean zinc nutrient elements at altitude ranges

7.5 Discussion
From Table 29, soil K concentrations increased progressively in the leaf and were highest in
the green bean while Ca levels in the leaf increased threefold of those in the soil but reduced
drastically in the green bean. K like other macro- elements such as nitrogen, phosphorus, is a
primary requirement by the coffee plant for growth, development and yield Cannell, 1985;
DaMatta et al., 2007). However, it is important to note that the ratio between K and Ca
cations in the soil is antagonistic and does not contribute to coffee quality characteristic such
as aroma (Yadessa et al, 2008) . In another study, Mazzafera (1999) showed that omission of
K in a nutrient agar medium resulted into high caffeine content in Coffee arabica leaves.
Except for Ti, all the macro or micro elements measured and detected in the soil were also
found in the leaves and green beans, but at varying amounts (Table 29), implying that they
had vital physiological roles to contribute in these two organs. In the leaf, the major activities
at play include photosynthesis, transpiration and gaseous exchange. Trace elements, namely,
Mn, Fe Zn and Pb concentrations were significantly higher in the leaves than in the green
beans probably because they contribute to the functions of several biochemical reactions and
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are involved in plant, growth, development, and reproduction. Fe is a critical element in the
photosynthetic system 1 both in the leaf and during green bean development. The presence of
Fe in the green bean was influenced by microelements in the soil such as B and Mn that
accounted for 10.7% of the total variability (Table 30).
Trace minerals such as Cu, Zn, Mn, and Fe combine with vitamins to form enzymes and are
involved in almost every physiological and metabolic processes (DaMatta et al., 2007) Leaf
trace elements would be expected to support photosynthesis, transpiration and gaseous
exchange processes. The results reported in this study, indicated that Mn, Fe and Zn were
found in high concentrations in the leaf at 96.6, 1444.1, 4.2 ppm respectively but were in
lower concentrations in the green bean at 2.4, 48.0, 1.0 ppm respectively confirming their
crucial presence. Cu and B, concentrations, however, were higher in the green bean (12.8
ppm, 1.7 ppm) than in the leaf (10.0 ppm, 1.5 ppm) respectively (Table 29). Cu levels in the
leaf were influenced positively by the levels of Pb, Mn and K and its relationship with these
three elements contributed about 17% of the total variation in each case as shown in Table 33.
The higher concentration of Cu in the bean than in the leaf is an indication that Cu is not only
involved in protein synthesis and carbohydrate metabolic activities in the fruit but it is also
required during photosynthetic and cell wall elongation stages in the leaf. Cu is known to be a
contributor to photosynthesis and respiration processes during leaf growth and fruit
development and together with Zn it is involved in the synthesis of the growth hormone
Indole Acetic Acid (IAA).
The concentrations of non-essential elements, Ti and Pb were found to be highest in the soil
but were almost expectedly negligible in the green bean as would be expected. K, Ca, Zn and
Cu concentrations accounted for most of the macro and micro-element variation in the soil
but an in increase in K concentration in the soil led to decreases in Ti and Fe. Ti was heavily
associated with almost all the trace elements in the soil. It is interesting that Ti which plays no
part in plant metabolism was found in high levels in all the farms surveyed and was
inextricably associated with almost all trace elements in the leaf. In the green-bean, the
association between Zn and Mn and between K and Fe caused most of the variation, while an
increase in K resulted into a decrease in Fe and Cu.
The higher Ca concentrations in the leaf is a pointer to the role the element plays in
supporting transpiration uptake, promoting cell elongation, and in protecting the plant against
biotic and abiotic stresses. The non-significant regression between soil Ca and green bean Ca
in Table 33 confirms that the element is not critical during green bean development. K levels
were higher in the coffee beans because, K+ ions are principally required for maintenance of
turgor and cytosol ionic balance during photosynthesis. Developing green coffee fruits
stomata represent 20-30% of the total photosynthetic surface on heavily bearing trees (Canell,
1985) and account for about 30 % of daily respiration needs, 30 % of total growth and 12 %
of total carbon requirement (Vaast et al., 2006) . The positive significant correlation between
K and Fe and Cu signified the critical role the three elements play in enhancing
photosynthetic and hormonal metabolic activities during this stage. Mn and Zn were also
indispensable during fruit formation as indicated by the positive significant correlations
between the variables. During bean filling developmental stage, high levels of K were found
because at this stage 70% of endosperm dry matter is being formed (DaMatta et al., 2007) .
Coffee organoleptic cup qualities have been shown to be influenced by factors such as
genotype, age, altitude, and soil. Elements such as Zn and Mn have been shown to be
important organoleptic components that affect caffeine content, taste, acidity and aroma and
as implied earlier these microelements are essential during fruit development. Yadessa et al.,
(2008) reported that increased concentrations of Mn and Zn influenced aroma positively in
C.arabica wild types. As indicated in Table 35 and in Fig 28, these two trace elements
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increased with age but at higher elevations where Robusta coffee is hardly grown, Zn was
still critical in the determination of these organoleptic qualities.
7.6 Conclusion
EXDRF is an effective tool in the measurement of micronutrient concentrations of Robusta
coffee growing soils, leaves and green beans. K concentrations were highest in the green bean
and lowest in the soil, whereas Ca concentrations were higher in the leaf than in the greenbean. Cu was an essential microelement of physiological and metabolic processes in both
leaves and in the green bean whereas Mn, Zn and Fe are critical microelements during
photosynthesis. While all the trace elements measured, namely, Mn, Cu, Fe and Zn were
crucial determining factors in bean and cup qualities of Robusta coffee, Zn and Mn were the
more important microelements during fruit development.
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CHAPTER EIGHT
GENERAL CONCLUSIONS AND RECOMMENDATIONS
8. 1 CONCLUSIONS
8.1.1 Genetic diversity
The SSRs makers used in this study were polymorphic and were able to reveal three
genetically diverse groups of cultivated Coffea canephora whose variability within
populations was higher than within individuals or among populations. This study confirmed
that most Robusta genotypes are highly outcrossing and the gene-flow between cultivated
landraces and wild forms is responsible for maintaining favourable gene alleles for several
agronomic traits including disease resistance and probably cup quality.
8.1.2 Phenotypic diversity
In Uganda, cultivated C. canephora comprises of mainly of “nganda” (48%), “erecta” (40%)
with improved cultivars constituting only 12%. 34% of grown trees are more than 40 years
old. The local landraces,”nganda” and “erecta” are closely related to each other, distantly
related to commercial types but not genetically related to hybrid cultivars. The most important
phenotypic traits likely to have an increased genetic advance are girth diameter, production
capacity and plant vigour. Most roast beans are of screen size 15 and have a longer roast time,
a lesser weight loss and a higher volume increase.
8.1.3 Biochemical compounds
Four distinct multivariate biochemical compound diversity groups significantly different in
dry matter and caffeine content were formed. Ugandan Robusta landraces reported higher fat,
sucrose and trigonelline contents than those from West Africa, confirming that though all
Robusta genotypes are adapted to similar lowland ecologies, selection for cup quality as
dictated by markets has generated tremendous genetic variability.
8.1.4 Organoleptic cup attributes
The high variability in organoleptic cup attributes aggregated into four multivariate diversity
groups that differed in fragrance, aroma and flavor. Cup balance was the most highly rated
organoleptic attribute that defined the overall cup. Nevertheless aftertaste, fragrance and
aroma attributes constituted the 3% fine grade of Robusta coffee.
8.1.5 Micro-elements diversity
The soils in Uganda where Robusta is grown were significantly different for iron content and
deficient in potassium, calcium, manganese, iron, zinc, copper, lead, bromine and tin
elements. Potassium, calcium, manganese, iron, zinc, copper, lead and bromine
concentrations were detected in soil, leaf and green bean at varying amounts. Potassium
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concentration was highest in the green beans and lowest in the soil while calcium content was
highest in leaves and lowest in soil.
8. 2 RECOMMENDATIONS
8.2.1

Conserving the land-races germ-plasm

Given that 80% of coffee production in Uganda constitutes C. canephora with a total
economic benefit of about 60%, it is imperative that Uganda plans an in situ and ex situ
conservation strategy to rescue the high existing variability from looming erosion and enrich
genetically limited germ-plasm collections. A diverse Robusta coffee gene pool and
especially one that continues to be enriched by a constant gene flow from wild forms, is an
invaluable resource to breeding programs as a reservoir of alleles that may be needed for
instance to combat climate change adverse effects. To continuously enhance this germ-plasm,
there may be need to; (a) conserve wild and cultivated Robusta types, ex situ and in situ
conservation as has been the case in Cote D’ Ivoire and Madagascar (b) conserve accessions
identified here as having high gene copies/ frequencies and rare alleles (c) conduct further
extensive collections in ecological niches with diverse genotypes, particularly in Western
highlands of Kamwenge, Kyenjojo, Bundibudyo, Kabarole and Hoima in Lake Albert
Crescent region for in situ and ex situ conservation.
8.2.2

Hybridization and broadening genetic base

To continuously generate variability and select for desirable traits, a hybridization program
should be initiated especially between, superior “ nganda”, “erecta”, hybrid and commercial
types with wild forms from various agro-ecological zones. Hybridization will be key in the
mapping and identification of specific genes in the next stage of coffee improvement. Easily
highly heritable traits such as bean physical shape, average weight and organoleptic traits
such as flavor, fragrance and aroma could be targeted for phenotypic selection whereas
complex traits such as caffeine, trigonelline, fats, sucrose, bean yield and disease resistance
should be priorities for marker assisted selection (MAS).
8.2.3 Multi-locational evaluation and genetic x environment interactions assessment
Land-races genotypes with superior phenotypic, biochemical and organoleptic cup traits
should be evaluated in replicated multi-locational trials that may also include wild forms,
hybrids and commercial types as checks. Narrow sense-heritability, genetic advance,
genotype x environment interactions, specific and general combining ability of desirable
agronomic traits such as growth parameters, moisture stress, disease and pest tolerance, bean
quality, yield and conversion ratio of ripe cherry to clean green beans ought to be assessed.
Agronomic studies, on spacing, population densities, fertilizer rates and applications,
intercropping patterns are needed for landraces such as “nganda” and “erecta” .
8.2.4

Gene-Mapping, Marker Assisted and Genomic Selection

Genetic mapping of important agronomic Quantitative Trait Loci (QTL) such as of caffeine,
trigonelline, sucrose and fat should be undertaken firstly through linkage mapping in
laboratories based in the East African region if not in Uganda. Genome wide mapping
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techniques such as association mapping that accelerate the identification of single nucleotide
polymorphisms (SNPs) associated with important phenotypic traits could be attempted in
collaboration with CIRAD or other advanced laboratories. This would render the
identification and transfer of the important QTL through genomic selection more quickly
rather than through marker assisted selection.
8.2.5

Value Chain Addition and Product Promotion

Most of the Ugandan Robusta coffee is of premium grade and there is genetic variation to
attain the specialty grade in the genotypes of the land-races. There is then opportunity in the
world markets for Robusta coffee to achieve more than average prices. Farmers, extension
agents and research institutions do have key roles to play in order to add value of the cup
quality in world markets. Farmers need to be equipped with knowledge of improved crop
husbandry practices and with harvest and post harvest processing methods in order to enable
premium cup grade attain fine grade in world markets. For instance, as a means of value
addition, farmers should harvest and process and grade landraces beans separately from
improved Robusta coffee and market the products independently. Farmers should be advised
to plant shade trees to improve coffee bean qualities and ensure higher annual yields. To
minimize loss of on-farm genetic diversity through aging trees, farmers ought to be educated
and advised on importance of genetic resources and the need to replace old trees with clones
of same trees and discouraged from collecting planting materials from the wild. Research
institutions and extension agents should guide farmers to maximize use of quality profiles and
obtain higher prices by planting genotypes with superior quality traits.
8.2.6

Enactment of Policies

The Uganda Government ought to urgently put in place policies for in situ and ex situ
conservation and enumerate farmers involved in the cultivation of Robusta coffee wild and
landraces. Guidelines that limit replacement of native coffee with improved varieties from
research institutions that may have a narrow genetic base should be developed. The
government should promote native Robusta coffee to achieve specialty markets. The
government should develop policies that support coffee farmers to adapt complementary use
of organic and inorganic fertilizers, irrigation, mulch and shade trees to amend depleted soils.
8.2.7 Adoption of Novel Techniques
All the analytical techniques used in this book revealed that a wide range of genetic,
phenotypic, biochemical and quality diversity is present in the current landrace gene pool of
Robusta coffee. The usefulness of these techniques in unmasking the tremendous diversity in
the landrace populations is hereby underpinned and it is the authors’ opinions that their
benefits outweigh capital or operation costs associated with them.

94




REFERENCES
Aga, E., Bryngelsson, T., Bekele, E., & Bjorn, S. (2003). Genetic diversity of forest Arabica
coffee (coffea arabica L.) in Ethiopia as revealed by random amplified polymorphic DNA
(RAPD) analysis. Hereditas 138, 36-46.
Adipala, E., Opio, F., Kyetere, D., Hakiza, G.J., Tushemerirwe, W., Bua, A., Kisauzi, D., &
Kayobyo, G. (2001). Background and importance of coffee wilt disease in Uganda. In National
Agricultural Research Organization-NARO. Coffee Wilt Research and Development in Uganda,
1-7.
Aluka, P., Musoli, P., Curbry, P., Davrieux, F., Ribeyre, F., Guyot, B., De Bellis, F., Pinard,
F., Kyetere, D., Ogwang, J., Dufour, M., & Leroy, T. (2006). Proceedings of the 21st
International Conference on Coffee Science, Montpellier, France, 93.
Anthony, F., Dussert, S., & Dulloo, E. (2007). Coffee genetic resources. In F. Engelmann,
M.E. Dulloo, C. Astorga, S. Dussert & F. Anthony (Eds), Conserving coffee genetic
resources. Bioversity International, Rome, Italy. 23-33.
Ashihara, H., Sano H., & Crozier, A. (2008). Caffeine and related purine alkaloids:
Biosynthesis, catabolism, function and genetic engineering. Phytochemistry, 69 (4.), 841-856.
doi:10.1016/j.phytochem.2007.10.029.
Barboza, J.A., Araya, J. C., Fonseca, C., Davrieux, F., Guyot, B., & Cilas, C. (2005). Effects
of slope exposure, altitude and yield on coffee quality in two altitude terroirs of Costa Rica,
Orosi and Santa María de Dota. Journal of the Science of Food and Agriculture, 85, 18691876. http://dx.doi.org/10.1002/jsfa.2188.
Berthaud, J. (1986). Genetic differentiation between coffea liberica var. liberica and C.
liberica var. Dewevrei and comparison with canephora. Plant systematics and Evolution, 253,
1-4.
Bertrand, B., Etienne, H., Lashermes, P., Guyot, G., & Davrieux F. (2005a). Can nearinfrared reflectance of green coffee be used to detect introgression in Coffea arabica
cultivars? Journal Science Food Agriculture , 85, 955-962.
Bertrand, B., Etienne, H., Lashermes, P., Guyot, G., & Davrieux F. (2005b). Can nearinfrared reflectance of green coffee be used to detect introgression in Coffea arabica
cultivars? Journal Science Food Agriculture, 85, 955-962.
Bertrand, B., Vaast, P., Alpizar, E., Etienne, H., Davrieux, F., & Charmetant, P. (2006).
Comparison of bean biochemical composition and beverage quality of Arabica hybrids
involving Sudanese-Ethiopian origins with traditional varieties at various elevations in
Central America. Tree Physiology 26 (9), 1239-48.
Billotte, N., Lagoda, P. J. L., Risterucci, A.M., & Baurens, F.C. (1999). Microsatelliteenriched libraries: applied methodology for the development of SSR markers in tropical
crops. Fruits 54, 277–288.
Brouwer, Peter. (2003). Theory of X-ray. PANalytical, (pp 1-66).

95




Butt, D.J., Butters, B., & Dancer J.W. (1970). Local Aspects of Coffee. In J.D. Jameson (Ed),
Agriculture in Uganda, (pp 190-126), Oxford University Press.
Campa, C., Doulbeau, S., Dussert, S., Hamon, S., & Noirot, M. (2005a). Diversity in bean
caffeine content among wild Coffea species: evidence of a discontinuous distribution. Food
Chemistry, 91, 633–637.
Campa, C., Doulbeau, S., Dussert, S., Hamon, S., & Noirot, M. (2005). Qualitative
relationship between caffeine and chlorogenic acid contents among wild Coffea species. Food
Chemistry 93, 135–139 doi:10.1016/j.foodchem.2004.10.015.
Cannell, M G R. (1985). Physiology of the coffee crop. In N.M. Clifford & K.C. Willson
(Eds), Coffee: Botany, Biochemistry and Production of Beans and Beverage (pp 108–134),
London, Croom Helm.
Charrier, A., & Berthaud, J. (1985). Botanical classification of coffee. In M.N. Clifford &
K.C. Wilson (Eds), Coffee: Botany, Biochemistry and Production of Beans and Beverages (pp
13-47), London, Croom Helm.
Charrier, A., & Berthaud, J. (1988). Principles and methods in coffee plant breeding: Coffea
canephora Pierre. In R.J. Clarke & R. Macrae (Eds), Coffee: Agronomy, Vol. 4, 167-198,
London , Great Britain, Elsevier Applied Science Publishers.
Clarke, R.J. (1985). The technology of converting green coffee into the beverage. In M.N.
Clifford, & K.C. Wilson (Eds), Coffee: Botany, Biochemistry and Production of Beans and
Beverages , (pp 375-393), London, Croom Helm. .
Clifford, M.N. (1985). Chemical and physical aspects of green coffee and coffee products, In
M.N. Clifford & K.C. Willson (Eds), Coffee: botany, biochemistry and production of beans
and beverage, (pp 305-374), Westport, Connecticut, USA, Avi Publishing Company.
Clifford, M.N., & Wilson K.C. (1985). Chemical and physical aspects of green coffee and
coffee products. In M.N. Clifford & K.C. Wilson (Eds), Coffee: Botany, Biochemistry and
Productions of Beans and Beverage (pp 305–374), London, Croom Helm.
Coffee Wilt Disease (CWD). (2002). Biological and Socio Economic Survey Report, Coffee
Research Institute, Uganda.
Combes, M. C., Andrzejewski, S., Anthony, F., Bertrand, B., Rovelli, P., Grasiozi, G., &
Lashermes, P. (2000). Characterization of microsatellite loci in Coffea arabica and related
coffee species. Molecular Ecology Notes 9, 1171-1193.
Cooley, W.W., & Lohnes, P.R. (1971). Multivariate Data Analysis. New York, John Wiley
& Sons, Inc.
Coste, R. (1992). Characteristics and composition of green coffee. In Coffee: The Plant and
the Product, p 328, London and Basingstoke, U.K, The Macmillan Press Ltd.
DaMatta, M.F., Ronchi, P.C., Maestri, M., & Barros S.R. (2007). Ecophysiology of coffee
growth and production. Braz. J. Plant Physiology, 19(4), 19(4), 485-510.

96




De Maria, C.A.B., Trugo, L.C., Aquino, Neto, F.R., Moreira, R.F.A., & Alviano, C.S. (1996).
Composition of green coffee water-soluble fractions and identification of volatiles formed
during roasting. Food Chemistry, 55, 203-207.
De Castro, D., Renato, D., & Marraccini, P. (2006). Cytology, biochemistry and molecular
changes during coffee fruit development. Brazilian Journal of Plant Physiology, 18 (1), 175199.
Decazy, F., Avelino, J., Guyot, B., Perriot, J.J., Pineda, C., & Cilas, C. (2003). Quality of
different Honduran coffees in relation to several environments. Journal of Food Science, 68,
2356-2361.
Dessalegn, Y., Labuschagne, M.T., Osthoff, G., & Herselman, L. (2008). Genetic diversity
and correlation of bean caffeine content with cup quality and green bean physical
characteristics in coffee (Coffea Arabica L.). Journal of the Science of Food and Agriculture,
88 (10), 1726-1730
Davrieux, F., Bertrand, B., Bastianelli, D., & Guyot, B. (2003). Authentication of three green
coffee cultivars from Costa Rica by near infrared spectroscopy. 11th International conference
on Near Infrared Spectroscopy, Cordoba, Spain.
Davrieux, F., Manez, J. C., Durand, N., & Guyot, B. (2005). Determination of the content of
six major biochemical compounds of green coffee using near infrared spectroscopy. 11th
International Conference on Near Infrared Spectroscopy, Cordoba, Spain.
Dice,LR. (1945). Measures of the amount of ecologic association between species. Ecology
26, 297-302.
Downey, G., Boussion, J., & Beauchene, D. (1994). Authentication of whole and ground
coffee beans by near infrared reflectance spectroscopy. Journal of Near Infra Red
Spectroscopy 2, 85-92.
Dufour, M., Hamon, P., Noirot, M., Risterucci, A.M., Brottier, P., Vico, V., & Leroy, T.
(2001). Potential use of SSR markers for Coffea spp. genetic mapping. Proceedings of 19th
International Conference on Coffee Science (ASIC), Trieste, Italy, CD-ROM.
Durand, N., De Bellis, F., Jourdan, I., Rivalan, R., Manez, J.C., Aluka, P., Vieira, L.G.,
Ogwang, J., Billot, C., Pot, D., Marraccini, P., Leroy, T., & Guyot, B. (2006). Biochemical
and nucleotide variability in the diterpene metabolism for Coffea canephora genotypes from
Uganda. 21st International Conference on Coffee Science, Montpellier, France, 70.
Dussert, S., Lashermes, P., Anthony, F., Montagnon, C., Trouslot, P., Combes, M.C.,
Berthaud, J., Noirot, M., & Hamon, S. (2003). Coffee (Coffea canephora). In, P. Hamon, M.
Seguin, X. Perrier, & J.C. Glaszmann (Eds), Genetic diversity of cultivated tropical crops.
Collection Repères,(pp 239–258), CIRAD, Montpellier, France.
.
Elevitch, C.R., Idol, T., Friday, J.B., Lepczyk, C., Easton Smith, V., & Nelson S.C. (2009).
Shade-Grown Coffee in Hawaii: Results of a twelve farm study in Kona. Permanent
Agriculture Resources, Holualoa, Hawaii. http://agroforestry.net/caf.

97




39. Fernie L.M. (1970). The improvement of Arabica coffee in East Africa. In: C.L.A. Leakey
(ed). Crop improvement in East Africa: Technical Communication No. 19, Commonwealth
Bureau, Plant Breeding and Genetics, CAB, Farnham Royal. 231-249.
FitzGerald, S. (2008). Non destructive Micro-analysis of art and archeological objects using
micro XRF. Archeometriai Muhely, 3, 73-78.
Fowler, J., Cohen, L., & Jarvis, P. (2001). Practical Statistics For Field Biology (pp 1-260),
New York, John Wiley and sons.
Geromel, C., Ferreira, L.P., Guerreiro, S.M.C., Cavalari, A.A., Pot, D., Pereira, L.F.P., Leroy,
T., Vieira, L.G.E., Mazzafera, P., & Marraccini, P. (2006). Biochemical and genomic analysis
of sucrose metabolism during coffee (Coffea arabica) fruit development. Journal of
Experimental Botany, 57(12) 3243–3258.
Ginz, M., Balzer, H., Bradbury, A., & Maier H. (2000). Formation of aliphatic acids by
carbohydrate degradation during roasting of coffee. European Food Research and
Technology, 211, 404–410.
Gower, J.C. (1971). A general coefficient of similarity and some of its properties. Biometrics,
27, 857–874.
Grusak, M.A., & Eduardo, M. (1999). The physiology of micronutrients homeostasis in field
crops. Field crops research ,60, 40-65.
Guyot, L.P., Filizola, N., Quintanilla, J., & Cortez, J. (1996). Erosion and Sediment Yield:
Global and Regional Perspectives (Proceedings of the Exeter Symposium July 1996). IAHS
Publ, no. 236, 1.
Guyot, J. L., Bourges, J., Hoorelbecke, R., Roche, M. A., Calle, H., Cortes, J. & Barragan, M.
C. (1988). Exportation de matières en suspension des Andes vers l'Amazonie par le Rio Béni,
Bolivie. In M. P. Bordas & D. E. Walling (Eds), Sediment Budgets, (Proc. Porto Alegre
Symp., December 1988), 443-451. IAHS Publ, no. 174.
Huck, C.W., Guggenbichler, W., & Bonn, G.K. (2005). Analysis of caffeine, theobromine
and theophylline in coffee by near infrared spectroscopy (NIRS) compared to highperformance liquid chromatography (HPLC) coupled to mass spectrometry. Analytica
Chimica Acta, 538, 195–203.
International Coffee Organization (ICO). (1991). Sensory evaluation of coffee: Technical
Unit Quality Series. ICO No 9, 209-243.
International Plant genetic Resources (1997). Descriptors of coffee (Coffea spp. and
psilanthus spp). (p 206), IPGR, Rome,Italy.
Jaccard, P. (1908). Nouvelles researches sur la distribution florale. Bull. Soc. Vaudoise Sci.
Natl., 44:,223–270.
Joet, T., Laffargue, A., Descroix, F., Doulbeau, S., Bertrand, B., De Kochko, A., & Dussert,
S. (2010). Influence of environmental factors, wet processing and their interactions on the
biochemical composition of green Arabica coffee beans. Food Chemistry, 118 (3), 693-701,
doi:10.1016/j.foodchem.2009.05.048.
Kibirige-Sebunya, I., Musoli, P., Aluka, P., & Wetala, M.P.E. (1996). An update on a
.comparison among Robusta coffee (Coffea canephora Pierre) clonal materials and their
seedling progenies at different levels of nitrogen. In: J.S. Tenywa, E. Adipala, & M.W.
Ogenga-Latigo (Eds), Improving Coffee Management Systems in Africa, 79-87.

98




Ky, C.L., Louarn, J., Guyot, B., Charrier, A., Hamon, S., & Noirot, M. (1999). Relations
between and inheritance of chlorogenic acid contents in an interspecific cross between Coffea
pseudozanguebariae and Coffea liberica var 'dewevrei'. Theor. Appl. Genet., 98, 628-637.
Ky, C. L., Louarn, J., Dussert, S., Guyot, B., Hamon, S., & Noirot, M. (2001a). Caffeine,
trigonelline, chlorogenic acids and sucrose diversity in wild Coffea arabica L. and C.
canephora P. accessions. Food Chemistry, 75, 223-230.
Ky, C.L., Guyot, B., Louarn, J., Hamon, S., & Noirot M. (2001b). Trigonelline inheritance in
the interspecific Coffea pseudozanguebariae x C. liberica var. dewevrei cross. Theor Appl.
Genet., 102, 630-634.
Kostiainen, R., Kotiaho, T., Kuuranne, T., & Auriola, S. (2003). Liquid chromatography/
atmospheric pressure ionization–mass spectrometry in drug metabolism studies. Journal of
mass spectrometry, 38: 357–372.
Leakey, C.L.A. (1970). The improvement of Robusta coffee in East Africa. In C.L.A Leakey.
(Ed), Crop improvement in East Africa (pp 250-277), Commonwealth Agricultural Bureaux.
Leroy, T., Marraccini, P., Dufour, M., Montagnon,, C, Lashermes, P., Sabau, X., Ferreira, L.
P, Jourdan I, Pot D, Andrade A C , Glaszmann J C , Vieira L G E , Piffanelli P. (2005).
Construction and characterization of a Coffea canephora BAC library to study the
organization of sucrose biosynthesis genes. Theor. Appl. Genet 111:1032–1041
Leroy, T., Ribeyre, F., Bertrand, B., Charmetant, P., Dufour, M., Montagnon, C., Marraccini,
P., & Pot, D. (2006a). Genetics of coffee quality. Braz. J. Plant Physiol., 18 (1), 229-242.
Leroy, T., Curbry, P., Durand ,N., Dufour, M., De Bellis, F., Jourdan, I., Vieira, L.G., Musoli,
P., Aluka, P., Marraccini, P., & Pot, D. (2006b). Coffea spp. and Coffea canephora diversity
evaluated with microsatellites and Single Nucleotide Polymorphism. Lessons from
comparative analysis. 21st International Conference on Coffee Science (p 53), France
,Montpellier, ,
Leroy, T., De Bellis, F., Legnate, H., Kananura, E., Gonzales, G., Luiz Felipe Pereira, L.F.,
Andrade, A.C., Charmetant, P., Montagnon, C., Cubry P., Marraccini, P., Pot, D., & De
Kochko, A. (2011). Improving the quality of African robustas: QTLs for yield and quality
related traits in Coffea canephora. Tree Genetics & Genomes, DOI 10.1007/s11295-0110374-6.
Lu, M.Z., Wang, X.R., & Szmidt A.E. (1997). Molecular properties of RAPDs in Pinus
sylvestris (L) and their implications for genetic analysis. Forest Genetics, 4 (4), 227-234.
Maier, H.G. (1987). The acids of coffee. Proceedings of 12th International Conference on
Coffee Science (ASIC), ( pp 229-237), Paris, France.
Maitland, T.D. (1926). Coffee Robusta in Uganda. Uganda Protectorate Department of
Agriculture Circular, No.14.
Mazzafera, P. (1999). Mineral nutrition and caffeine content in coffee leaves. Bragantai,
Campinas, 58,387-391.

99




Medina-Filho, H.P., Maluf, M.P., Bordignon, R., Guerreiro-Filho, O., & Fazuoli L.C. (2007).
Traditional breeding and modern genetics: a summary of tools and developments to exploit
biodiversity for the benefit of the coffee agro-industrial chain. Acta Hort, 745, 351–368.
Ministry of Finance and Economic Development, (MFED), Government of Uganda. (2007).
Mitchell, H.W. (1988). Cultivation and harvesting of Arabica coffee tree, In, R.J. Clarke &
R. Marcre (Eds) , Coffee (pp. 43-90) , Vol. 4, London, Elesivier Applied Science.
Mohammadi, S. A., & Prasanna, B. M. (2003). Analysis of Genetic Diversity in Crop Plants;
Salient Statistical Tools and Considerations. Crop Science, 43, 1235–1248.
Montagnon, C., & Bouharmont, P. (1996). Multivariate analysis of phenotypic diversity of
Coffea arabica L. Genetic Resources and Crop Evolution, 43, 221-227.
Montagnon, C., Guyot, B., Cilas, C., & Leroy, T. (1998). Genetic parameters of several
biochemical compounds from green coffee, Coffea canephora. Plant Breed., 117, 576-578.
Moschetto, D., Montagnon, C., Guyot, B., Perriot, J.J, Leroy, T., & Eskes, A.B. (1996).
Studies on the effect of genotype on cup quality of Coffea canephora. Tropical Science, 36
18-31.
Muchugi, A., Kadu, C., Kindt, R., Kipruto, H., Lemurt, S., Olale, K., Nyadoi, P., Dawson, I.,
& Jamnadass, R. (2008). Molecular Markers for Tropical Trees; A practical Guide to
Principles and Procedures. In: I. Dawson. & R. Jamnadass (Eds), ICRAF Technical Manual
No.9. 1-90.
Muschler, R. (2001). Shade improves coffee quality in a sub-optimal coffee zone of Costa
Rica. Agroforestry Systems, 51, 31–139.
Musoli, P., Cubry, P., Aluka, P., Billot, C., Dufour, M., De Bellis, F. Pot, D., Bieysse, D.,
Charrier A., & Leroy, T. (2009). Genetic differentiation of wild and cultivated populations:
diversity of Coffea canephora Pierre in Uganda. Genome, 52 (7), 634-646.
Nei, M., & Li, W.H. (1979). Mathematical model for studying genetic variation in terms of
restriction endonucleases. Proc. Natl. Acad. Sci., 76, 5269–5273
Nei, M. (1987). Molecular Evolutionary Genetics. New York , Columbia University Press.
Ngambeki, D.S., Nsubuga, E., Adupa, L., Katale, C., & Munyambonera, E. (1992). Coffee
Based Farming Systems Baseline Survey in Uganda. Ministry of Agriculture, Animal
Industry and Fisheries, Entebbe, Uganda.
Onzima, R.J., Lukwago, G., Wetala, M.P.E., & Wejuli, M. (1996). Effects and economics of
use of nitrogen fertilizer on the changing cycle of old Robusta coffee in lake Victoria
crescent. In J.S. Tenywa, E. Adipala, M.W. Ogenga-Latigo (Eds), Improving Coffee
Management Systems in Africa, 79-87.
Orozco-Castillo, C., Chalmers, K.J., Waugh, R., & Powell W. (1994). Detection of genetic
diversity and selective gene introgression in coffee using RAPD markers. Theoretical Applied
Genetics, 87, 934-940.

100




Osario, N. (2008). Evolution of the world coffee market 2002 to 2008. www.ico.org.
Paltridge, G.N., Palmer, L.J., Milham, J.P., Guild, G.E., & Stangoulis, J.C.R. (2011). Energydispersive X-ray fluorescence analysis of zinc and iron concentration in rice and pearl millet
grain. Plant Soil # Springer Science+Business Media B.V. 2012., DOI 10.1007/s11104-0111104-4.
Peakall, R., & Smouse, P.E. (2006). GenAlEx 6: genetic analysis in Excel. Population
genetic software for teaching and research. Mol. Ecol. Notes 6, 288-295.
Perrier, X., Flori, A., & Bonnot, F. (2003). Methods of Data Analysis. In P. Hamon, M.
Seguin, X. Perrier, & J.C. Glaszmann (Eds). Genetic diversity of cultivated tropical plants (pp
31-63), Plymouth, U.K, Science publishers, inc.
Pouncet, V., Dufuor, M., Hamon, P., Hamon, S., de Kochko, A., & Leroy, T. (2007).
Development of microsattelites for Coffea Canephora and their transferability to other coffee
species. Genome 50 (12), 1156-1161.
Prakash, N.S., Combes, M.C, Dussert, S., Naveen, S., & Lashermes, P. (2005). Analysis of
genetic diversity in Indian robusta coffee genepool (Coffea canephora) in comparison with a
representative core collection using SSRs and AFLPs. Genetic Resources and Crop Evolution
52, 333-342
Priolli, R.H.G., Mazzafera, P., Siqueira, W. J., Moller, M., Zucchi M. I., Ramos Luis Carlos,
S., Gallo, P. B., & Colombo Carlos, A. (2008). Caffeine inheritance in interspecific hybrids of
Coffea arabica x Coffea canephora (Gentianales, Rubiaceae). Genet and Mol. Biol., vol.31,
1415-4757, no.2 ,São Paulo.
Risterucci, A. M., Grivet, L., N'Goran, J. A.K., Pieretti, I., Flament, M.H., & Lanaud, C.
(2000). A high-density linkage map of Theobroma cacao L. Theor Appl. Genet., 101, 948–
955.
Rovelli, P., Mettulio, R., Anthony, F., Anzueto, F., Lasshermes, P., & Graziosi, G. (2000).
Microsatellites in Coffea arábica L. Coffee Biotechnology and Quality,123-133.
Saitou, N., & Nei, M. (1987). The neighbour-joining method: A new method for
reconstructing phylogenetic trees. Molecular Biology and Evolution, 4, 406-425.
Schneider S., Roessli, D., & Excoffier, L. (1999). Arlequin, Version 2.0: A software for
population genetics data analysis. Genetics and Biometry Laboratory, Switzerland, University
of Geneva. Geneva.
Silva, E.A., Mazzafera, P., Brunini, O., Sakai, E., Arruda, F.B., Mattoso, L.H.C., Carvalho,
C.R.L., & Pires, R.C.M., (2005). The influence of water management and environmental
conditions on the chemical composition and beverage quality of coffee beans. Brazilian
Journal of Plant Physiology, 17, 229-238.
Slagle, A., Skousen, J., Bhumbla, D., Sencindiver, J., & McDonald, L. (2004). Trace element
concentrations of three soils in central Appalachia. Soil Surv Horiz., 4573–85.

101




Snoeck, J., & Lambot, C. (2004). Crop maintenance, In N.J. Wintgens, (Ed), Coffee;
Growing, Processing, Sustainable Production, (pp 246-323), Wiley, VCH, Verlag GmbH &
Co.
Tessema, A., Alamerew, S., Kufa, T., & Garedew, W. (2011). Variability and Association of
Quality and Biochemical Attributes in Some Promising Coffea arabica Germplasm
Collections in Southwestern Ethiopia. International Journal of Plant Breeding and Genetics,
5, 302-316.
Thomas, A S. (1935). Types of Robusta coffee and their selection in Uganda. The East
African Agricultural journal, No. 174
Thomas, A.S. (1940). Robusta coffee. In J.D. Tothill (Ed), Agriculture in Uganda (pp 289313), London, Oxford Univ. Press.
Thomas, A.S. (1944). The wild coffees of Uganda. Empire Journal Experiment of
Agriculture, 12 1-12.
Thomas, A.S. (1947). The cultivation and selection of Robusta coffee in Uganda. The Empire
journal of experimental agriculture, 15, 65-81.
Uefuji, H., Ogita, S., Yamaguchi, Y., Koizumi, N., & Sano, H. (2003). Molecular Cloning
and Functional Characterization of Three Distinct N- Methyltransferases involved in the
Caffeine Biosynthetic Pathway in Coffee Plants. Plant Physiology, 132, 372–380.
Uganda Coffee Development Authority, Annual Reports .(1991-2008).
Uganda Coffee Trade Federation, Coffee Year Book. (2007-2009).
Urgert R., Essed, N., Van der Weg, G., Kosmeijer-Schuil, K., & Katan M.B. (1997). Separate
effects of the coffee diterpenes cafestol and kahweol on serum lipids and liver
aminotransferases. American Journal of Clinical Nutrition, 65 (2), 519-524.
Vaast, P., Bertrand, B., Perriot, J.J., Guyot, B., & Génard, M. (2006). Fruit thinning and shade
influence on bean characteristics and beverage quality of C. arabica in optimal conditions.
Journal of Science Food Agriculture, 86, 197-204.
Villarreal, D., Laffargue, A., Posada, H., Bertrand, B., Lashermes, P., & Dussert S. (2009).
Genotypic and Environmental Effects on Coffee (Coffea arabica L.) Bean Fatty Acid Profile:
Impact on Variety and Origin Chemometric Determination. Journal of Agricultural Food
Chemistry, 57 (23), 11321–11327.
Wintgens J N. (2004). Coffee: growing, processing, sustainable production. A guidebook for
growers, processors, traders, and researchers (Ed), Wilet-VCG Verlag GmbH & Co.
Wright, S. (1978). Evolution and the Genetics of Population, Variability Within and Among
Natural Populations (p 590), Chicago, The University of Chicago Press.
Wrigley, G. (1988). Coffee (p 639), New York, Longman.
Yadessa, A., Burkhardt,J., Denich, M., Gole, T. W., Bekele, E., & Goldback, H. (2008).
Influence of soil properties on cup quality of wild Arabica coffee forest ecosystem of SW
Ethiopia. Paper presented at 22nd International Conference on Coffee Science (ASIC), held
between 14-19 September, 2008, Campinas, SP, Brazil.
102




Yapo, A., Louarn, J., & Montagnon, C. (2003). Genetic gains for yield after two back crosses
of the interspecific hybrid Libusta (Coffea canephora P x C. liberica Bull. Ex Hiern) to C.
canephora P. Plant Breed., 122: 288-290.
Zake, J.Y.K., Bwamiki, D.P., & Nkwiine, C. (1996). Potential for organic and inorganic
fertilization for sustainable coffee production in Uganda. In J.S. Tenywa, E. Adipala & M.W.
Ogenga-Latigo (Eds). Improving Coffee Management Systems in Africa (pp 69-74).

103

