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CHAPTER 1

GENERAL INTRODUCTION

Cassava is the most important vegetatively progagdbod crop and the second most
important food staple in terms of calories per tapor more than 500 million people in
Africa (Jennings and Hershey 1985; Nweke et al.220@G provides 50% of the calorie
requirement of over 200 million people in sub-SahaAfrica (Osiru et al. 1996). It is
processed into various food forms in many Africaourdries. The main nutritional
component of cassava is carbohydrate, which isvelérirom starch accumulated in the
tuberous storage roots. This is processed int@wariood forms, such as garri (from fresh
cassava), dried chips and flour (Nweke et al. 199K leaves are reported to have excellent
nutritional value for humans and animals (Cebadibal 2004). The tender shoots and leaves
are eaten as vegetables in many parts of Africaitgordvides protein with a high content of
lysine, minerals and vitamins (7 g protein per §0&dible portion) (Hahn 1989; [ITA 1990;
Nweke et al. 1994; Fregene et al. 2000; Benesi R0t cassava woody stem cuttings are
commercially used as planting materials (Ekanayetkal. 1997; Alves 2002). The seed is
processed for oil and seed cake, used for fornmgafieed for livestock. The seed is also
processed into a medicinal product to cure skieaties (Popoola and Yangomodi06).
Most farmers have kept and cultivated ancient cassarieties for generations (Beeching et
al. 1993; Okai 2001; Manu-Aduening et al. 2005).

Cassava is adapted to a wide range of environmierigsa rustic crop tolerant to drought and
acidic soils, with good performance on degradeds sshere other crops fail (Jones 1959;
Kawano et al. 1978; Jaramillo et al. 2005). Thed~aod Agriculture Organization (FAO
2006) reported that Africa produced half of the Mi@r cassava. However, the recorded
increase in production was attributed to increasexh under cultivation rather than yield
produced per unit area (Hillocks 2002). Cassavaaisnarked as one of the alternatives to
compete with maize for industrial processes inttiopics (Jaramillo et al. 2005). Its high
yield potential makes it a suitable option for otigeain staples where population pressure
and crop failure are a challenge (Al-Hassan etl883; Nweke 1996; Benesi 2005). The
exceptional ability of cassava roots to be storethe ground and harvested when needed,
makes it a food security (DeVries and Toennies€H Pand famine reserve crop (Nweke et
al. 2002).



Ghana is the third largest producer of cassavafiitah(FAO 2006). Cassava ranks first in
the area under cultivation and utilization in GhgdNARP 1994), and it is grown in all ten
regions of Ghana (Okai 2001). Traditional farmeesraostly women, who inter-crop cassava
with other staple food crops (Francis 1990; FAO 20B002; Dapaah et al. 2003). In the
Ghana Living Standards Survey (GLSS) Dapaah (189f)rted that 83% of the 1.73 million
households sampled were engaged in cassava pmgufiassava has changed its status
from a traditional food crop in the hands of sutesise farmers to an important industrial
crop for cash and jobs for the rural communitiesvéie et al. 2002; Dixon and Ssemakula
2008). Al-Hassan and Diao Xinshen (2007) reportedpotential of cassava as an important
crop to reduce poverty and promote economic growtiorthern Ghana, which is among the
most poverty stricken areas. Many reports on Glsapabnomic growth and development
have identified cassava as a single commoditydbald generate desired economic growth
and fight poverty (Dapaah 1991; 1996; Al-Hassan @rab, 1993; Nweke 2004). There is a
growing importance of cassava in Ghana (Dapaah ;188Hassan et al. 1993; Manu-
Aduening et al. 2006); requiring therefore, th&ie demands of the growing cassava-based
industry in both Ghana and Nigeria be met in otdepromote economic growth in Ghana
and West Africa (Nweke 2004; Al-Hassan 2007; Divaord Ssemakula 2008). Cassava still
faces challenges, such as poor yields, pest apdsispressure, and post harvest deterioration
and new, improved materials are urgently neededdpond to the demands of food security,

poverty alleviation, and new emerging threats ohegests and diseases.

Genetic improvement of cassava through breedingbegcently and has lagged behind
many crops such as the cereals and legumes. Canpétie other staple foods, little
scientific effort has been made to improve cass@ack 1985; Ceballos et al. 2004).
Breeding efforts in Africa is reflected in the wook the International Institute for Tropical
Agriculture (IITA) in developing elite clones witlesistance to pest and diseases (Hahn et al.
1989). The Tropical Manioc Species (TMS) developgdthe [ITA are improved cassava
clones bred for resistance to cassava mosaic @ig€ddD), cassava bacterial blight (CBB),
cassava green mite (CGM), with high stable yieltgonomic and good consumer quality
traits for testing and adoption in Africa. Nwekeakt(2002) attributed the increase in cassava
production in Africa to the cultivation of the TM8&8ones in Africa. There is paucity of

information on inheritance of agronomic traits (Bad Amma et al. 1995; Pérez et al. 2005;



Cach et al. 2006). Data on relative importance difittve and non-additive gene action is
limited (Pérezt al. 2005; Jaramillo et al. 2005)

Although cassava is well integrated into the digetsaditional farming systems (Francis
1990; Dapaah et al. 2003; Zacarias 2008) verg Igdnetic improvement has been achieved.
Adoption rates for improved technologies have beher slow, because the end users are
not ready to use them as they do not satisfy theique preferences and requirements
(Nweke et al. 1994; Manu-Aduening et al. 2005; Ben2005). Farmers have taken
advantage of natural hybridization and vegetativepagation of cassava to develop new
varieties over thousands of years. This has reddsassava landraces that offer a rich source
of genetic diversity and provide a valuable sowtegenetic material for crop improvement
(Attere 1997; Ceballos et al. 2004; Zacarias 20Q8)ssava planting materials are selected
and distributed by farmers (Beeching et al. 199jt& et al. 2005; Manu-Aduening et al.
2005). Farmers have selected genotypes that bekeii needs and different ethnic groups
have given numerous names according to their uses raany other factors. This
nomenclature has led to confusion in the exact musland identity of cassava varieties
under cultivation (Mignouna and Dixon 1997; OkaD20Baafi and Sarfo-Kantanka 2008).

Genetic diversity assessment using morphologicdlraalecular markers Random Amplified
Polymorphic DNAs (RAPDs) of some Ghanaian cassaNtivars showed a greater genetic
diversity with molecular markers than morphologioarkers (Okai 2001). Genetic diversity
of cassava clones from four districts of the Brodgafo region was assessed with four
RAPD markers (Asante and Offei 2003). The use ofrpmological markers is
environmentally influenced and highly subjectiveer®tic crosses of cassava towards
improvement have not been practiced in Ghana. beroto set the platform for the
improvement of cassava landraces in Ghana, gemetdysis of a large representative
collection of landraces would be ideal. A natiordavicollection of landraces from farmers’
fields could be analysed with robust molecular reeslavailable, to offer useful information
on the genetic diversity and structure and hetergtoups that may exist and with useful
mating schemes like the diallel, it could serveaaglide for planned cassava improvement of

landraces or local cultivars for end users.

The success of a breeding programme depends lawgellye genetic diversity that exists in

available germplasm (Meredith and Bridge 1984). Shaly of genetic diversity in cassava
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landraces in Ghana using Simple Sequence Reped) (Bfarkers represents the first
comprehensive genetic study based on landracexair dultivars from all regions of Ghana.
The genotypes used represent a national colleafolandraces or local cultivars from
farmers’ fields in all ten regions of Ghana and liayed clones from the International Center
for Tropical Agriculture (CIAT) and the Institue ofropical Agriculture (IITA). The

objectives of this study were:

1. To investigate the genetic diversity and genetigcstire among landraces using SSR
markers

2. To study combining ability and heterotic groupimgshe landraces

3. To use diallel crosses to study the importance etierosis and heritability of
important cassava traits

4. To develop superior hybrids through participatorglaation

5. To improve landraces with CIAT materials for CMBistance

All this information will contribute to the struaing of an effective breeding programme for

Ghana.
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CHAPTER 2

LITERATURE REVIEW

2.1 Importance of cassava

2.1.1 General importance

CassavaNlanihot esculent&rantz), a perennial crop native to tropical Aroayiwas among
the first to be domesticated (Okigbo 1980; Allen®2)p It is an important food crop for more
than 900 million people in the tropics and sub iteFAO 1996; Nassar 2005). Cassava is
fourth after rice, sugarcane and maize as a soafcealories in the human diet, and
contributes about 500 cal/day for more than 500ianilpeople in tropical countries in Africa,
Asia and Latin America (Cock 1982; 1985; Iglesiasle 1997; Henry and Hershey 2002;
Hillocks 2002; Onwueme 2002). As a staple foods ithe sixth most important crop in the
world (Mann 1997). Cassava is the only non-natraan Africa that has assumed a major
staple food status (Tewe 1992). It constitutes thest important tropical root crop
(Onwueme 1978; Dapaah 1991; Roa et al. 1997; Mkamd002; Nweke 2004). Cassava
roots are efficient in carbohydrate production (Qewe 1978; Cock 1985) and contain

nearly the highest starch content among all rodttaher crops (Moorthy 1994).

The FAO (2006) reported that cassava produced iit&ficcounts for more than half of the
total production in the rest of the world. In 20@% largest producing countries were Nigeria
(40%), Democratic Republic of Congo (19%), Ghand®%), Tanzania (7%) and
Mozambique (6%). The increase in cultivation wagially due to declining soil fertility and
increased cost of inorganic fertilizers (FAO 1998je productivity per unit area in Africa
(8.2 t/ha) is low compared to the world average.@ t/ha (FAO 1998). Low yields have
been attributed to production constraints and abfattors (Nweke 1996).

Cassava is adapted to a wide range of environm#nits.a rustic crop that grows well in
conditions where few other crops survive; it isetaht to drought and can produce in
degraded soils. It is naturally tolerant to acidmils (Jones 1959; Kawano et al. 1998;

Jaramillo et al. 2005) and suitable for farmingteyss in Africa (Nweke et al. 2002).

There are 39 countries that grow cassava as aediapdl crop. The cultivation of cassava

stretches over a wide ecological belt from Madagiastthe south-east to Senegal and Cape



Verde in the north-west (Raji et al. 2001; Nwekeaket2002; Benesi 2005). An increase in
cassava production in Africa has been reported (BA@IFAD 2001). The increase has been
attributed to land area cultivated and not the cymgdd increase as reported by Hillocks

(2002). Cassava has the potential to become ot @flternatives to compete with maize for
industrial processes in the tropics (Jaramillole2@05). Its high yield potential makes it a

suitable alternative for other grain staples whaspulation pressure and crop failure are a
challenge (Al-Hassan et.dl993; Nweke 1996; Benesi 2005).

The collaborative study on cassava in Africa (CO$84s revealed and described cassava as
a poverty fighter (Nweke 2004) that is playing adeg role in African agriculture, not only
as a famine reserve crop and a famine reserve loubpalso as a cash crop for urban
consumption and jobs for the rural communities (Ksvet al. 2002; Dixon and Ssemakula
2008). The leaves are reported to have excellemmitiooal value for humans and animals
(Ceballos et al2004). Cassava leaves are served as a vegetabtany parts of Africa,
providing a rich source of proteins and other tratements. The seeds have medicinal
properties and are also used for animal feed faatimn (IITA 1990; Fregene et.a2000;
Benesi 2005). Propagation is mainly done with wostBms, which are sold to generate

income (Alves 2002; Popoola and Yangomo@6006).

There is a growing interest in cassava beyondatdittonal role as a rural and urban staple
due to its good adaptation to drought and poos gBiapaah 1991). The New Partnership for
African Development (NEPAD) has proposed a PancAfriCassava Initiative to increase
productivity and industrial use of cassava in Adridhe transformation of cassava from a
traditionally subsistence crop to an industrial pcioas become evident in recent times.
Dapaah (1991) reported that root crop productiepeeially cassava, can improve Africa’s
economy. Furthermore, there is an emerging marke@tgaowing industry for cassava based
products in Ghana and Nigeria (Nweke et al. 2002eké 2004). The two countries are at
the third stage of cassava transformation, heneetbliferation of cassava based industries.
The cassava based industry is growing, expandma@adtivities to cover the production of
starch and its derivatives, ethanol, glucose syagmposite flour, “gari” and feed for
livestock(Al-Hassan 1989; 1993; Nweke et al. 2002).

Cassava plays a major role in reducing food criEigesi et al. 2007), and there is an

increased demand for cassava, the large acreageeabfanized farms and farmer groups in
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cooperatives, the supply of raw cassava tuberaats to the growing cassava based industry,
is becoming important (Nweke et al. 2002; Nweke40Manu-Aduening et al. 2006). There
are excellent opportunities for product and madke¢rsification in several African countries
(Dapaah 1996; Benesi 2005; Al-Hassan and Diao Xingt007; Dixon and Ssemakula 2008).

2.1.2 Importance of cassava in Ghana

Ghana is among the first African countries wheresasa was introduced. It was planted
around coastal trading castles. The Ghanaian namecdssava “bankye” may be a
contraction of theakan phrase “aban kye” meaning ‘gift from the castlegovernment'.
Cassava became widely grown in the coastal plajnthé second half of the T&entury
(Adams 1957). The adoption of cassava as a magat éoop within Ghana was slow. Most
people in the forest zone preferred plantains aedyam and the northern part used sorghum
and millet (Ministry of Agriculture 1990). In 1988ere was a national drought in Ghana,
which resulted in crop failure for major food cropscept cassava. Thereafter, cassava
cultivation and utilization spread throughout tloeictry (Korang-Amoako et al. 1987; Manu-
Aduening et al. 2005).

Ghana is the third largest producer of cassavafiitad (FAO 2006). Cassava ranks first in
both the area under cultivation and utilizatiorGhana (NARP 1994). Cassava is grown in
all the agro-ecological zones (Figure 2.1) acrbestén regions of Ghana (Okai 2001; Manu-
Aduening et al. 2005; Amenorpe et al. 2006). Dagd886) reported that the roots and tuber
crops contributed 59% of Ghana’s Agricultural Gr@ssmestic Product (AGDP) excluding
forestry. Cassava contributed 19% (AGDP) companetPt for maize, 2% for rice and 13%
for cocoa. In the Ghana Living Standards SurvelyS&) Dapaah (1996) reported that 83%
of the 1.73 million households sampled were engagechssava production. Cassava has
undergone a transformation from being a traditidead crop in the hands of subsistence
farmers to an important industrial crop for cast pabs for the rural communities (Nweke et
al. 2002; Dixon and Ssemakula 2008). Al-Hassan and Dimshen (2007) reported the
potential of cassava as an important crop to regogerty and promote economic growth in
northern Ghana, which is among the most poverigk&tn areas. Many reports on Ghana’s
economic growth and development have identified@eas as a single commodity that could
generate desired economic growth and fight povigpaah 1991; 1996; Al-Hassan et al.
1996; Nweke 2004; Al-Hassan and Diao Xinshen 2007).
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There is a growing importance of cassava in Gh&@pdah 1991; Al-Hassan et 4996;
Manu-Aduening et al2006). There is a need to meet the demands ofrtheing cassava
based industry in Ghana and Nigeria, to promote@tic growth in Ghana and West Africa
(Nweke 2004; Al-Hassan and Diao Xinshen 2007; Digaod Ssemakula 2008). It is reported
(Al-Hassan 1993; Nweke et al. 2004; Dixon and Sdmitaa 2008) that cassava has
tremendous potential in Ghana and Africa’s econdaryfood, feed, and industry and to
provide cash and jobs for the rural communitiesss@sa is processed into varied food forms
based on its tuberous root attributes (Amenord. &006; Baafi and Sarfo-Kantanka 2008).
Cassava starch and its derivatives are used itestiée, pharmaceutical, paper and ply wood
industry. Glucose syrup is also used in the foatl@nfectionery industry. Cassava flour is a
composite part of wheat flour for bakery and cotitearies in the local markets and instant

‘fufu’. Cassava is used for ethanol production, asdnimal feed (Nassar 2006).

The production, processing and utilization of caasaffer jobs to large communities,
especially women in the tropical countries (Frarid80; Haleegoah and Okai 1992; Thro et
al. 1995). In a survey conducted, Collinson e{(2001) reported the significant potential of
cassava to contribute to rural incomes and to rmd#n food needs in processing instant
‘fufu’. They indicated an estimated annual potdntiahe range of 1000 to 17000 mt which
translates to 2000 to 34200 mt of fresh cassaves.rddere is an increasing importance of
cassava as food and cash crop in Ghana (Manu-Aalyesti al. 2006; Baafi and Sarfo-
Kantanka 2008). In northern Ghana (comprising tppeu west, upper east and northern
region) where poverty is the highest, Al-Hassan Brab Xinshen (2007) reported on staple
crops whose production growth exerts the largescebn poverty reduction as groundnut,
cassava and cowpea. Cassava was identified as dlsé important of the three crops.
Additionally, agriculture-led economic growth hadaager poverty reducing effect than non-
agriculture-led growth. The growth in staple cromduction reduced poverty more than
export of crops (Al-Hassan and Diao Xinshen 2007).
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Figure 2.1 Map of Ghana showing 10 regions where ssava is grown

Cassava has a long growth cycle; low seed setsaatlogamous in nature, with a complex
genetic structure. Cassava breeding is therefansiderably slowed down by the biology of
the crop (Kawano et al. 1998; Fregene et al. 208bjvever cassava still faces challenges,
such as poor yields, pest and disease pressur@oshdharvest deterioration. New improved
materials are urgently needed to respond to theaddsof food security, poverty alleviation,
and new emerging trends of some pests and disedbese is the need for cassava
improvement programmes to take advantage of momets to meet population growth and

pressure on the environment (Bertrand et al. 2008).
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2.2 Cassava in Africa

Fregene et al. (1994) reported that all specieth@fgenudManihot are native to the New
World tropics and occur naturally only in the westdhemisphere between southern USA
(3FN) and Argentina (38). Reports indicate that cultivated and wild sescivere
introduced in the old world tropics in the"™.6entury (Jones 1959) by Portuguese explorers
when they established forts, trading stations aitlesnents on African coastal and nearby
islands. The first cultivation of cassava in Afridates from 1558 (Carter et al. 1992). The
crop spread throughout Africa by various mechanisinghich the initial contact with the
Portuguese-Brazilian culture appears to be the memsarkable. Cassava got to West Africa
via the Bight of Benin and the Congo River at thel ef the 18 century. The crop reached
the east coast of Africa via the islands of ReunMadagascar and Zanzibar at the end of the
18" century (Jennings 1976).

The spread of cassava became possible by rivepagrthnd trade by merchandise, and by
mass migration (Jones 1959; Carter et al. 1992)hén19' and 28 centuries, the colonial
administrators promoted its spread and increasét/ation. Cassava possesses botanical
characteristics that enables it to compete welh wieeds and therefore can survive under
various conditions of neglect. The ability to regeate from stem cuttings may have
enhanced the spread of the crop to many new lowaf{iGarter et al. 1992). The diffusion of
cassava is seen from historical documents andltrgwes in Africa. Gulick et al. (1983)
defined the primary, secondary and tertiary lew#lgliversity for M. esculentain modern
times. An important source of secondary diversig in Africa, outside the crop’s centre of
origin (Lefevre and Charrier 1993; Fregene et @@ 2003; Hurtado et al. 2008). Cassava is
adapted to a wide range of ecologies. The growomngies within latitudes 30north and
south of the equator at elevation of up to 2000ensehbove sea level in temperatures ranging
from 18C to 25C, to rainfall of 50-5000 mm/year and to poor seiish pH from 4 to 9.
This stretches through a wide ecological belt figladagascar in the south-east to Senegal
and Cape Verde in the Northwest (Raji et al. 2004gke 2002; Nassar 2007). There are 39
countries that grow cassava as a staple food &mncrease in cassava production in Africa
has been reported (FAO and IFAD 2001).

Cassava has been cultivated around Accra since. Bi&e its introduction, initial attempts

at improving cassava in Ghana were made by the SCRgsearch Institute at Kwadaso,
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Kumasi where introduced cultivars, particularlynfracast Africa were tested, screened and
elite clones such as K357, K102, K680 were allowedross with the local cultivars to
generate high yielding and disease resistant clfDeku 1969). In collaboration with the
International Institute of Tropical Agriculture TIA), a number of introductions, cassava
genotypes TMS have been tested and screened tifydgamnotypes of high and stable yields
and resistance to pests and diseases across nliftaym-ecological zones in Ghana. Since
1992 several varieties have been released to farrHewever, there has been low adoption
of cassava technologies since farmers did not fiederred attributes that were suitable for
their food needs (Nweke et al. 2002; Benesi 200Bn04AAduening et al. 2005). Some
varieties bred for CMD lost their resistance to dieease over the years. This is due to high
CMD virus builds up with the use of vegetative natefor propagation and new emerging
strains of the virus (Nweke et al. 2002; Pujol et2802; Kizito et al. 2005; Peroni et al.
2007). There is a need for national agriculturegpmmmes in Africa to improve cassava to
solve emerging trends and meet demands of the ggoeassava based industry (Okogbenin
et al 2006).

2.3Morphological characteristics of cassava

CassavaNlanihot esculentaCrantz, synonymous witManihot ultissimaPohl) (Onwueme
1978) is a dicotyledonous crop. It belongs to tmify Euphorbiaceae and genMsnihot.
There are 98 species in the genus that are usefgé@e resources in cassava improvement
(Rogers and Appan 1970; Fregene et al. 1994). Tinghdbiaceae family has several
commercial plants as members (Hershey 2005). ttheracterised by lactiferous vessels
composed of secretory cells for latex productioom8 of these are rubber tredteyea
brasiliensig, castor oil plantsRicinus comunis root crops Manihot spp and ornamentals
(Euphorbiaspp (Ekanayake et all997; Fregene et al. 2006). Cassava is the omgiep
from the genus that is widely cultivated for foodbguction (Rogers and Appan 1973,
Onwueme 1978; Mkumbira 2002; Nassar 2006)Manihot glaziovii and Manihot
eaerulescendave minor uses as alternative sources of latexulsioer production (Franche
et al. 1991; Fregene 1996).

The Manihot species have 2n=36 chromosomes and are regardealygsoids with n=18
(Jennings 1976; Hershey 1993). It is reported Mahihot species behave meiotically as

diploids (Nassar 2003). Studies carried out on phaehytene of M. glaziovii and in
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comparison with karyology of cassava, suggests ttiatspecies is probably a segmental
allotetraploid (Magoon et a1969; Jennings 1976) derived from a combinatiotwof diploid
taxa whose haploid complement has six common ame ttifferent chromosomes (Jennings
1976). Inheritance of several isozymes suppoitsatidence and showed disomic heredity,
thus confirming diploid behavior (Jennings and Heks1985; Hussein et al. 1987; Lefevre
and Charrier 1993). Cassava, though a major glofegd with enormous potential, has little
research focus (Olsen 2004; Gbadegesin et al. 2008¢ed, it is genetically the least
understood among the major staple crops (suchcas maize, wheat and potato) for food
production (Gomez et all996; Fregene et al. 1997; 2001). However, rebefmwards the
development of a molecular linkage map is likelyptovide a better structural definition of

the cassava genome (Fregene €2@01).

Cassava is an outcrossed crop (Allard 1960) antinptbn is mainly done by bees and
wasps. Spontaneous hybrids between cassava andvdhéot species have been reported
to occur naturally in Africa and Brazil (Nassar 492007). Earlier hybridization studies in
the late 1930s suggested that tree cassava isusainétybrid between cassava ami
glaziovii Allem (Fregene 1996). This was later confirmeddblger workers who observed
normal pairing at meiosis in the first filial gea&ons of two sets of crosses, between cassava
andM. glazioviiand cassava and arborescent cassava (Magoon B&6¥982; I1ITA 1988).
Farmers make cuttings from the spontaneous or tedunseedlings in their fields for
subsequent planting (Harlan 1992; Okai 2001; Pejohl. 2002; 2007; Kizito et al. 2005;
Manu-Aduening et al. 2005; Peroni et al. 2007).

Cassava is a perennial woody shrub, cultivated Ijndor its starchy tuberous roots. It is
mainly propagated from stem cuttings (IITA 1990;lleek 2001) however, spontaneous or
volunteer seedlings may be used by farmers (LefanceCharrier 1993; Okai 2001; Kizito et
al. 2005; Manu-Aduening et al. 2005). The averagight of a mature plant ranges from one
to two meters; some cultivars can reach four mét@rsvueme 1978; Ekanayake et al. 1997,
Hershey 2005). Most farmers harvest within thet fivgo years, however abandoned stands
may continue to grow for several years (Onwueme8L9CZassava propagation from true
seedoccurs under natural conditions and is widely useldreeding programmes (Iglesias et
al. 1994). Plants generated from true seeds take &idirge to become established and are

smaller and less vigorous than plants from woodynstuttings (Ekanayake et al. 1997,
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Alves 2002). Such seedlings agenetically segregated due to outcrossing in casgasiru
et al 1996).

2.3.1 Flowering in cassava

Cassava is monoecious and predominantly out-crpgBiregene et all997). Flowering may
begin as early as the sixth week after plantingir{imys and Iglesias 2002). There are
frequent and regular flowering cultivars, whiledthers it is rare or non-existent (Onwueme
1978; IITA 1990). The availability of flowers isflnenced by plant habit and is generally
formed in the intersection point of the reproduetlranching (Jennings and Iglesias 2002;
Hershey 2005). Male flowers occur near the tip,levfemale flowers occur close to the base
of the inflorescence. The female flowers normajpeo 10 to 14 days before the males on the
same branch, encouraging cross-pollination. Howesadf-fertilisation can occur on different
plants or branches of the same genotype that dperitaneously (Onwueme 1978; Osiru et
al. 1996; Jennings and Iglesias 2002). Generally tb#inpting agents are insects,

particularly bees and wasps (Onwueme 1978; IITAOL88umbira 2002).

The stigma of the female flowers remains recemixehours after flower opening, between
the hours of 11:00 to 12:00. The pollen from thdenflowers lose viability after two days of

flower opening (Kawano 1978).

2.3.2 Fruit and seeds

Cassava produces mature fruits between 75 to 98 dtgr pollination and fertilization
(Ghosh et al1988). There is variability in the fertility amoragltivars; an average of one
seed is obtained per fruit instead of a maximurthcge from the tri-locular ovary (Jennings
and Iglesias 2002). The mature fruit is a globelpsule, which naturally splits explosively
to release the seeds, a process called autochgrmédochory (seed dispersal by ants) help
move seeds over short distances, leading to thetitation of a cassava seed bank in the soil.
The seeds are buried in the solil, protected froedgors during prolonged dormancy and
lethal temperatures during land preparation (Ediaal. 2000; Pujol et al. 2002). When the
field is cleared and burnt, cassava seeds that perststed during the fallow period since the
previous crop, germinate in large numbers as vekmiseedlings. Farmers select from
healthy and vigourous plants and add them to themieties (Onwueme 1978; IITA 1990;
Osiru et al1996; Pujol et al. 2002; 2007).
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Newly harvested cassava seeds remain dormant gonideed-6 months storage at ambient
temperature before germination. Cassava seedsmgewithin 16 days after planting. Seed
germination can be hastened by temperature treatikis et al. (1982) found that the best
germination rates were obtained when temperatorgsait of the day exceeded’@6and the
mean temperature was at least@3A treatment of 14 days at ®Dis appropriate for freshly
harvested seeds. It is unclear whether germinati@assava seeds is triggered by fluctuation
between high and low temperatures or simply by Hegmperatures (Pujol et al. 2002).

Cassava seeds stored at ambient temperaturesabdéaywithin a year (Kawano 1978).

2.3.3 Leaves

The number of cassava leaves produced, leaf lotygerid whole plant products are

determined by genotype and environmental conditioBassava leaves are arranged
alternately in a spiral order on the stem. The lpyé&kis or arrangement of the leaves on the
stem is 2/5 spiral. Cassava leaves are simple biibd lamina and petiole. Each leaf is
subtended by three to five stipules, each about loag. The number of lamina lobes varies
between three and nine, usually odd numbers. Mastava varieties grown in Africa have

lobes that are elliptical or lanceolated (Onwuen®¥8l Okai 2001). When cassava is
propagated, the development of the first true heafks the start of active photosynthesis.
Food and nutrients are transported to all parthe@fplant including the roots (Simwambana
1988). Leaf area approaches its maximum size betwe® months depending on the type
(Ekanayake et all997).

2.3.4 Root system

The cassava root system is made up of feeder evmtsstorage roots. Cassava propagated
from hard woody stem cuttings, develop adventitioasts at the base of the cutting during
the first two to three weeks (Ekanayake et1&97). These adventitious roots subsequently
develop into a fibrous root system, which absorlaewand nutrients from the soil. The
fibrous root system may reach 200 cm or more irgtlen(lITA 1990). Storage roots
formation begins about eight weeks after plantéidew of the fibrous roots (between three
and 10) start to bulk and become storage rootse@\R002). Most of the other fibrous roots
remain thin and continue to function for water amdrient absorption. The fibrous roots that
become storage roots, lose their ability to abseaster and nutrients considerably. Cassava
plants propagated by true botanical seeds develgpieal tap root system, similar to dicot

species within 30-60 days. Some roots increaseiameater and become tuberous storage
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roots. As tuberisation proceeds, the storage twiseroots are developed from the activity of
cambium and starch accumulation (Alves 2002). Gasgeaots have the shortest post-harvest
shelf life compared to any of the major root crg@hosh et al1988). Roots are highly
perishable and deteriorate within 24-72 hours aftarvest due to a rapid physiological
deterioration process (Wheatley et al. 1985; Wkgahd Chuzel 1993).

2.4 Cropping systems

Cassava is intercropped with long or short seatapiescrops (Cock 1985; Alves 2002). It is
produced under a low input and low output systemiqudarly when grown as a food crop
(Leihner 2002). In Africa and the Americas cassaviatercropped with maize and legumes
(Mutsaers et al. 1993; Alves 2002). An estimatee third of cassava grown in the world is
reported (Cock 1985) to be intercropped, to minartise risk of crop failure (Kizito et al.
2007). Traditionally farmers in Ghana have adoptexkd cropping. Cassava is intercropped
with other food crop staples to ensure food seguaitd also offer farmers the opportunity to
harvest different crops from the same piece of Igrédncis 1990; Okai 2001; Dapaah et al.
2003; Manu-Aduening et al. 2006; Baafi and Sarfoéaka 2008). Production and
processing are mostly done by women, and they pmduas food and also process it into
“gari” and other products (Al-Hassan 1989; Nwekalet.994)

2.5 Genetic diversity

Genetic diversity has been defined by Frankel e(1895) as the product of interplay of
biotic factors, physical environment, artificial darplant characters such as size, mating
system, mutation, migration and dispersal. Gengli@bility and genetic diversity of a taxon
are of great importance to plant geneticists, lreednd taxonomists (Prince et B995). In
populations, the genetic composition and genetierdity are derived from wild parents.
This has been influenced by evolutionary processeh as mutation, recombination, genetic
drift, migration, natural selection (Hartl and (Hat997) and adaptation to a range of

environments.

A clear knowledge and understanding of the distiibuof genetic diversity and relationship
among individuals, populations and gene pools ipoirant for efficient management of

germplasm collections and breeding programmes {(&&e03; Shiying Yang et al. 2006)
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and the potential performance would be useful fbmphases of crop improvement. The

concept of genetic relationships among lines, papuis or species has been a vital tool for
effective management of genetic diversity in a gigene pool (Manjarrez-Sandoval et al

1997).

Lee (1995) reported on variability and inter-radaghips of growth and storage root yield
and characteristics in cassava. The evaluationeoktic diversity among adapted or elite
germplasm provided estimates of genetic variatimoreg segregating progenies from pure
line development (Manjarrez-Sandoval et al. 199§l dhe degree of heterosis in the
progenies of parental combinations (Barbosa-Ne#d. €i997; Cox and Murphy 1990; Geleta
2003).

An understanding of the genetic diversity is thetfstep to harness the genetic variability in
the germplasm (Hurtado et &008). The success of a breeding programme degpadfy

on the genetic diversity that exists in availabdéengplasm (Meredith and Bridge 1984). The
study of genetic diversity has been of great imgue to plant breeders and germplasm
curators. It is a process where variation amongviddals or groups of individuals is
analysed (Mohammadi and Prasanna 2003). It has foeed useful in plant species in the
study of the evolution of germplasm as possiblercsi of genes that can improve the
performance of cultivars (Yang et d1996; Geleta 2003). Studies based on DNA sequence
and SSR marker data revealed that genetic varidiond in cassava is a sub-set of that

found in its putative progenitor (Olsen and Sclzdll).

2.5.1 Genetic distance

The genetic distance measures the extent of the gédferences between cultivars, as
measured by allele frequencies at sample loci (Al Li 1979) while the genetic
relationship among individuals and the populaticas be measured by similarity of any
number of quantitative characters (Souza and 3oir@91). Genetic distance measurements
are indicators of relatedness among populatiorspecies and are useful for reconstructing

the history and phylogenetic relationships amorghsaroups.

There are two basic approaches for measuring gedistance, these are the cluster analysis
and the parsimony analysis and they represent ¢émetig and phylogenetic relationship,

respectively. The data input for this analysis lmgonumerical or a combination of different
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variables provided by a range of markers that canded to measure genetic distance. This
includes pedigree data, morphological traits, iseey and recently DNA-based markers such
as restriction fragment length polymorphism (RFLPmplified fragment length
polymorphism (AFLP), simple sequence repeats (S&Rpom amplified polymorphic DNA
(RAPD), sequence characterized amplified region€AfSs) and several others. The
molecular markers are recognized as significaristtmenhance plant resource conservation
management. This provides a means to accuratefgagstthe genetic diversity and structure

for species of interest (Hamrick and Godt 1997).

2.5.2 Genetic diversity of cassava

Knowledge of the genetic variability in any popugat forms the fundamental basis for
cassava improvement (Hurtado et al. 2008). The tgeéstances within the population
affords a better comprehension of germplasm org#inis and efficient parental selection
during genotypic sampling (Meredith and Bridge 10&4also has implications on the choice
of parents for crosses and gene introgression &wotic germplasm. The cassava gene pool
ranges from a great variety of wild species to nume domesticated species with very
specific characteristics. The methods employedntestigate the origin and variability of
cassava is the concept of the taxonomy of the epgettie biological species, biosystematics
and quantitative molecular genetics. Genetic dityersan be assessed by a number of
methods including pedigree data, morphological ,dag@onomic performance, biochemical
data and more recently DNA-based data (MohammadiiPrasanna 2003). The DNA-based
molecular markers reveal polymorphisms at the DM#&el and are extensively used in
various fields of plant breeding and germplasm rgangent. These markers can identify
many genetic loci simultaneously with excellent @age of an entire genome. They are

phenotypically neutral and can be applied at amvgld@mental stage (Jones et al. 1997).

The molecular markers are not subject to envirortatethange, making them especially
informative and superior to any traditional methadsgenotyping (Tanksley et al. 1989;
Messmer et al. 1993). The use of DNA-based markasscontributed to cassava breeding
and genetics in the understanding of the phylogenglationships in the genus (Fregene et al
1994; Roa et aR000; Olsen and Schaal 2001) and assessing théqdiversity (Beeching

et al. 1993, Second et al. 1997; Okai 2001, Elized.€2001; Mkumbira et al. 2003; Kizito et
al. 2007). It has also helped with the developnangenetic maps and identification of

quantitative loci for traits of importance (Fregezteal 1997; Jorge et al. 2000; 2001; Mba et
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al. 2001; Okogbenin and Fregene 2002; 2003; Lokkal.€2005; Ojulong 2006; Okogbenin
et al. 2006). Other molecular tools used in casdaneeding include single nucleotide
polymorphisms (SNPs) identified from whole genoncars, Deletion Amplified Regions
Tags (DArTs) and Expressed Sequence Tags (ESTsladtuet al. 2008; Kawuki et.al
2009). Molecular markers have been successfullg tseecommend cultivars for a given
region (Vieira et al. 2007). It also helps breedersoncentrate their breeding efforts on the
most promising combinations (Ceballos et al. 2@4nnan and Martin 2007; Betrand et al.
2008). Crop plants are distinguished by classiaaipimological descriptors which are highly
subject to environmental influences. These showrambers of polymorphisms leading to a
low accuracy of quantitative genetic parameterifdiet al 2007), however these methods
remain effective and play a complementary role esfig for QTL (quantitative triat loci)
studies (Okogbenin et al. 2006; 2007).

2.6 Marker techniques

2.6.1 Morphological markers

Classical breeding uses recorded morphologicaktddiplants growing in the field as bases
for identification. It has been effectively used agpowerful tool in the classification of
cultivars and the study of their taxonomic stafReders and Appan 1973). The certification
of new cultivars or varieties is usually based be genetic purity of a particular crop.
However, traditionally these assessments depenbotamical traits (Stegemann 1984y
cultivar identification. Breeders and geneticisévédn used morphological characteristics such
as leaf and flower attributes to follow segregatdrgenes and hybrids, but most agronomic

traits are not associated with easily observabénptypic markers (Kochert 1994).

Most of the descriptors are ambiguous and havddinuse (Stegemann 1984). Such traits
are controlled by multiple genes and are subjectwvdoying degrees of environmental
modifications and interactions. Morphological tsaihave higher heritability than the
agronomic ones and they are the basic descriptecomrmended for gene bank
characterization. Mathura et g1986) reported that phenotypic variance in casseaaa
higher than genotypic variance for traits of agmimimportance, such as weight of tuberous
roots. Many of these traits are also difficult toalyse because they do not have a simple
genetic control assumed by many populations in tigmeodels (Liu and Furnier 1993)

hence they have limited use (Tanksley et al. 198@yphological characterisation has been
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used to identify duplicates, study genetic varmatipatterns and correlation with
characteristics of agronomic importance. The usenofphological traits involve a lengthy
survey of plant growth over time that is costhidar intensive (Cock 1982) and vulnerable
to environmental conditions. They must also be s during the fixed vegetative phase of

crop development.

Dixon and Nukenine (2000) reported that the vasrain traits observed do not reflect only
the genetic constitution of the cultivar, but atbe interaction of the genotype with the
environment (G X E) within which it is expressed.cassava breeding programmes emphasis
has been on the collection and conservation of geoels for characterization. The
International Board for Plant Genetic ResourcesP(®R) descriptors have been used to
characterize cultivars. A set of relatively stabfeorphological traits useful for
characterization of cassava cultivars has beertifighby IBPGR. The descriptors include

qualitative and quantitative traits for cassavas@md shoot characters.

Morphological characters have been mainly usedassity theManihot species (Hershey
and Ocampo 1989; Elias et al. 2001). Due to thduemnice of different ecological
environments on cassava morphology, morphologieakdication based on variable traits is
complex. These descriptors measure traits of tletsand root which include: colours of
unexpanded apical leaves, mature leaf colour, hipotscolour, height at first branching,
length of petiole, stem colour, petiole colour flghape, root shape, rind and pulp colour and
many more (Gulick et al. 1983; Zacarias 1997; QiG01; Alves 2002; Benesi 2002; Nassar
2006; Amenorpe et al. 2006). There is extensiverdity for most characters assessed. They
are either monogenic or polygenic traits (conswntariable respectively). The variable
traits are associated with GXE interaction. Wany@@93) and Efisue (1993) have used
morphological descriptors in cassava to accessrsityeamong theManihot species and

within populations.

Results from studies using phenotypic markers Haeen useful to show the single gene
control for leaf lobe width, root surface coloulbiaism, stem collenchyma, stem growth
habit, root flesh pigmentation and male sterililefshey and Ocampo 1989). It is reported
that the phenotypic variance in cassava is highan tgenotypic variance for traits of
agronomic importance like tuberous root weight (Mm& et al 1989). Studies on the
phylogeny ofManihot carried out by Bertram (1993) showed a high degfdemoplasy in
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many of the morphological characters. Reports fseweral studies have suggested the use of
markers that are not environmentally influenceds ltherefore appropriate to use better and

robust approaches to elucidate genetic diversitlydiffierentiation in cassava.

Phenotypic markers still play an important roleclassical plant breeding and complement
the use of molecular tools. It is useful in theniification of specific markers linked to traits
and QTL (Fregene et al. 2000; Akano et al. 2002uikira et al. 2002; Kizito et al. 2007,
Okogbenin et al. 2002; 2003; 2007).

2.6.2 Molecular characterization

Advances in molecular biology have introduced DNAséd procedures for cultivar
identification and genetic improvement of food sopeveral DNA based markers that
reveal polymorphism at DNA level (Kumar et 2D00) have been developed for measuring
similarity in agricultural crops. They have beewven to be powerful in the assessment of
genetic variation within and between populationd #re elucidation of genetic relationships
among adapted cultivars (Lee 1995; Karp et al. LI9BIA sequences show greater variation
than amino acid changes in isozymes. The compasitiddNA is also consistent between
tissues and this is not affected by environmertahges (Beeching et d1993). Target genes
in a segregating population can be identified it help of DNA markers so as to shorten

traditional breeding time (Thottappilly et al. 2000

There are two major applications of DNA markerse Thst is the extensive use of these
molecular markers for the development of detailedegic and physical chromosome maps in
a variety of organisms among animal and human systand among plant systems.
Molecular markers in plant systems have been fauamg useful in conventional breeding by
carrying out indirect selection through moleculaarkers linked to traits of interest. The
second is the use of molecular markers for simpbe and QTL because the environment
does not influence these markers and they can ed as all stages of plant growth. In
addition to these two major applications, DNA maskean also be used in plant systems for
germplasm characterization, genetic diagnosis, adarization of transformants, whole
genome study and organization and phylogeneticyaisallRafalski and Tingey 1993).
Although each marker system has some merits anénitsirthe choice of any marker system

is dictated to a large extent by the intended appbn, convenience, cost and time
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consideration, number of samples, how quickly thads needed and the techniques that will
best yield the maximum data (Ribaut and Hoisindt®88; Thottappilly et al2000).

Molecular markers can be broadly grouped into twastly hybridization based DNA
markers such as RFLP and oligonucleotide fingetipgn Secondly, polymerase chain
reaction (PCR) based DNA markers such as RAPDschwhan also be converted into
SCARs, simple sequence repeats or microsatellB&R¢), sequence-tagged sites (STS),
amplified fragment length polymorphisms (AFLPs),tem simple sequence repeats
amplification (ISA), cleaved amplified polymorphsequences (CAPs) and amplicon length
polymorphism (ALPs). Thirdly DNA chip and sequergimased DNA markers such as single
nucleotide polymorphisms (SNPs). In addition todaheve three groups of markers, there are
derivatives. Microsatellite primed polymerase chegaction (MP-PCR), arbitrarily primed
PCR (AP-PCR), allele specific PCR (AS-PCR) and D&Aplification fingerprinting (DAF)
have also proven useful in the detection of polysh@m (Thottappilly et al. 2000)

2.6.3 The PCR technique

PCR (Saiki et al1988) has been the basis of a growing range oftaelniques for genome
analysis based on the selective amplification ofogeic DNA fragments. Williams et al.
(1990) reported the use of PCR with short oligoaatitle primers of arbitrary (random)
sequence to generate markers, the basis of RAPDshWwand McClelland (1990) also
reported on arbitrary primed polymerase chain readiAP-PCR) while Caetano-Anolles et
al. (1991) reported on DAF. The introduction of tRER technique has revolutionalised
standard molecular techniques and has allowedé&ptoliferation of new tools for detecting
DNA polymorphism (Hu and Quiros 1991). The elechogesis pattern of fragments
generated by each primer for one isolate can bd aseDNA fingerprints for assaying
diversity (Tommerup et all995). Polymorphism between two individuals iseyafly scored
as a presence or absence (non amplification) aftcplar DNA fragment. The absence may
result from deletion of a priming site or inserti@ndering the site too distant for successful
amplification. Insertion can change the size of BADfragment without preventing its
amplification (Williams et al1990). PCR is simple, fast, specific, sensitive eelatively low

cost.

Advantages linked to molecular markers have madenamense contribution to cassava

breeding and genetics. Areas covered include thelolement of genetic maps (Fregene et al
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1997; Mba et al2001; Okogbenin et al. 2006), the assessmentradtigediversity (Beeching

et al 1993; Lefevreand Charrier 1993; Bonierbale et 4097; Mignouna and Dixon 1997;
Fregene et ak000), taxonomy studies (Second et1#197), understanding the phylogenetic
relationships in the genus (Calvalho et #093; Roa et al. 1997; 2000; Olsen and Schaal
2001), confirmation of ploidy (Lefevre and Charri393; Fregene et.al994) and cultivar
identification (Ocampo et all992; Wanyera 1993; Laminski et 4997). When planning a
molecular experiment, one of the most importantisiecs is the marker system and
technique to be used. Molecular markers, whichuithelbiochemical (isozymes and storage
proteins) and DNA markers, exist in every genotym can be exploited to improve

breeding programmes.

2.6.4 Isozyme markers

Isozymes are protein markers based on the usetofailg occurring enzymes that share a
common substrate but differ in electrophoretic righi They are revealed when tissue
extracts are subjected to electrophoresis in enzypeeific gels. The number and relative
mobilities of various enzyme products with appraf#igenetic analysis become transformed
into single or multi-locus genotypes for each asatyindividual. Isozymes were among the
earliest markers used for plant analysis (Brewbadteal 1968; Makinen and Brewbaker,
1976). Wanyera (1993) demonstrated the usefulnes®nymes in confirming true hybrids
in a cross betweeM. glaziovii and M. esculenta Lefevre and Charrier (1993) detected
genetic diversity among several cassava clonesgusiozyme markers. Based on the
inheritance of the markers the study confirmed taassava is a true diploid. Ocampo et al.
(1992) used the esterase isozyme to fingerprintcgssava germplasm collection held at
CIAT. Fregene et al. (1997) placed three isozymeaskars on the cassava genetic linkage
map developed at CIAT. Isozyme markers were usetktelop a procedure for identifying
cassava varieties (Ramirez etE87). The main limitation of isozyme markershattonly a
few gene products can be revealed. They are diffiowork with due to a limited amount of
polymorphism, low levels of reproducibility (sin¢eey are influenced by tissue type and
developmental stage of the plant(Zacarias 1997)aaedinevenly distributed throughout the
genome (Neilsen and Scandalios 1974). Nevertheleegymes have been successfully

applied in cassava.
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2.6.5 DNA based markers

A DNA marker is basically a small region of DNA stiag sequence polymorphism in
different individuals within and between speciesu(L1998). DNA fingerprinting is a
technique, which has been widely adopted to diffeaée among organisms at the species
and subspecies levels (McClean et @P94). The techniques used for the cultivar
identification are designed to detect the presefiapecific DNA sequences or combination
of sequences that uniquely identify the plant. Raitidentification can be achieved more
accurately using DNA fingerprinting data, espegiafiaterials characterized by high genetic
variation between cultivars. The most closely edatultivars are usually distinguished with
the DNA fingerprinting methods (Beckman and Soll&386). Another advantage of DNA
fingerprinting over morphological markers is the ndoance and the absence of
environmental effects. The application of DNA fimgenting could be very valuable in the
identification of cultivars and species, and coulelp to create more efficient breeding
programmes through the detection of genetic linkdgtween DNA fingerprinting described
in humans, animals and plants allowing the idegatfon of different individuals, genotypes

and species (Lin et al. 1993).

These markers are based on the enormous variatipalymorphism in DNA sequences of
organisms. DNA markers eliminate the limitations genome investigation using
morphological and isozyme markers, such as geneessipn and environmental interaction,
heritability, and low map resolution (Vogel at 1996). In addition to identifying and
discriminating closely related cultivars, DNA marke&an be applied in assessing taxonomic
and phylogenetic relationships, pedigree analysd lamkage mapping. DNA-based marker
systems can be used for indirect selection of tddoe affecting qualitative or quantitative
traits and to monitor loci during introgression slection programmes, thus reducing the
number of backcross generations (Baird etl@b6). PCR based fingerprinting involves the
in vitro amplification of particular DNA sequences usingafie or arbitrary primers and a

thermostable DNA polymerase.

DNA markers vary in level of detected polymorphisand the amount of information
generated. The most informative DNA markers areradtarised by high polymorphism
information content (PIC), indicating relatively rgg numbers of alleles with similar
frequencies in each locus (Botstein et1l#80). Polymorphism may be a result of single site

alterations due to mutations, which abolish or trea restriction or primer binding site,
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and/or insertions, deletions, or inversions betwien restriction and primer binding sites.

As a result the level of polymorphism may be lowjtanay be due to a variable number of
tandem repeats resulting in a marker system wgh tavels of polymorphism that can detect
variation between closely related relatives. Maskiiat detect single site alterations include
RAPDs, AFLPs and SSRs.

Restriction Fragment Length Polymorphism (RFLP)

The first DNA markers to be used were fragmentslpced by restriction enzyme digestion.
Restriction fragments from a given chromosome looften vary in size in different
individuals. The differences are what are refetreds RFLP markers (Botstein et 4880;
Wyman and White 1980). The development of RFLP riettdgy represented an important
contribution to breeding programmes (Burr et B983; Young et al1988). RFLP was
developed in the 1980s to overcome problems eneoeshtwith isozymes and phenotypic
markers (Botstein et .40980; Helentjaris et al1986). Since RFLPs represent the entire
genome and are both co-dominant and multi-all@ie{tschneider 1998), RFLPs have been
and are still used in cassava. The RFLP techniceeergtes relatively high levels of
detectable loci and alleles, it is not sensitiven@ironmental factors, and can be used at any
developmental stage of the organism (Kelley 199%)s has allowed the extensive use of
RFLP analysis in genetic studies (Tanksley etl@B9), in the exploration of evolutionary
relationships among different species (Song e @90) and populations (Bonierbale et al
1997; Miller and Tanksley 1990), for identificatioof genotypes (Smith et .all990;
Melchinger et all991; Livini et al 1992), and for mapping genes that control quantias
well as qualitative traits (Beavis and Grant 1990h)e most important advantage of RFLP
markers is that they are co-dominantly inherite@ing able to distinguish between
homozygous and heterozygous loci (Rafalski and dind993). RFLP markers have
contributed to DNA marker technology in cassavagéiret al. (1993) initiated work on a
detailed genetic map of cassava for tagging agracadly important traits and to clone

casSava genes.

Fregene et al. (1997) constructed a linkage mapgudi32 RFLP, 30 RAPD, three

microsatellite and three isozyme markers from arogygous female parent of an inter-
specific cross. The map consisted of 20 linkagaigsospanning 931.6 cM. A second map
was constructed from the segregation of 107 RFIC(PRBPD, one microsatellite and one

isozyme marker from the male parent. RFLP has hesed to assess the genetic diversity
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within cassava and betwedwhanihot species. Beeching et al. (1993) assessed the geneti
diversity within a collection ofassava germplasm using RFLPs and recommendedéhs u
RFLPs in the genetidiversity analysis within collections of cassava&eBhing et al. (1994)
compared RFLPsand RAPDs in assessing genetic diversity withinsaea and between
Manihot speciesand found that RFLPs and RAPDs were comparablewealing genetic
diversity butthat at least 30 probes or primers should be usedhieve these relationships.
RFLPs have been applied in studies of analysis for phshegic relationships of species
within the genudsManihot(Haysom et al1994).The disadvantages of RFLP analysis are that
it is time consuming, costly, labour intensifdarsan etal. 1993), and requires specific
probes (Tommerup et.al995). Thecomplexity in performing RFLP analysis, coupledhwit
the widespread use of short liveddio-isotopes, has led to its limitation for rowi
application in large scale cramprovement programmes (Yamamoto etl®94). In addition,
the RFLP techniquerequires a substantial amount of DNA and involvgsecsl
manipulations to come up with pure DNA which reqsithigh levels of expertise and skill
(Beeching et al1994).

Random Amplified Polymorphic DNA (RAPD)

RAPD primers usually have 10 bases that are usachfify unknown and arbitrary regions
of a genome. The short sequences of the primenw allmultitude of possible primer binding
sites throughout the genome. Efficient amplificatad DNA fragments may occur when two
primer-binding sites occur in close proximity. RAPDarkers are dominant since the
polymorphism is detected as a failure of one allelamplify due to mutations in the primer-
binding site (Williams et al1990; Welsh et al1991) or due to size differences of the
amplified fragments due to insertions or deletioR&PD markers have been the most
extensively used markers in cassava biotechnolaggpecially in determination of
phylogenetic relationships and genetic diversityManihot species (Marmey et .al994;
Laminski et al 1997; Schaal et all997). The RAPD methodology is simple, rapid and
requires only small amounts of DNA. Michelmore kt(2991) were the first to report three
RAPD markers linked to major disease resistanceegiarsing contrasting DNA bulks

composed of Findividuals of known genotype.

Marmey et al. (1994) demonstrated genetic diveesityng African cassava accessions using
RAPD markers. Mignouna and Dixon (1997) demonstragenetic differences among

several African landraces with varying levels ofistance to CMD using RAPD analysis.
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Zacarias et al. (2004) assessed genetic diversitassava germplasm from Mozambique
using RAPDs. Results showed that the cassava gasmphad wide genetic diversity, and
accessions did not group according to geograpliisalibution. Raji et al. (2001) assessed
the diversity of 500 African landraces of cassasm@ RAPD and AFLP analysis. Results
showed that both markers provided similar genetiationship of the population. However,
the AFLP technique detected a much higher levgdablymorphism giving a better diversity
structure than RAPD analysis. However, reprodutybibf RAPDs between runs and/or
laboratories is a problem (Weeden et1#192). The homozygous presence of a fragment is
not distinguishable from its heterozygote, sincéymporphisms detected by RAPDs are
inherited in a dominant fashion (Williams et 4990; Welsh et all991). Buso et al. (1994)
suggested that the RAPD technique had limitationsuée in cassava, due to cassava’s high

level of heterozygosity.

Microsatellite or simple sequence repeats (SSR)

Simple sequence repeats or microsatellites arellystzamdem repeats of short (2 - 6)
sequences such as (GT)n or ( TA,CA,GTG,TAA,GATAankhda et a1982) demonstrated
the large number and widespread occurrence of suwdem repeats in eukaryotic genomes.
This finding was verified by Tautz and Renz (198#)e first report of SSR in plants was by
Condit and Hubbel (1991), who suggested their abooel in the plant system. Later Akkaya
et al. (1992) reported on the length of sequenocéspmlymorphisms of SSR in soya bean.
Simple or short sequence repeats, also known astsimolem repeats or microsatellites, can
be used to generate polymorphisms because of ¢ygidnt variation in the length of the
repeat regions. The fragment polymorphisms aretalwariation in the total sequence length
as determined by the number of repeat units. Siffdrehces are detected on polyacrylamide
or agarose gels, where repeat lengths migratereliffelistances according to size (Robinson
and Harris 1999). SSR primers are developed inethvays, firstly from closely related
species (Provan et al. 1996; White and Powel 19839ondly by a search from sequenced
databases (Bell and Eker 1994) and thirdly, byesureg cDNA or small insert library with
tandemly repeated oligonucleotides and sequencanglidate clones (Powell et al. 1996).
Although the procedure for obtaining microsatedlites laborious and expensive, their

conversion to PCR markers allows screening of largabers of alleles at defined loci.

SSRs have a high level of allelic diversity as sulieof the variable number of repeat units

within their structure, making them valuable as ejen markers (Hamada et.al982;
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Morgante and Olivieri 1993). SSRs are often muleig and can be multiplexed and
automated for high-throughput genotyping. SSR aisilig easy and convenient to exchange
between laboratories (Powell et 4B96; Chen et all997). SSR markers are co-dominant
and heterozygotes can be identified. This makessS&SRuitable option for mapping and
molecular characterisation of cassava, given tlo¢ tlaat cassava is highly heterozygous
(Agyare-Tabbi et al1997; Chavarriaga-Aguirre et.dl998).Microsatellite marker loci were
developed for various crops, such as maize (Tammind Tingley 1996), wheat (Devos et
al.1995), barley (Russell et al. 1997) and pot&toGregor et al. 2000). CIAT identified 186
SSR markers for cassava (Chavarriaga-Aguirre a198I8; Mba et al. 2001).

The SSR technigue has been used extensively imugastudies in cassava (Chavarriaga-
Aguirre et al. 1998). The authors isolated and attarised 14 highly heterozygous G A rich
microsatellite DNA regions in cassava. A total &15accessions from the cassava core
collection at CIAT were successfully screened fenefic diversity with SSR primers
(Chavarriaga-Aguirre et all999). The study revealed between-country allelmirer and
frequency variation, which agreed with between-¢guallele size variations at the same loci.
Unique alleles were present in countries such aziBrColombia and Guatemala. Cassava
microsatellites were used to assess genetic diyeasiong cassava accessions and between
cassava and its wild relatives (Roa et28l00). Fregene et al. (1997) placed 77 SSR markers
on the cassava linkage map. Mba et al. (2001),ldpgd and characterised 172 new SSR
markers and placed 36 of these on the cassavayénkep. An SSR marker linked to CMD
resistance was identified with the aid of Bulk S&gmt Analysis (BSA) (Akano et.&002).
Fregene et al. (2001) assessed the SSR divers@iy amnlinked loci in 303 accessions of
cassava land races from Tanzania, Nigeria, Br&dlpmbia, Peru, Venezuela, Guatemala,
Mexico and Argentina. Results revealed that moas 0% of the loci were polymorphic in
all samples and estimates of genetic diversitydifidrentiation ranged widely from locus to
locus. It was observed that factors that contritbutedifferences in allele frequency at SSR
loci in this predominantly vegetatively propagatedp were spontaneous recombination and
selection (Fregene et.#2001). An SSR cassava genetic map frontassava progeny has
been developed (Okogbenin et al. 2007).

The genetic map constructed from érosses of non-inbred parents was used with SSR,
RFLP, AFLP and EST markers to map genes for cas&eterial blight resistance.

Furthermore nine QTL located on linkage groups wedemntified to explain the pathotypic
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response of cassava XanthomonasMkumbira et al.(2001) and Peroni et al. (2007) used
SSR markers to study the traditional way farmeeasgified cassava varieties as sweet/cool
(safe for direct consumption) and bitter (toxic anedds to be processed before consumption).
Results showed that farmer’s classification inttiebiand sweet cultivars corresponded to
genetic subdivision with differences in cyanogewicicoside levels. The necessity to
differentiate between bitter and cool based on cganic glucoside levels seem to have
influenced the genetic structure of cassava inatleas studied in Malawi (Mkumbira et al
2001).

Hurtado et al. (2008) assessed the superioritySR 8 cassava genetic diversity study to
DArTs. The authors found SSR loci markers more mpalgphic than the DArTs. This
observation could be due to the fact that the DAx€se designed from cassava and its wild
relatives, hence its low sensitivity. Kawuki et @009) reported on the efficiency of SSRs in
a diversity study, where SNP markers did not dmstrate the accession as much as the SSR,
and more SNPs would be required for efficiencygémeral, SSRs have been used to assess
the genetic diversity in cassava (Beeching et 8831 Mkumbira et al. 2003; Elias et al.
2000; 2001; Benesi, 2002; Fregene et al. 2003; zZanabet al 2007; Hurtado et al. 2008;
Kawuki et al. 2009). Studies on the genetic diwgrsf some cassava cultivars in Ghana has
been done based on phenotypic and molecular maf®é&es 2001; Asante and Offei 2003),
SSR markers are robust and polymorphic and have bssd for genetic diversity studies of
cassava. Molecular analysis matrices are very nmitive tools for estimation of genetic
distances (Vieira et al. 2007)

Amplified fragment length polymorphism (AFLP)

AFLP is based on PCR amplification that uses sekecestriction fragments generated by

specific restriction enzymes (Vos et 8995). AFLP involves digestion of genomic DNA two

restriction endonucleases, followed by ligationmtieial of adapter sequences to generate
template DNA for PCR amplification. Separate adepsze needed for each of the different
restriction enzymes. A large number of restrictfsagments are generated which are
selectively reduced by PCR primers modified by addiwo to three selective nucleotides.

PCR products are separated on polyacrylamide yels €t al.1995; McGregor et al. 2000).

The AFLP technique can be used for DNA of any arigmd complexity. It does not require

any prior sequence knowledge before using a sqtriaiers. The number of fragments
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generated in a single reaction can be regulateturoed by selective nucleotides. AFLP
analysis is robust and reliable because stringeattion conditions are used for primer
annealing. Fingerprint profiles can be used tarfisish between closely related organisms,
including near isogenic lines and allows scoringviery large numbers of markers in a given
population (Vos et al. 1995; Winter and Kahl 19B6yvell et al. 1996; Blears et 41998).

AFLP is highly sensitive for DNA fingerprinting. has been used in genome mapping for
constructing high density genetic maps of genomageonome fragments for bridging the gap
between genetic and physical maps. Many mappirgjestthave applied AFLP markers, in
sorghum (Xu et al.1994), Oryza (Liakat Ali 1999%f ¢(Bai et al. 1999), Solanum (Bradshaw
et al. 1998) and Zea (Xu et al. 1999). AFLP is dbsd as an efficient way to generate a
large number of markers that are linked to targateg (Xu et al. 1999). Lin et al. (1996)
found the AFLP technique to be the most efficientdetecting polymorphism in soybean in
comparison with three different DNA mapping teclhugg, RFLP, RAPD and AFLP. It is
highly reproducible, rapid in generating high fregay of identifiable polymorphisms. It is
also used for identifying polymorphisms and for edstining linkages in segregating
populations (Vos et al. 1995; Winter and Kahl 1996well et al. 1996; Blears et 4998).

The AFLP technique has been applied in variousasasstudies. Bonierbale et al. (1997)
assessed the genetic diversity of 105 genotypesy USFLP analysis to estimate genetic
similarities among taxa and evaluated intra- artdriepecific variability. Results showed

individuals grouped according to prior taxonomiasdlification. The germplasm presented a
narrower range of variation than most wild spec@sne wild species showed specific bands
which could be useful for identification and cldissition of germplasm and introgression

studies (Bonierbale et.al997).

Second et al(1997) assessed the numerical taxonomy and gesteticture of 358 clones
representing the geographic and ecological rangeistfibution of Manihot species along
with classical botany and ecology. AFLP analysissweed to characterise the genetic
structure of cassava in relation to its wild relesi and to elucidate the domestication process
of cassava. Genetic diversity of cassava itself high, but the diversity was narrow in a
single Amazonian field. Although domestication agmeel to have evolved primarily from.

esculentassp.flabellifolia andperuviana it seemed that some other species also contdbute
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Results suggest the importance of genetic recortibmat the origin of the diversity of
cassava, which was postulated as being a favoupatgpective for various strategies of

genetic mapping and gene tagging since cassawgy&atively propagated.

Mapped AFLP and SSR markers were used as eviddmegagression (Morillo et al. 2001).
Results showed that AFLP and SSR bands that agbeaseme varieties of cassava and not
in M. esculentassp. flabellifolia, the presumed ancestor of cassava, were considered
introgressed bands. This study showed evidencatafgression fromM. glazioviiin some
genotypes. Narvaez-Trujillo et al. (2001) used AFBRd SSR markers to study the
traditional cassava varieties from various Ames@mdcommunities from French Guiana and
Ecuador. They found that recently bred varietiesi¢el to be hybrids derived between sweet

and bitter varieties.

AFLPs, just like RAPDs are usually scored as domtimaarkers. The technique is more
reliable than RAPDs (Vos et al.1995), yet more fas and time consuming (McGregor et
al. 2000; Powell et al. 1996).

2.7 Cassava breeding

2.7.1 Classical breeding for yield

Efforts to improve cassava yield and other traftnterest are generally not geared towards
the highest possible yield under favourable cooddj but rather towards obtaining stable
yields and durable traits in marginal conditionsewehcassava is grown at present and is
likely to expand in future (Cock 1984; El-Sharka@03). High yield is achieved firstly by
selecting plants that have both a genetic andrat ptaucture which maximises performance,
and secondly by adding resistance or tolerancedioffs which limit yield (Ellis et al1l982).
Hybrid vigour through heterozygosity is the maigugement for the genetic structure of
new varieties and a major objective of breedinggmmmes (Nassar et.aR004).
Conventional cassava breeding and selection dtartscrosses, or open pollinated seeds, to
the nursery, to clonal evaluation trials to prefiary yield trails then to advanced yield trial,
uniform yield trials to multi-locational testing dron farm testing towards release (Jennings
and Iglesias 2002; Kawano 2003). This process thkdéseen eight to ten years before a
variety is released. Over the years efforts havenb®made to reduce the number of years
required for breeding cassava varieties. Moderneowar tools have been used and

participatory breeding is introduced at an earditxge of the breeding cycle. Some of the
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stages such as the UYT, AYT, multi-locational treald on farm testing could be done

concurrently (Dixon et al. 2007).

2.7.2 Modern cassava breeding

Classical breeding methods have produced largenadsgan root yields of cassava. Jennings
and Hershey (1985); Hershey (2005) reported imprmréas of over 200% during the period
from 1976 - 1990 at CIAT, and remarkable advandd$Té (Jennings and Iglesias 2002).
However, the rate of improvement in average natioaasava yields in the most important
producing countries has not paralleled progregxp¢rimental level, except for some Asian

countries (Kawano 1978).

Some progress in understanding the inheritancegodnamic traits in cassava has been
achieved and articles regarding the inheritanceuantitative traits have been published
(Easwari Amma et all995; Easwari Amma and Sheela 1998; Calle.€2G05; Jaramillo et
al. 2005; Cach et al2006). To this end, cassava is unique becauselecut@ map has
already been developed (Fregene £1897; Mba et al2001; Okogbenin et a2006) and yet
it is complemented with limited knowledge regarditmgditional genetics. CIAT cassava
breeding programmes are engaged in projects tada@®ome relevant information on yield

related attributes across different agro ecologioaks (Ceballos et al. 2004).

Progress in cassava improvement

The potential to increase cassava yields througletgeimprovement has been demonstrated
with considerable progress and success (Hahn &@080; IITA 1982; 1993; Ceballos et al.
2006). However, despite the proven record in cassaprovement, many challenges remain.
Lawson (1988) noted that cassava genotypes findhapt physiological expression of their
genetic potential within narrow ranges of biophgsiconditions. Cock (1987) and El-
Sharkawy(2003) found that few cassava cultivars were statae a wide range of ecological
conditions. There exists growing consensus th&esgaroductivity in cassava depends on a
number of factors acting synergistically: abiotictors (soils, temperature, photoperiod and
latitude), biotic factors (diseases, pests and temes) and management practices (Allem
and Hahn 1991). Genetic control mechanisms andranwiental influences on important
characteristics of cassava are largely unknownteCaat al. (1992) reported that 19% of
cassava in Africa is found in mid-altitudes wherentls in socio-economic and physical

environment favour increased cassava productiois A&s stimulated considerable interest
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in increasing cassava production within this ecplsmce earlier research focused on the
lower altitudes of the tropics where cassava fiitdsmost suitable growth environments
(IITA 1993; FAO 1996). Cooper and Hammer (1996)gasied that the analysis of variation
in plant adaptation is linked with understandingrionmental factors that influence the
differential yield performance of genotypes. Untkemsgling the nature of the influence of the
environment is therefore a critical component opiiaving efficiency of plant breeding

programmes.

2.7.3 Marker Assisted Selection/Breeding (MAS/MAB)

Marker assisted selection (MAS) is the use of DNW ather markers for selection of desired
individuals within a population, by linking the nealular marker to a desired trait. The closer
the marker is linked to a desired trait, which ofis a QTL, the more useful it becomes.
Molecular markers are now well integrated into mdmgeding programmes. These new
technologies can accelerate the development ofvagigties, the introduction of new traits,
or the inexpensive screening of large populati®ibgut and Hoisington 1998; Brennan and
Martin 2007). These advances in molecular breediag offered great progress in crop
improvement aided by new biotechnology tools sushganetic linkage map construction
(Bertrand et al. 2008). Genetic linkage mappingised for localizing and isolating both
simple and complex traits. Molecular markers plagedjenetic maps allow the development
and efficient use of indirect selection schemes d@armplasm improvement, thereby
increasing precision in the manipulation of botlalgative and quantitative traits (Stuber and
Edwards 1986; Baird et al. 1996; Bertrand et aD&80This is the basis for MAS, where
markers closely associated with traits of intecest be used to introgress a specific gene(s)
of interest into a desired background (Taylor eR@D4). Genetic linkage maps can provide a
more direct method for selecting desirable genes thieir linkage to easily detectable
molecular markers (Tanksley et al. 1989). Oncei is identified and mapped, MAS could
be used to introduce the trait into a wide varieftyopulations. It has been used to reduce
large population sizes, several continuous rectitesting and the time required to develop a
superior line. In cassava the application of MAS haen developed more recently compared

to other staple crops.

The use of MAS in cassava has become possible thétlconstruction of genetic linkage
maps using RLFP, isozymes and SSR markers (Fregera. 1997; Mba et al. 2001,

Okogbenin et al. 2007). Cassava genetics has nfmthiation from the cassava genetic map,
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even with its low saturation of loci and randomigtdbuted marker loci over linkage groups.
Cassava mosaic disease (CMD) is the main biotistcaint in cassava production in sub-
Saharan Africa. Over six CMD viruses are reportedmf Africa (Legg et al. 1999;
Thottappilly et al. 2006).Viruses are particulaimyportant in vegetatively propagated crops
like cassava since they become virus-infected duyiear to year propagation. Eighteen
different viruses have been reported in cassavivé@and Thresh 2002). MAS has been so
useful and continues to be so with the improvenuérine cassava genetic map. Genes for
resistance to CMD have been mapped, including @amuaje (CMD2) (Akano et al. 2002).
MAS for breeding CMD resistance has been succégsipblied for introducing resistance
into elite gene pools at CIAT (CIAT 2003; Fregenad avMba 2004) and introgression of
resistance to cassava green mite (CGM) and CMDaal [Tanzanian varieties (Kullaya et al.
2004) and Ghanaian landraces. New sources of CidiStamt genes are being looked for and
others are ready for validation (Thottappilly et2006; Okogbenin personal communication).
The potential use will be to pyramid the usefulgemto elite cassava clones. Fregene et al.
(2007) reported on effective use of MAS in comnbeans and in cassava. MAS would be a

routine activity for classical breeders with time.

2.7.4 Participatory plant breeding

Participatory plant breeding is the set of appreacthat apply in situations where clients
need different varietal traits, and are involvedtive development process. It is poorly
understood and difficult to diagnose with convemdilb market research methods. Indeed
farmers have been doing informal breeding for agldime and their selections are the
progenitors of most crops planted in modern timdarlan 1992). Plant breeding exploits
existing variability, generation manipulation anoinination of new variability into plant
forms most useful to humans. This has been dorfarbyers for thousands of years as food
production is the oldest profession of humanitythAugh early ‘plant breeding’ was
developed essentially as an art, the scientificisbdgcame well established with the
discovery of laws of genetics and the applicatiaisprinciples of genetics to crop
improvement. Although farmers essentially were hpsted, they intuitively looked for,
skillfully recovered and successfully propagatedneje recombinants that exhibited
desirable traits (Jauhar 2006).

Cassava is an out crossed crop (Allard 1960) angktaévely propagated. Spontaneous

crosses do occur during its growth phase. Casssedssare produced in the fields before
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cultivated plants are harvested. The buildup ofdsei the field seed bank, eventually
germinate and produce volunteer seedlings from lwilismers select and add to their
cultivated genotypes (Elias et al. 2001; Kizitoabt 2007; Manu-Aduening et al. 2005;
Mkumbira et al. 2003; Nassar 2006; Peroni et a&).72®ujol et al. 2002; 2007).

In a study on the patterns of genetic diversitysults suggested that incorporation of
volunteer seedlings leads to increase in intratargenetic diversity (Elias et al. 2000; Pujol

et al. 2007). Volunteer seedlings originating freeeds may confer important agronomic
advantage. Systemic pathogens are usually notntitied by seed, seedlings often are
relatively free of viral and other pathogens tlegidt to accumulate in vegetatively progagated
plants, and seedlings may supply healthier cutt{Rggol et al. 2002; Rocha et al. 2008). The
seed bank in the soil increases diversity at allscale, the exchange of locally adapted
materials and acts as a buffer to respond to capst crop failure, where a fresh stock of

clones is regenerated. The seed bank increasesogginersity (Pujol et al. 2007).

This informal breeding over many years have madedes skillful in selecting varieties with
preferred attributes. Most scientists have gon&atmers for indigenous knowledge on the
cultivation of many crops (Francis 1990; Dapaahkle2003; Manu Aduening et al. 2006). It
has been observed that technologies that havedmatoped with little farmer participation
have low adoption (Nweke 2004; Manu-Aduening eR8D5; Zacarias et al. 2004). Cassava
breeding with farmers in a participatory approacks tbeen very successful. Farmers’
perception has been different from that of breedeis their priorities too (Manu-Aduening
et al. 2005). Kizito et al. (2007) indicated thatrhers used some stable morphological traits
like height at first apical branching, petiole amcand culinary attributes such as taste to
differentiate and name varieties. Also, farmerspaeld improved varieties when there was a
nearby market, high CMD incidence and good extenservice. Farmer participatory
breeding to enhance technology adoption is vital dassava improvement (DeVries and
Toenniessen 2001; Ssemakula et al. 2001; Dixon)2@@3mer participation at an early stage
has been proposed to ‘fast track’ or acceleratec#tssava improvement cycle (Dixon et al.
2007).
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2.8 Statistical designs and calculations

2.8.1 Diallel designs

The diallel design is an important tool in planedding aimed to improve yield and other
parameters. Diallel crosses are commonly useduttyshe genetic properties of inbred lines
in plant and animals breeding experiments. The epinhcf diallel design was first introduced
by Schmidt in animal breeding in 1919 (Pirchner 398 ater, Sprague and Tatum (1942)
introduced it in the field of plant breeding by nrak all possible matings among a set of
maize inbred lines. It has gained more attentiaoh laars been subjected to more theoretical
and practical application than any other matinggteéWright 1985). The concept was later
redefined by Sughrue and Hallay&®97), as making all possible crosses among gpgobu

genotypes.

Diallel is the most popular method used by breetesbtain information on the value of the
varieties as parents, to assess the gene actiolvéavin the various characters and thereby
develop appropriate selection procedures and utaaet dieterotic patterns of progenies at an
early stage of hybridisation programmes (Dikers6f9 Le Gouis et al. 2002; Egesel et al.
2003). Diallel mating designs permit the estimatainthe magnitude of additive and non
additive components of the heritable variance (@gf1956; Mather and Jinks 1977). Data
obtained from such cross combination is useful @t be analysed in several ways, but the
most commonly used are as proposed by Hayman (E3@1Griffing (1956). Based on this,
a test of validity is calculated on the additivel @ominance components of heritability from
the mean squares of these mating designs (Haynt&h Mather and Jinks 1977). The diallel
mating design has been specifically designed testgate the combining ability of parents

and to identify superior parents for use in hyland cultivar development.

2.8.2 North Carolina design I

Another mating design that is similar to the diaillethe North Carolina design Il (NCD II).
Both designs provide genetic interpretations inicigdcombining abilities and on the
inheritance of quantitative traits (Kang 1994). TRED Il mating scheme is a cross-
classification design that was first proposed bynSmck and Robinson (1948). It differs
from the diallel in that different sets of parerdse used as males and females. It
accommodates more parents in determining combiabitities than a diallel and provides
the same type of genetic information (Hallauer Btichnda 1988). Main effects of males and

females are equivalent to general combining abi@®ZA) and the female x male interaction
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is equivalent to specific combining ability (SCAZdlle et al 2005; Jaramillo et al2005;
Cach et al2006). Both the diallel and NCD Il mating desigmsve been used to obtain
genetic informatioron morphological and agronomical traits of impoc&in cassava (Hahn
et al 1989;Rajendran 1989; Amma et d1995; Calle et al2005; Jaramillo et aR005; Cach

et al 2006). Rajendran (1989) reported additive genmmadbr storage root yield and non
additivegene action for yield components (HI, storage mohber and storage rookight).
Amma et al (1995) reported that root quality traits, namelgrsh, dry matter (DM) and
hydrogen cyaniddHCN) content are predominately non-additive. It lmeen extensively
used in rice improvement (Gravois 1994; Zhou e2@03).Rajendran (1989) suggested that
selection of parents based on thgEr seperformance is not reliable in breeding for roely

in cassava, it is necessary to estimate the contiabilities of parents before formulating
specific breeding programmes. Specifically, diatledsses were devised to investigate GCA
of parents and to identify superior parents for imsbybrid and cultivar development (Ortiz
et al 2001; Yan and Hunt 2002).

2.8.3Combining ability

Combining ability is defined as the performance hybrid combinations (Kambal and
Webster 1965). It plays an important role in théec®n of superior parents for hybrid
combinations and studying the nature of geneti¢atian (Duvick 1999). Griffing (1956)
proposed a method to analyse combining ability fipgithe genetic estimates of the parents
and the hybrid components of diallel analysis, @spnted by the GCA and SCA. Sprague
and Tatum (1942) introduced the concepts of GCA &6d\. GCA describes the average
contribution of the lines in the hybrid combinatiand consists of additive epistatic variances
(Matzinger 1963). Parents with good combining &pilor specific characters may be useful
in a hybridization programme for improvement of thatitt (\Woldegiorgis2003). SCA is
where certain hybrid combinations do relativelyté&ebr worse than would be expected on
the basis of the average of the performance oflittes involved. It is the deviation to a
greater or lesser extent from the sum of GCA ofghaeents. SCA consist of dominance and
all types of epistatic variances and is regardedstisnates of effects of non-additive gene

actions (Falconer and Mackay 1996).

The relative amount of improvement to be obtaimedhf GCA and SCA will be proportional
to their variances. It estimates the type of gest®ma which controls a particular traithe

ratio has been studied as an indicator of the eatfigenetic variability in diallel analysis
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(Sayed 1978; Quick 1978). Thus the relative siZem@an squares (GCA:SCA ratios) have
been used to assess the relative importance of @A SCA. High value of the ratio
indicates the performance of additive genes inrdeteng a particular traitThe closer the

ratio is to the unit (1), the greater is the magphit of additive genetic effects.

There has been very little progress on understgrithi@ inheritance of traits with agronomic
relevance in cassava (Easwari Amma et al. 1993¢ @ahl. 2005) and few papers regarding
the inheritance of quantitative characteristicseh&een published (Easwari Amma et al.
1995; Jaramillo 2005; Calle et al. 2005; Cach e2@06) despite the molecular map that has
already been developed (Fregene et al. 1997; Mhh 2001). Lokko et al. (2005) concluded
that GCA was more important in controlling CMD tance among the crosses made. Cach
et al. (2006) concluded that dominance plays aroitapt role in the case of harvest index
and fresh root yield but had relatively little intpEnce in some traits such as dry matter

content and height at first branching.

2.8.4 Heterosis or hybrid vigour

Agronomist and animal breeders have long knowndr@sbreeding or hybridisation of two
lines often gave positive fitness-related effectsthe F1 progeny (Darwin 1859; 1876;
Turnton 1981; Sprague 1983). The phenomenon has kme@wvn for more than a century
(Shull 1908) and has been exploited in animal dadtgreeding over the years. There are
several definitions of heterosis. Am Pperformance that exceeds the average parental
performance is generally referred to as hybrid urgor heterosis (Shull 1952). Heterosis is
the increased vigour, size, fruitiness, speed teeld@, resistance to disease and pest or to
climatic vigour of any kind. Hartl and Clark (199@&fined it as a phenomenon of enhanced
hybrid performance. However, there are two predamintheories of heterosis called
dominance and over-dominance hypothesis (Crow 1992jerosis under the dominance
hypothesis is produced by masking of deleteriousssive alleles in one strain by dominant
or partially dominant alleles in the second straivhereas, under the over-dominance
hypothesis it is due to the heterozygous superiority and dftee, increased vigour is
proportional to the amount of heterozygosity (Lasnkend Edwards 1999; Lamkey et al.
1995). Wricke and Weber (1986) noted that there saeeral hypotheses to genetically
explain this phenomenon: a) Partial dominance & kwge number of loci, b) over
dominance of several loci, c) several types ofasmt The authors indicated that for hybrid

breeding a substantial number of the loci shou@mstiominance.
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Heterosis results from combined action and int&vaatf allelic and non allelic factors and is
usually closely and positively correlated with lemygosity (Burton 1968). Heterosis is
brought about by bringing together in the F1 trepdised genes of dominant alleles showing
directional dominance and non-allelic interactiobat not by heterozygote superiority or
complementary epitasis. Coors et al. (1999) shatvatlinteraction within loci (dominance)
and among loci (epitasis) are the major genetitofadn the exploitation of heterosis. If the
population crossed does not differ in gene frequethere will be no heterosis (Kawano
2003).

Heterosis can be expressed as mid-parent, bettentpand standard heterosis. Mid-parent
heterosis or hybrid vigour is defined as the défere between the hybrid and the mean of the
two parents (Falconer and Mackay 1996). Lamkey Bathards (1999) noted that the mid-
parent heterosis or performance of F1 hybrids dkerbetter-parent is preferred in some
circumstances, particularly in self pollinated @pfor which the goal is to find better hybrids
than either of the parents. It has been observadadit crossing does not always increase
fitness. The heterosis observed in thepBpulation could have much of it lost in the F
generation due to recombination loss (Dikerson 19BDsome cases the Progenies are
less fit than the members of the parental linesrdss between different species or distantly
related populations can lead to complete loss ability or fecundity (Barton and Hewitt
1981).The gene interaction requires an optimumesegf out crossing to take advantage of
hybrid vigour or heterosis (Lynch and Walsh 1998béllos et al. 1998).

Heterosis in plant breeding has been exploitednsitely over the years (Duvick 2001).
Duvick (1999) and Jauhar (2006) reported a steadsease in grain yield for major cereal
crops such as wheat, maize, sorghum, pearl miyleeason of heterosis. Vasal et al. (2006)
indicated that exploitation of heterosis continteebe the most appropriate means to increase
grain yield relatively rapidly. Hybrid riceQryza satival..) is grown extensively in China and
India (Brar and Khush 2006). Heterosis is useddge increases in production per unit area,
thus making available large acreages of land foemtises. It is remarkable that in 2001 more
than 70 hybrids were under cultivation on 6 millibaectares of the total of the 10 million
hectares of pearl millet area in India (Jauhar 206@w studies on the inheritance of
guantitative and qualitative traits of cassava Hasen reported (Easwari et al. 1995; Easwari
and Sheela 1998; Pérez et al. 2005; Chavez eb@k)2Unikrishnan et al. (2004) assessed

hybrid vigour for root yield over better-parent was and root yield performance was

42



associated with heterosis for yield componentsthearstudies by the same authors on the
nature and magnitude of heterosis in cassava, shdvet the hybrids displayed substantial
differences in their heterotic response. Heteroger mid-parents and better—parents values

were observed in all traits studied (Unikrishnaale2004).

References

Adams CD (1957) Activities of Danish Botanists imiflea. Transactions of the historical
society of Ghana lll. Part 1. 1738-1850

Agyare-Tabbi A, Pereira LF, Erickson LR (1997) &adn and characterisation of repetitive
and microsatellite DNA sequences in cassava. Afridgaurnal of Root and Tuber
Crops2: 135-137

Akano AO, Dixon AGO, Mba C, Barrera E, Fregene NIQ2) Genetic mapping of dominant
gene conferring resistance to cassava mosaic disédgeoretical and Applied
Geneticsl05: 521-525

Akkaya MS, Shoemaker RC, Specht JE, Bhagwat AAg&mePB (1992) Integration of
simple sequence repeats DNA makers into a soyhelkage map. Crop Science 35:
1439-1445.

Al-Hassan RM (1989) Cassava in the Economy of Ghemaweke FI, Lynam J, Prudencio
CY (eds) Status of cassava research in Africa. COS@rking paperNo. 3.
International Institute of Tropical Agriculture,ddan, Nigeria

Al-Hassan RM (1993) Cassava in the Economy of Ghanaoduct Development for Root
and Tuber Crops. Volume IIl — Africa and Latin Arnoar. Breeding projects work to
stabilize productivity without increasing pressures limited natural resources.
BioSciences 43:441-452

Al-Hassan RM, Kwadzo TM, Amegashie DPK (1996) THea of the CFA devaluation on
investment, productivity and competitiveness ing¢hssava subsector in Ghana. Draft
report of the PRISAS/INSAH/MSU Research Project

Al-Hassan Ramatu M, Diao Xinshen (2007) Regionapdiities in Ghana: Policy options
and public investment implications IFPRI discusspapers 693, International Food
Policy Research Institute (IFPRI)

Allard RW (1960) Principles of plant breeding. JaNiley, New York. London

Allem AC, Hahn SK (1991) Cassava germplasm stratefpir Africa. In: Ng NQ, Perrino P,
Attere F, Zedan H (eds@rop genetic resources of Africa vol. Il. lITA, ian pp.
127-149

43



Allem AC (2002) The origin and taxonomy of cassawa.Hillocks R J, Thresh MJ Bellotti
AC (eds.) Cassava: Biology, production and utii@aCABI International, Oxford.
pp. 1-16

Alves AAA (2002) Cassava botany and physiology.Hiiltocks RJ, Thresh MJ, Bellotti AC
(eds.) CassavaBiology, production and utilisatiorCABI International, Oxford. pp.
67-89

Amenorpe G, Carson G, Tetteh JP (2006) Ethnobathrobaracterization of cassava
(Manihot esculentaCrantz) in Western Region of Ghana. Journal ofid@dtural
Science 39 (2): 123-130

Amma CSE, Sheela MN, Pillai PKT (1995) Combiningligbheterosis and gene action for
three major quality traits in cassava. Journal @tRCrops21: 24-29

Angel F, Giraldo F, Gomez R, Iglesias C, Thome dc&RW (1993) Construction of a
detailed map of cassava. In: Proceedings CBN. ClI892, Colombia. pp. 90

Asante IK, Offei SK (2003) RAPD-based genetic dsitgr study of fifty cassavaManihot
esculentaCrantz) genotypes. Euphytica 131:113-119

Baafi E, Sarfo-Kantanka K (2008) Agronomic and es®ing Attributes of some cassava
(Manihot esculentaCrantz) genotypes affected by location and ageaatest in
Ghana. International Journal of Agricultural Resba(3): 211-218

Bai KBV (1982) Cytogenetic of tuber crops. In: lIT@nternational Institute of Tropical
Agriculture) Annual report for 1982, Ibadan Nigeria

Bai G, Ayele M, Tefera H, Nguyen HT (1999) Amplidi¢=ragment Leghnt Polymorphism
analysis of tefragrotis tef(Zucc) Trotter. Crop Science 39: 819-824

Baird WV Ballard RE, Rajapakse S, Abbott AG (19%8pgress inPrunus mapping and
application of molecular markers to germplasm improent. Horticultural Science
31: 1099-1106.

Barbosa-Neto JF, Hernandez CM, O’Donoughue LS, eBsriME (1997) Prediction of
genetic relationship estimates based on molecudakens. Euphytica 98: 59-97

Barton NH, Hewitt GM (1981) Hybrid zones and sp&oia In: Atchley WR, Woodruff DS
(eds.) Evolution and speciation: essays in honbWlite JD Cambridge University
Press, Cambridge, UK. pp.109-145

Beavis WD, Grant D (1991) A linkage map based darimation from four Epopulations of
maize Zea mays..). Theoretical and Applied Geneti8g: 636-644

Beckman JS, Soller M (1986) Restriction fragmeantgth polymorphism in plant genetic
improvement. Oxford Surveys of Plant Molecular &l Biology 3: 197-250

44



Beeching JR, Marmey P, Gavalda MC, Noirot M, Hay$tiR, Hughes MA, Charrier A
(1993) An assessment of genetic diversity withioodection of cassavaManihot
esculenteCrantz) germplasm using molecular markers. AnaaBotany 72 (6): 515-
520

Beeching JR, Marmey P, Hughes MA, Charrier A (198¥¢aluation of molecular markers
and approaches for determining genetic diversitgassava germplasm. In: Roca W,
Thro AM (eds.) Working Document No. 150. Proceedingthe Second International
Scientific Meeting for Cassava Biotechnology Netkya22-26 August 1994 Bogor,
Indonesia (1):80-89

Bell CJ, Eker JR (1994) Assignment of 30 microdig¢elloci to the linkage map of
Arabidopsis Genomics 19: 137-144

Benesi IRM (2002) Native starch evaluation, andlysis of genetic distance using AFLP of
elite cassavaManihot esculent&rantz) genotypes from Malawi. MSc, Department
of Plant Sciences (Plant Breeding), Universityh&f Eree State, South Africa.

Benesi IRM (2005) Characterisation of Malawian eassgermplasm for diversity, starch
extraction and its native and modified propertieeD Thesis, Department of Plant
Sciences (Plant Breeding), University of the FresteS South Africa.

Bertram RB (1993) Application of molecular techreguresources of cassauvslafpihot
esculenta Crantz, Euphorbiaceae): interspecific evolutionaslationships and
intraspecific characterization. University of Magd, PhD thesis. USA

Bertrand CY, Mackill C, Mackill DJ (2008) Markerssisted selection: an approach for
precision plant breeding in the twenty-first cegitphilosophical transactions of the
Royal Society B. 363:557-572

Blears MS, De Grandis SA, Lee H, Trevors JT (1998phplified fragment length
polymorphism (AFLP): A review of the procedure aitel applications. Journal of
Industrial and Microbial Biotechnolog¥l: 99-114

Bonierbale M, Guevara C, Dixon AGO, Ng NQ, Asiedu Ny SYC (1997) Cassava. In:
Fuccillo D, Sears L, Stapleton P (eds.) Biodivgrait trust conservation and use of
plant genetic resources in CGIAR centres. Cambridigigersity press. pp.1-20

Botstein D, White RL, Skolnick M, Davis RW (198@onstruction of a genetic map in man
using restriction fragment length polymorphism. Amman Journal of Human
Genetics32: 314-330

45



Bradshaw JE, Hackett CA, Meyer RC, Milbourne D, Nl JW, Philips MS, Waugh R
(1998) Identification of AFLP and SSR marker asated with quantitative resistance
to Globodera palliada (Stone) in tetraploid potato Sélanum tuberosum
subsp.tuberosum) with a view to marker—assistegc8eh. Theoretical and Applied
Genetics 97: 202-210

Brar DS, Khush GS (2006) Cytogenetic manipulatiod germplasm enhancement of rice
(Oryza satival.). In: Singh RJ, Jauhar JJ (eds) Genetic regsyrchromosome
engineering and crop improvement vol. 2 CerealsCQRylor & Francis press, Baco
Raton FL. pp.115-158

Brennan JP, Martin PJ (2007) Returns and investnienhew breeding technologies
Euphytica 157: 337-349

Brettschneider R (1998) RFLP analysis. In: Karplgaac PG, Ingram DS (eds) Molecular
tools for screening biodiversity. Chapman and Hadhdon. pp. 83-95

Brewbaker JL, Upaddhya MD, Makinen Y, McDonald B&8) Isozyme polymorphism in
flowering plants. lll. Gel electrophoretic methodsid applications. Physiologia
Plantarun?1: 930-940

Burr B, Evola SV, Burr FA, Beckmann JS (1983) Thmplacation of restriction fragment
length polymorphism to plant breeding. In: Set I3/ Hollaender A (eds) Genetic
engineering principles and methods. Plenum Presddm pp. 45-49

Burton GW (1968) Heterosis and heterozygosis inrlpesllet forage production. Crop
Science 8: 229-230

Buso GSC, Carvalho LICB, Nasser NMA (1994) Analysfiggenetic relationships among
Manihotinterspecific hybrids and their parental specissgiRAPD assay. In: Roca
W, Thro AM (eds). Working Document No0.150. Proceedi of the Second
International Scientific Meeting for the CassavaotBchnology Network, 22-26
August 1994. Bogor, Indonesia 1: 101-105

Cach NT, Lenis JI, Pérez JC, Morante N, Calle Fpalles H (2006) Inheritance of useful
traits in cassava grown in sub-humid conditionanPBreedindl25: 177-182

Caetano-Anolles D, Bassam BJ, Gresshoff PM (1998A amplification fingerprinting
using very short arbitrary oligonucleotide primeBgotechnology9: 553-557

Calle F, Pérez JC, Gaitan W, Morante N, Ceballod.ldno G, Alvarez E (2005) Diallel
inheritance of relevant traits in cassaiaihot esculentaCrantz) adapted to acid-
soil savannahs. Euphytid&4: 177-186

46



Calvalho IJMB, Cascardo JCM, Cimera PS, Ribeiro MCMem AC Fialho JJ (1993).
Study of DNA polymorphism inManihot esculentaand related species. In:
Proceedings of the first international meeting a$sava biotechnology network, 25-
28 Aug. 1992. CIAT. pp. 56-58

Calvert L, Thresh JM (2002) Cassava: Biology, Potidun and Utilization. In: Hillocks RJ,
Thresh MJ, Bellotti AC (eds.) Cassava#iology, production and utilisation
Wallingford, CABI, pp. 239

Carter SE, Fresco LO, Jones PG, Fairbain JN (1992atlas of cassava in Africa: historical,
agro ecological and demographical aspects of digidn, CIAT, Cali, Colombia.

CIAT (2003) Project IP3 Improved cassava for theetleping world. Annual report. Cali,
Colombia

Ceballos H, Fregene M, Lentini Z, Sanchez T, PreeMi, Pérez JC, Rosero A, Tofino AP
(2006) Development and identification of high-valumassava clones. Acta
Horticulturae 703: 63-70

Ceballos H, Iglesias CA, Pérez JC, Dixon AGO (2004ssava breeding: opportunities and
challenges. Plant Molecular Biology 56: 503-516

Ceballos H, Pandey S, Narro L, Perez JC, (1998)itAdd dominance, and epistatic effects
for maize grain yield in acid and non-acid soilee®retical and Applie@Genetics 96:
662-668

Chavarriaga-Aguirre P, Maya MM, Bonierbale MW, Koekh S, Fregene MA, Tohme J,
Kochert G (1998). Microsatellites in cassgianihot esculent&Crantz): discovery,
inheritance and variability. Theoretical and Apgli@enetics 97: 493-501

Chavarriaga-Aguirre P, Maya MM, Tohme J, Duque MG@lesias C, Bonierbale M,
Kresovich S, Kochert G (1999) Using microsatellitésozymes and AFLPs to
evaluate genetic diversity and redundancy in tlesaea core collection and to assess
the usefulness of DNA based markers to maintaimgkrsm collections. Molecular
Breedingb: 263-273

Chavez AL, Sanchez T, Jaramillo G, Bedoya JM, Eehgv], Bolanos EA, Ceballos H,
Iglesias CA (2005) Variation of quality traits imssava evaluated in landraces and
improved clones. Euphytick43: 125-133

Chen X, Temnykn S, Xu Y, Cho YG, McCouch SR (19Dgvelopment of a microsatellite
framework map providing genome coverage in ridey¢a sativa..). Theoretical and
Applied Genetic®5: 553-567

Cock JH (1982) Cassava: a basic energy source itrapics. Scienc2l18: 755-762

47



Cock JH (1984) Cassava. In: Goldworthy FR, Fishbt (g¢ds.) The Physiology of Tropical
Crops. Wiley, Chichester, UK. pp. 540-552

Cock JH (1985) Cassavidew potential for a neglected crop. West view PrBsailder, CO,
USA.

Cock JH (1987) Stability of performance of cassgeaotypes. In: Proceedings of Workshop
on Cassava Breeding, Philippines, March, 1985

Collinson C, Vandyk G Gallat S Westby A (2001) Umbmnarker opportunities for high
guality cassava products in Ghana Paper based aterppresentation at the
International Society of Tropical Root and Tubeo@ — African Branch (ISTRC-
AB) 12-16 Nov 2001

Comstock RE, Robinson HF (1948) The componentseoktic variance in populations of
biparental progenies and their use in estimatiegatrerage dominance. Biometri&s
254-266

Condit R, Hubbel S (1991) Abundance and DNA seqe&evictwo-base repeat regions in
tropical tree genomes. Genome 34: 66-71

Cooper M, Hammer GL (1996) Synthesis of stratefpesrop improvement. In: Cooper M,
Hammer HL (eds.) Plant Adaptation and Crop Improset@AB International 1996,
Wallingford, UK. pp. 591-623

Coors JG, Pandey S, van Ginkel AL, Hallauer AR, HBE, Lamkey KR, Melchinger AE,
Srinvasan G, Stuber C (1999) Preface. In: CoorsPadlAdley S (eds.) Genetics and
exploitation of heterosis in crops. ASA, CSSA, &8SA, Madinson, Wisconsin,
USA. pp. 524

Cox TS, Murphy JP (1990) The effects of parentaérience of fFheterosis in winter wheat
regions of United States. Proceedings of Natucaldemic Science (USA) 83: 5583-
5586

Crow FJ (1952) Dominance and over dominance. W. Grow (ed.) Heterosis. lowa, USA,
pp. 282-297

Dapaah HK, Asafu-Agyei JN, Ennin SA, Yamoah C (209®Id stability of cassava, maize,
soya bean and cowpea intercrops. Journal of AdgurallScience 140: 73-82

Dapaah SK (1991) Contributions of root and tubepsrto socio-economic changes in the
developing world: the case of Africa, with speaahphasis on Ghana. In: Ofori F,
Hahn SK (eds.) Tropical root crops in a developgzpnomy. Proceedings of the
ninth symposium of the international society farpical root crops, 20-26 October,
Accra, Ghana, pp. 21-24

48



Dapaah SK (1996) The way forward for acceleratettalgural growth and development. A
paper presented to the Government of Ghana onfbethtle Ministry of Food and
Agriculture.

Darwin C (1876) The effects of cross and self {ilfeation in the vegetable kingdom.
Appleton, NY

Darwin C (1859) The origin of species by meansaitiral selection. Murray, London

Devos KM, Bryan GJ, Collins AJ, Stephenson P, GRlg1995) Application of two
microsatellite sequences in wheat storage protsnsolecular markers. Theoretical
and Applied Genetics 90: 247-252

DeVries J, Toenniessen G (2001) Cassava. CABI shibty Oxon, UK.

Dikerson GE (1969) Techniques for research in dtaive animal genetics. In: American
society of animal science, techniques and procedureanimal science research
Albany, NY.(9,18,A1) pp.36-79

Dixon AGO, Nukenine EN (2000) Genotype X Environmenteraction and optimum
resource allocation for yield and yield componesfteassava. African Crop Science
Journal 8(1): 1-10

Dixon AGO (2003) Crop improvement and new toolsrf@naging genotype by environment
interactions, parental selection, and participattngeding in Africa. Book of
Abstracts, IITA Work Planning Week, IITA, Ibadanigéria, p. 11

Dixon AGO, Akoroda MO, Okechukwu RU, Ogbe F, lloRa Sanni LO, Ezedinma C,
Lemchi J, Ssemakula G, Yomeni MO, Okoro E, Tarawali(2007) Fast-track
participatory approach to release of elite cassg@aotypes for various uses in
Nigeria’'s cassava economy. Euphytica 160:1-13

Dixon AGO, Nukenine EN (1997) Statistical analysiscassava yields with the Additive
Main Effects and Multiplicative Interaction (AMMinodel. African Journal of Root
and Tuber crop8: 46-50

Dixon AGO, Ssemakula G (2008) Prospects for casbaading in Sub-Saharan Africa in
the next decade. Journal of Food Agriculture andrénment 6: 256-262

Doku EV (1969) Cassava in Ghana. Ghana Univessiiess.

Duvick DN (1999) Heterosis: feeding people and gctihg natural resources. In: JG Coors
and S Pandley (eds.) Genetics and exploitatioretdrbsis in crops. ASA, CSSA and
SSSA, Madison, Wisconsin, USA. pp. 19-29

Duvick DN (2001) Biotechnology in the 1930s: thevdlopment of hybrid maize. Nature
Reviews, Genetics 2: 69-74

49



Easwari Amma CS, Sheela MN, Thankamma Pillai PKO§)Combining ability analysis in
cassava. J. Root Crops 12(2):65-71

Easwari Amma CS, Sheela MN (1998) Genetic anaiyses diallel cross of inbred lines of
cassava. Madras Agricultural Jourdat 264-268

Efisue AA (1993) Characterisation of IITA eliteodes of cassava, yam and sweet potato by
morphological and isozymees techniques, B.Sc (Hdhskis. University of Ibadan,
Nigeria

Egesel CO, Wong JC, Lambert RJ, Rocheford TR (2@@Bhbining ability of maize hybrids
or carotenoids and tecopherols. Crop Science 43823

Egesi CN, Ogbe FO, Akoroda M, llona P, Dixon A (ZDp®&Resistance profile of improved
cassava germplasm to Cassava mosaic Disease ind\igaphytica 155: 215-224

Ekanayake 1J, Osiru DS, Porto MCM (1997) Morpholadyassava llITA Research Guide,
Ibadan, Nigeria

Elias M, Mckey D, Panaud O, Anstett MC, Robert DJ2) Traditional management of
cassava morphological and genetic diversity byMadkushi Amerindians (Guyana,
South America). Perspective for an on-farm cons@maof crop genetic resources
Euphytica 120:143-157

Elias M, Panaud O, Robert T (2000) Assessment étievariability in a traditional cassava
(Manihot esculentaCrantz) farming system, using AFLP markers. Haye8b:219-
230

Ellis RH, Hong TD, Roberts EH (1982). An investigat of the influence of constant and
alternating temperature on the germination of cass&ed using a two-dimensional
temperature gradient plate. Annuals of BotdAy41-246

El-Sharkawy MA (2003) Cassava biology and physigldgant Molecular Biology 53: 621-
641

Falconer DS, Mackay TFC (1996) Introduction to ditative genetics. Fourth edition.
Longman Scientific and technical Co., Exssex, Emgjla

FAO (1996) Food requirements and population growgchnical Background Document.
No.4. Rome

FAO (1998) Production Yearbook. FAOSTAT database.
www.apps.fao.org/cgibin/nph_db.pl.

FAO (2006) www.fao.org/waicent/FAOINFO/Agricult/mazjne

50



FAO and IFAD (2001). The Global Cassava Developntrdategy and Implementation plan.
Volume 1. Proceedings of the Validation Forum om &lobal Cassava Development
Strategy, Rome, 26-28 April 2000. Food and AgrietdtOrganization of the United
Nations (FAO) and International Fund for AgricuiliDevelopment (IFAD) Rome,
Italy

Franche C, Bogusz D, Schopke C, Fauquet C, Beabh{y1B91) Transient gene expression
in cassava using high velocity micro projectilelsn®Molecular Biology 17: 493-498

Francis CA (1990) Sustainability issues with inteps. In: Waddington SR, Palmer AFE,
Edje OT (eds.) Research Methods for Cereal/Legurtexdropping: Proceedings of a
Workshop on Research Methodology for Cereal/Legintexcropping in Eastern and
Southern Africa. Mexico: CIMMYT, CIAT and Governmeof Malawi, pp. 194-199

Frankel OH, Brown AHD, Burdon JJ (1995) The conadon of plant biodiversity.
Cambridge Unit Press. Cambridge, England

Fregene MA,Vargas J, lkea J, Angel F, Thome J (L1924iability of chloroplast DNA and
molecular ribosomal DNA in cassavMdnihot esculentaCrantz) and its wild
relatives. Theoretical and Applied Genetics 89:723-

Fregene M, Angel F, Gomez R, Rodriguez F, Chawgoria, Roca W, Tohme J, Bonierbale
M (1997) A molecular genetic map of cassavdafihot esculentaCrantz).
Theoretical and Applied Genetics 95:431-441

Fregene M, Bernal A, Duque M, Dixon AGO, Tohme 00@) AFLP analysis of African
cassavaNlanihot esculent&rantz) germplasm resistant to the cassava mossas®
(CMD). Theoretical and Applied Genetit60: 678-685

Fregene M, Mba C (2004) Marker-Assisted SelectidA$) In: Hershey C (ed.) Cassava
breeding, FAO, Rome ltaly

Fregene M, Morante N, Sanchez T, Marin J, OspinB&rera E, Gutierrez J, Guerrero J,
Bellotti A, Santos L, Alzate A, Moreno S, Ceballds(2006) Molecular markers for
introgression of useful traits from wild Manihotatves of cassava, marker-assisted
selection (MAS) of disease and root quality trajtsurnal of Root Crops 32 (1): 1-31

Fregene M, Okogbenin E, Mba C, Angel F, Suarez M&ierrez J, Chavarriaga P, Roca
WM, Bonierbale M, Tohme J (2001) Genome mappingcassava improvement:
challenges, improvements and opportunities. Eupag0: 159-165

Fregene MA (1996) Phylogeny of cassaMiiihot esculent&rantz) and its wild relatives
based on restriction fragment length polymorphidRiFL(P) analysis. PhD Thesis
University of Ibadan, Nigeria.

51



Fregene MA, Bernal A, Duque M, Dixon AGO, Tohme20{0) AFLP analysis of African
cassavaNlanihot esculent&rantz) germplasm resistant to the cassava mdssase
(CMD). Theoretical and Applied Genetit80:678-685

Fregene MA, Blair MW, Beebe SE, Ceballos H (200 grkér-assisted selection in common
beans and cassava. In: Marker-assisted selecti&&)Nh crops, livestock, forestry
and fish: Current status and the way forward. FA®lighing, pp. 471

Fregene MA, Suérez M, Mkumbira J, Kulembeka H, N@ed&, Kulaya A, Mitchel S,
Gullberg U, Rosling H, Dixon AGO, Kresovich S (20035imple sequence repeat
(SSR) diversity of cassavéénihot esculent&rantz) landraces: Genetic structure in
a predominantly asexually propagated crop. Themaktand Applied Genetics
107:1083-1093

Gbadegesin MA, Wills MA Beeching JR (2008) Diveysitf LTR-retrotransposons and
enhancer/suppressor mutator-like transposons gacad/lanihot esculentaCrantz)
Molecular Genetic Genomics 280:305-317

Geleta LF (2003) Studies on genetic variabilityhdritance and heterosis in pepper
(Capsicum annuurh.). PhD. Thesis. Department of Plant SciencenPBreeding),
University of Free State, South Africa

Ghosh SP, Ramanujam T, Jos S, Moorthy SN, Nair F888) Tuber Crops. Oxford & IBH
Publishing Co., New Delhi

Gomez R, Angel F, Bonierbale MW, Rodriguez F, TohmBRoca WM (1996) Inheritance of
random amplified polymorphic DNA markers in casséManihot esculent&Lrantz).
Genome 39: 1039-1043

Gravois KA (1994) Diallel analysis of head rice gartage, total milled rice percentage, and
rough rice yield. Crop Sci. 34:42-45

Griffing B (1956) Concept of general and specifambining ability in relation to diallel
crossing systems. Austrian Journal of BiologicaeBce9: 463-493

Gulick P, Hershey C, Esquinas-Alcazar J (1983) @eriResources of Cassava and Wild
Relatives. International Board for Plant Genetis®tgces Rome, Italy.

Hahn SK, Iscobar JCG, lkotun T (1989) Resistaneding in root and tuber crops at the
International Institute of Tropical Agriculture TIA). Crop Protection 8: 147-168

Hahn SK, Terry ER Leuschner K (1980b) Breeding @aasgor resistance to cassava mosaic
disease. Euphytic29: 673-683

52



Haleegoah J, Okai E (1992) The Role of Women intRiyop Production for Food Security
in Africa. In: Akorada MO (ed.) Root Crops for Fod&kcurity in Africa. Fifth
triennial Symposium of the International Society Taopical Root Crops. Kampala,
Uganda. November 22-28, 1992

Hallack H (2001). Cassava. Scientific NanManihot esculenta=amily: Euphorbiaceae,
Spurge Duration: Short-lived shrubby perennial.wwam.edu/-
mathewsc/cassava.html

Hallauer AR, Miranda JB (1988) Quantitative genetit maize breeding"2ed. Ames: lowa
State University Press

Hamada H, Petrino M, Kalunaga T (1982) A noveleadpd element with Z-DNA- forming
potential is widely found in evolutionarily divergkaryotic genomes. Proceedings
of the National Academy of Sciences 79: 6465-6469

Hamrick JL, Godt MJW (1997) Allozyme diversity imltvated crops. Crop Science 37:26-
30

Harlan JR (1992) Crops and mafi® 2dn. American Society of Agronomy, Crop Science
Society of America, Madison. Journal of Environnai@Quality1: 212-215

Hartl LD, Clark AG (1997) Principles of populatioGenetics. Third edition Sinauer
Associates: Sunderland

Hayman Bl (1954) The theory and analysis of dialelsses. Geneti&9: 789-809

Haysom HR, Chan TLC, Liddle S, Hughes A (1994) Bbghetic relationships dflanihot
species revealed by Restriction Fragment LengtlyrRadphism. In: Roca W, Thro
AM (eds.) Proceedings of the Second Internatios@gific Meeting for the Cassava
Biotechnology Network, 22-26 August 1994. Bogorddnesia. Working Document
No. 150 1: 125-130

Helentjaris T, Weber D, Wright S (1986) Identificats of the genome locations of duplicate
nucleotide sequences in maize by analysis of RBdPetics 118:353-363

Henry G, Hershey C (2002) Cassava in South Amexiwhthe Caribbean. In: Hillocks RJ,
Thresh JM, Bellotti AC (eds) Cassava: Biology, Rucitbn and Utilization. CABI
Publishing Oxon, UK and New York, USA. pp. 17-40

Hershey CH (1993Manihot esculentaCrantz. In: Kalloo G, Berg BO (eds.) Genetic
Improvement of Vegetable Crops. Oxford, New YAJSA Publishers, pp. 669-691

Hershey CH, Ocampo C (1989) New marker genes foudhssava. Cassava Newsleftdr
1-5

53



Hershey CH (2005) Cassava genetic improvement: haaad Practice. CIAT/ Rockefeller

Hillocks RJ (2002) Cassava in Africa. In: Hillock®J, Thresh JM, Bellotti AC (eds.)
Cassava: Biology, Production and Utilization. CABIblishing Oxon, UK and New
York, USA. pp. 40-54

Hu J, Quiros CF (1991) Identification of broccoldacauliflower cultivars with RAPD
markers. Plant Cell Reporter 10: 505-511

Hurtado P, Olsen KM, Buitrago C, Ospina C, Mariibdgue M, de Vicente C, Wongtiem P,
Wenzel P, Killian A, Adeleke M, Fregene M (2008)marison of simple sequence
repeat (SSR) and diversity array technology (DArfarkers for assessing genetic
diversity in cassavaManihot esculentaCrantz). Plant Genetic Resource 6(3): 208-
214

Hussein A, Bushuk W, Ramirez H Roca WM (1987) |demttion of cassavaManihot
esculentaCrantz) cultivars by electrophorectic patterns sfeease isozyme. Seed
Science Technology5(1): 19-22

Iglesias CA, Hershey C, Calle F, Bolanos A (199¢)pRgating cassavé@nihot esculenta
Crantz) by sexual seed. Experimental Agriculi8@e 283-290

Iglesias CA, Mayer J, Chavez L, Calle F (1997) Giergotential and stability of carotene in
cassava roots. Euphyti®d: 367-373

IITA (1982) Tuber and root crops production manidanual series No. 9. IITA, Ibadan,
Nigeria.

[ITA (1988) Annual Report of the International litste of Tropical Agriculture. IITA Ibadan
Nigeria

IITA (1990) Cassava in Tropical Africa. A referentanual. Edited and designed by Chayce
Publications Services, United Kingdom. Printed Bodnd in the United Kingdom by
Balding Mansell International, Wisbech

IITA (1993) Archival Report (1989-1993). Part 1. ©Sava breeding, cytogenetic and
histology. Vol.2. Germplasm enhancement. Crop Im@neent Division, Ibadan,
Nigeria.

Jaramillo G, Morante N, Pérez JC, Calle F, CebdHp#\ria B, Bellotti AC (2005). Diallel
Analysis in cassava adapted to the midaltitudesyalenvironment. Crop SciendB:
1058-1063

Jauhar PP (2006) Modern biotechnology as an intesgaplement to conventional plant
breeding: the prospects and challenges Crop Sc#$d841-1859

54



Jennings DL (1976) Breeding for resistance to Afnicassava mosaic.: IAfrican cassava
mosaic report of an interdisciplinary workshop hatdMluguga, Kenya, IDRC-071e
pp. 60-87

Jennings DL, Hershey CH (1985) Cassava breedindedade of progress from international
programmes. In: Russell GE (ed.) Progress in Bam¢ding, Butterworth’s. London,
Boston, pp. 89-116

Jennings DL, Iglesias C (2002) Breeding for cropriovement. In: Hillocks R J, Thresh MJ,
Bellotti AC (eds.) Cassava: Biology, production antdisation CABI International,
Oxford, pp.149-166

Jones WO (1959) Manioc in Africa. California: Stardf University Press, Stanford

Jones CJ, Edwards KJ, Castglione S, Winfiled MQa $a van de Wiel C, Bredemeijer G,
Vosman B, Mathes M, Maly A, Brettchneider R, Volaekt G, Rueda Linaacero R,
Vazque A, Karp A (1997) Reproducibility test of RRDAFLP and SSR markers in
plant by a network of European laboratories. MolecBreeding 3: 381-390

Jorge V. Fregene M, Duque MC, Bonierbale MW, Tohiné/erdier V (2000) Genetic
mapping of resistance to bacterial blight diseasecassava Manihot esculenta
Crantz). Theoretical and Appliggenetics101:865-872

Jorge V. Fregene M, Duque MC, Bonierbale MW, Tohm¥erdier V (2001) QTL analysis
of field resistance t&Xanthomonas axonopod® manihotis in cassava. Theoretical
and AppliedGenetics 102:564-571

Kambal AE, Webster OJ (1965) Estimates of generdlspecific combining ability in grain
sorghum Sorghum vulgar®ers. Crop Science 5: 521-523

Kang MS (1994) Applied quantitative gene8aton Rouge

Karp A, Seberg O, Buiatti Golan-Goldhirsh (1996)lywrphism and DNA markers of
asparagus cultivars identified by dando amplifiedlymorphic DNA. Euphytica
87:39-44

Kawano K (1978) Genetic improvement of cassalan(ihot esculentaCrantz) for
productivity. Tropical Agricultural Research, Serig¢l, Ministry of Agriculture and
Forestry, Japan. pp. 21

Kawano K, Narintaraporn K, Narintaraporn P, Sarak&rLimsila A, Limsila J, Suparhan D,
Sarawat V, Watananonta W (1998) Yield improvementai multistage breeding
program for cassava. Crop Scied& 325-332

Kawano K (2003) Thirty years of cassava breedingpi@ductivity-biological and social
factors for success. Crop Scierd3 1325-1335

55



Kawuki RS, Ferguson M, Labuschagne M.T., Herselhaikim D (2009) Identification,
characterisation and application of single nuctiotpolymorphisms for diversity
assessment in cassaWafiihot esculent&rantz). Molecular Breeding 23:669-684

Kelley JD (1995) The use of RAPD in breeding forjon@ene resistance to plant pathogens.
Horticulture Scienc&0: 461-465

Kizito EB, Chiwona-Karltun L, Egwang T, Fregene M/esterbergh A (2007) Genetic
diversity and variaety composition of small-scalarnis in Uganda: an
interdisciplinary study using genetic markers aradmfer interviews. Genetica
130:301-318

Kizito EB, Bua A, Fregene M, Egwang T, Gullberg Westerbergh A (2005) The effect of
cassava mosaic disease on the genetic diversigssiava in Uganda. Euphytitd6:
45-54

Kochert G (1994) RFLP technology. In: Phillips R¥asil IK (eds.) DNA-based markers in
plants, Kluwer Academic Publishers Netherlands, 985

Korang-Amoakoh S, Cudjoe RA, Adams E (1987) Biatadjicontrol of cassava pests in
Ghana. Prospects for the integration of other esies. In: Hahn SK, Caveness FE
(eds) Integrated Pest Management for Tropical Root Tuber Crops. IITA pp.164-
169

Kullaya A, Mtunda K, Kulembeka H, Ferguson M, MadnOspina C, Barrera E, Jarvis A,
Morante N, Ceballos H, Tohme J Fregene M (2004)edalar marker assisted and
farmer participatory improvement of cassava gersipldor farmer/market preferred
traits in Tanzania. In: Alves A, Tohme J (eds.) AddValue to a Small-Farmer Crop.
Proceedings on the Sixth International Scientificeeting of the Cassava
Biotechnology Network. 8-14 March 2004. CIAT, Ca@blombia. pp. 70

Kumar S, Tamura K, Jakobsen I, Nei M (2000) MEGAiplEtionary Genetics Analysis,
version 2.1. Institute of Molecular Evolutionary ii&¢ics, The Pennsylvania State
University, University Park, PA

Laminski S, Robinson ER, Gray VM (1997) Applicatioh molecular markers to describe
South African elite cassava cultivars. African Jalof Root and Tuber crojds 132-
134

Lamkey KR, Edwards JW (1999) The quantitative gesebf heterosis. In: Coors JG,
Pandey S (eds.) Proceedings of the Internationatpsgium on genetics and
exploitation of heterosis in crops, CIMMYT Mexic®47 ASA, CSSA and SSSA pp.
31-48

56



Lamkey KR, Schnicker BJ, Melchinger AE (1995) Egpitain an elite maize hybrid and
choice of generation for inbred line developmembpgsS Science 35:1272-1281
Lawson TL (1988) Targeting cassava breeding anedcgeh to agro-ecological zones for
improved clones. Paper presented at th#Vést Africa Root Crops Workshop, Lome,
Togo 12-18' December 1988

Lee M (1995) DNA markers and plant breeding prografidvanced Agronomy 55:265-344

Lefevre F, Charrier A (1993) Heredity of seventasazyme loci in cassavaM@nihot
esculentaCrantz) Euphytica 66: 171-178

Legg JP, Kapinga R, Teri J, Whyte JBA (1999). Ttendemic of cassava mosaic virus
disease in East Africa: Control strategies andoreipartnerships. Roots 6(1):10-19

Le Gouis J, Beghin D, Heumez E, Pluchard P (2002)léD analysis of winter wheat at two
nitrogen levels. Crop Science 42: 1129-1134

Leihner D (2002) Agronomy and cropping systems.Hillocks RJ, Thresh MJ, Bellotti AC
(eds.) Cassava: Biology, production and utilisati@ABI International, Oxford. pp.
91-113

Liakat Ali MD (1999) Mapping quantitative trait lodor root traits related to drought
resistance in riceQryza satival..) using AFLP markers. PhD. Thesis in Agronomy,
Graduate Faculty of Texas Tech University, Texa&US

Lin D, Hubbes M, Zsuffa L (1993) Differentiation pbplar and willow clones using RAPD
fingerprints. Tree Physiology 14: 1097-1105

Lin J, Kuo JJM, Saunders JA, Beard HS, MacDonald, Menworth W, Ude G, Mathews
BF (1996) Identification of molecular markers inypean comparing RFLP, RAPD
and AFLP DNA mapping techniques. Plant Moleculasl&yy Reported4: 156-169

Liu BH (1998) Computational tools for study of coemw traits. In: Paterson AH (ed)
Molecular dissection of complex traitSRC Press LLC. pp. 43-79

Liu Z, Furnier GR (1993) Comparison of allozyme,lRFand RAPD for revealing genetic
variation within and between trembling aspen argl tboth aspen. Theoretical and
Applied Genetics 87:97-105

Livini C, Ajmine MP, Melchinger AE, Messmer MM MattM (1992) Genetic diversity of
maize inbred lines within and between heterotic ugeo revealed by RFLP.
Theoretical and Applied Genetiég: 17-25

Lokko Y, Danquah EY, Offei SK, Dixon AGO, Gedil MA2005) Molecular markers
associated with a new source of resistance to éissava mosiac disease. African
Journal of Biotechnology 4: 873-881

57



Lynch M, Walsh B (1998) Genetics and analysis @rditative traits. Sinauer Associates.

Magoon ML (1967) Recent trends in cassava breedingndia. Proceedings of an
International Symposium on Tropical Root and Tulégnops 1: 100-117. St.
Augustine, Trinidad: University of the West Indies.

Magoon ML, Jos JS, Vasudevan KN, Nair SG (1969)p@wirphological studies on induced
polyploids of cassava. Genet. Iber. 21: 27-47

Mékinen Y, Brewbaker JL (1976) Isozyme in floweripants. I. Diffusion of enzymes out
of intact pollen grains. Physiologia Plantar@th 477-482

Mann C (1997) Reseeding the green revolution. $ei@77:209-220

Manu-Aduening J, Lamboll R, Dankyi A, Gibson R (8)@assava diversity in Ghanaian
farming systems. Euphytica 144: 331-340

Manu-Aduening J, Lamboll RI, Ampong Mensah G, LagypdN, Moses E, Dankyi AA,
Gibson RW (2006) Development of superior cassavavats in Ghana by farmers
and scientists: The process adopted outcomes aridledgions and changed roles of
different stakeholders. Euphytica 150: 47-61

Manjarrez-Sandoval P, Cater TE, Webb DM Burton JM97) RFLP genetic similarity
estimates and coefficient of percentage as geratiance predictions for soybean
yield. Crop Science 37: 698-703

Marsan PA, Egidy G, Monferdini G, De Silverstro I8ptto M (1993) RAPD markers in
maize genetic analysis. Maydica 38: 259-264

Marmey P, Beeching JR, Hamon S, Charrier A (1994aliation of cassavaManihot
esculentaCrantz) germplasm collections using RAPD marké&tgphytica 74: 203-
209

Mather K, Jinks JI (1977) Introduction to Biome#dicGenetics. Chapman and Hall, London,
UK

Mathura R, Dhander DG, Varma SP (1986) Variabsitydies of cassava varieties on growth
and yield under Tripura-conditions. Journal of RGobps 12:25-28

Matzinger DF (1963) Experimental estimates of gengdrameters and their applications in
self fertilizing plants. In: Hanson WD, Robinson Hé&ds.) Statistical genetics and
plant breeding no. 982 NAS-NRC

Mba REC, Stephenson P, Edwards K, Melzer S, MkuanbirGullberg U, Apel K, Gale M,
Tohme J, Fregene M (2001) Simple sequence rep&R)(&arkers survey of the
cassava Nanihot esculentaCrantz) genome: towards an SSR-based molecular

genetics map of cassava. Theoretical and Appliete@Ges 102: 21-31
58



McClean PL, Egwing J, Lince M, Grafton K (1994) é&ypment of a RAPD map of
Phaseolus vulgarit. Ann Rpt Bean Coop. 37:79-80

McGregor CE, Lambert CA, Greyling MM, Louw JH WarhiL (2000) A comparative
assessment of DNA fingerprinting techniques (RAPBSR, AFLP and SSR) in
tetraploid potatogolanum tuberosuin) germplasmEuphytical13: 135-144

Melchinger AE, Messmer MM, Lee M, Woodman WL, LapkiéR (1991) Diversity and
relationships among U.S. maize inbreeds revealeBEyP. Crop Science 31: 669-
678.

Meredith WR Jr, Bridge RR (1984) Genetic conditibtmyield changes in upland cotton. In:
Fehr WR (ed.) Genetic conditions to yield chanigeBve major plants CSSA Spec.
Publ 7. Madison.WI, pp75-87

Messmer MM, Melchinger AE, Hermann RG, Boppenmdigil993) Relationship among
early European maize inbreeds: Comparison of pedigand RFLP data. Crop
Science 33:944-950

Michelmore RW, Paran |, Kesseli RV (1991) Identition of markers linked to disease
resistant genes by bulked segregant analysis: id rapthod to detect markers in
specific genome regions by using segregating ptipu& Proceedings of National
Academy of Science$USA) 88: 9828-9832.

Mignouna HD, Dixon AGO (1997) Genetic relationshgmong cassava clones with varying
levels of resistance to African mosaic diseasequBIAPD markers. African Journal
of Root and Tuber Crops 2: 28-32

Miller JC, Tanksley SD (1990) RFLP analysis of plgdnetic relationships and genetic
variation in the genusycopersiconTheoretical and Applied Genetig8: 437-448.

Ministry of Agriculture (1990) Medium Term Agricultal Development Programme
(MTADP) 1991-2000: An agenda for sustained agrigalt growth and development
1991 - 2000. Ministry of Agriculture, Accra

Mkumbira J, Chiwona-Karlturn L, Largercrantz U, Medgu N, Saka J, Mhone A, Bokanga
M, Brimer L, Gullberg U, Rosling H (2003) ClasskHiton of cassava into ‘bitter’ and
‘cool’ in Malawi: from farmers’ perception to chatarisation by molecular markers
Euphytica 132:7-22

Mkumbira J (2002) Cassava development for smales€éarmers PhD thesis. Agraria.

Swedish University of Agricultural Science.

59



Mkumbira J, Chiwona-Karltun L, Lagercrantz U, Malgu NM, Saka J, Mhone A, Bokanga
M, Brimer L, Gullberg U, Rosling H (2001) Classt#itton of cassava into "bitter" and
"cool" in Malawi: the farmers’ method. In: Fauguem, Taylor NJ (eds.) Cassava:
An ancient crop for modern times. Proceedings effifth International Meeting of
the CBN.Held in November 4-9, 2001, at St. Louis MissoWfA. CD3, CBN-V
Video Archive-S6-17

Mohammadi SA, Prasanna BM (2003) Review and in&gion: Analysis of genetic
diversity in crop plants —salient statistical toalsd consideration. Crop Science 43:
1235-1248

Moorthy SN (1994) Tuber Crops Starches. Centralf@rops Research Institute. Technical
Bulletin Series: 18. St. Josephs Press, Cotton Hiiruwanathapuram, Kerala, India.

Morgante M, Olivieri AM (1993) PCR-amplified micrsatellites as markers in plant
genetics. Plant Journdl 175-182

Morillo E, Fuennayor P, de Carvalho C, Second QQQQOAFLP and SSR polymorphism:
Evidence of significant levels of introgression nfroManihot glaziovii and M.
carthagenensimto traditional varieties of cassava in their aoearigin. In: Fauquet
CM, Taylor NJ (eds.) Cassava: An ancient crop fodern times. Proceedings of the
fifth International Meeting of the CBNHeld in November 4-9, 2001 at St Louis
Missouri, USA. CD3, CBN-V Video Archive- S6-18

Mutsaers HJW, Ezumah HC, Osiru DSO (1993) Cassasa¢bintercropping a review. Field
Crops Research 34:431-457

Nassar NMA (2005) Cassava: Some ecological andiplogical aspects related to plant
breeding. An article published online with Gene €mwe. URL
http:/www.geneconserve.pro.br/

NARP ( National Agricultural Research Programme&)94) Annual Report. CSIR. Ghana.

Narvaez-Trujillo A, Lozada T, Second G (2001). THgnamics of the Sweet- Bitter
differentiation in cassava varieties as unravelgdnimlecular polymorphism. In:
Fauquet CM, Taylor NJ (eds.) Cassava: An anciewp cfor modern times.
Proceedings of the fifth International Meeting b& tCBN. Held in November 4-9,
2001 at St Louis Missouri, USA. CD3, CBN-V file-SB9.pdf

Nassar NMA (1994). Development and selection of@gis in cassava. Canadian Journal of
Plant Scienc&4: 857-858

60



Nassar NMA (2003). Gene flow between cassavannihot esculentaCrantz and wild
relatives. Genetics and Molecular Rese&:cB834-347

Nassar NA, Alves J, deSouza E (2004) UnB 033: Aerésting interspecific cassava hybrid.
Revista CereS51: 495-499

Nassar NMA, (2006) Cassava genetic resources: atx@merywhere in Brazil. Genetic
Resources and Crop Evolution 53: 975-983

Nassar NMA (2007) Wild and indigenous cassavanihot esculentaCrantz diversity: An
untapped genetic resource. Genetic Resource ampdExaution 54: 1523-1530

Nei M, Li W (1979) Mathematical model for studyiggnetic variation in terms of restriction
endonucleases. Proceedings of the National Acadeinfciences USA 76: 5269-
5273

Neilsen G, Scandalios JG (1974) Chromosomal logdtipuse of trisomics and new alleles
of an endopeptidase idea mays Genetics77: 679-686 Nweke F (2004) New
challenges in the cassava transformation in Nigand Ghana. Discussion Paper
No0.118, environment and production Technology divis International Food Policy
Research Institute Washington, DC, USA

Nweke FI (1996) Cassava: A cash crop in Africa.l@mrative study of cassava in Africa
Working Paper No. 14, International Institute obpical Agriculture, Ibadan, Nigeria

Nweke Fl, Dixon AGO, Asiedu R, Folayan SA (1994)riftutes of cassava varieties desired
by farmers in sub-Saharan Africa. In: Akoroda MQ@l.JeRoot Crops for Food
Security in Africa. Proceedings of thd" friennial symposium of the International
Society for Tropical Root Crops-Africa Branch (ISTRAB), 22-28 November 1992,
Kampala, Uganda, ISTRC-AB/CTA, Wageningen/lITA, dbaa, Nigeria, pp. 65-92

Nweke F I, Spencer DSC, Lynam JK (2002) The cassavesformation: Africa’s best kept
secret. Michigan State University Press, Lansinghigan, USA

Ocampo C, Hershey C, Iglesias C, Inawaga M (1992grEse enzyme fingerprinting of
cassava germplasm held at CIAT. In: Roca W, Thro @dds.) Proceedings of the
first International Scientific Meeting of the CagaaBiotechnology Network (CBN)
held at CIAT, Cali, Colombia. pp. 81-89

Ojulong HF (2006) Quantitative and molecular analysf agronomic traits in cassava
(Manihot esculentaCrantz) PhD. Thesis Department of Plant Sciend&lant

Breeding. University of the Free State, South Adric

61



Okai E (2001) Genetic Diversity in some local caasaultivars in Ghana. MPhil. Thesis,
Crop Science Department, Faculty of Agriculture,ivdrsity of Ghana Legion,
Ghana

Okigbo Bede N (1980) Nutritional implications of opgcts giving high priority to the
production of staples of low nutritive quality. Tbase of cassava in the humid tropics
of west Africa. Food and Nutrition Bulletin, Uniteldations University, Tokyo, 2
(4):1-10

Okogbenin E, Porto MCM, Egesi C, Mba C, Espinosé&Santos LG, Ospina C, Marin J,
Barrera E, Gutiérrez J, Ekanayake I, Iglesias €gé&ne MA (2007) Marker-assisted
introgression of resistance to cassava mosaic sise#o Latin American germplasm
for the genetic improvement of cassava in AfriceopCScience 47:1895-1904

Okogbenin E, Fregene M (2002) Genetic analysis@hld mapping of early root bulking in
an R population of non-inbred parents in cassaiar(ihot esculentaCrantz).
Theoretical and Applied Genetit96: 58-66

Okogbenin E Fregene M (2003) Genetic mapping of Qatfecting productivity and plant
architecture in a full-sib cross from non-inbredeguds in cassavaManihot esculenta
Crantz). Theoretical and Applied Genetid¥/: 1452-1462

Okogbenin E, Marin J, Fregene M (2006) An SSR-baswilecular map of cassava.
Euphyticald?: 433-440

Olsen KM (2004) SNPs, SSRs and inferences on ca'ssarigin. Plant Molecular Biology
56: 517-526

Olsen KM, Schaal BA (2001) Microsatellite variatian cassava Manihot esculenta,
Euphorbiaceae) and its wild relatives. Further ena for a southern Amazonian
origin of domestication. Am. J. Bot. 88:131-142

Onwueme IC (1978) The Tropical Tuber Crops: Yamsdaaa, Sweet potato, Cocoyam.
John Wiley and Sons Ltd. New York

Onwueme IC (2002) Cassava in Asia and the Padifiddillocks RJ, Thresh JM, Bellotti AC
(eds.) Cassava: Biology, Production and Utilizati@ABI Publishing Oxon, UK and
New York, USA, pp. 55-65

Ortiz R, Madsen S, Wagoire WW, Hill J, Chandra &léh O (2001) Additive main effect
and multiplicative interaction model for dialleless analysis. Theoretical and
Applied Geneticd02: 1103-1106

Osiru DS, Porto MCM, Ekanayake 1J (1996) Morpholarfycassava plant. IITA, Research
Guide. Ibadan, Nigeria

62



Quick JS (1978) Combining ability, interrelationsl@mong an international array of durum
wheat. In: Ramanujam S (ed.) Proceedings of ttid fifternational wheat genetic
symposium. New Delhi, pp. 634-647

Pérez JC, Ceballos H, Jaramillo G, Morante NJ, kdpalle F, Arias B, Bellotti AC (2005)
Epitasis in cassavaManihot esculentaCrantz) adapted to mid-altitude valley
environment. Crop Science 45: 1491-1496

Peroni N, Kageyama PY, Begossi A (2007) moleculiffier@ntiation, diversity and folk
classification of “sweet” and “bitter” cassavMdnihot esculenfain Caicara and
Caboclo management system (Brazil). Genetic Resoard Crop Evolution 54:
1333-1349

Pirchner F (1983) Population genetics in animaétieg: second edition. Plenum, NY

Popoola TOS, Yangomodou OD (2006) Extraction, prigee and utilization potential of
cassava seed oil. Biotechnology 5(1): 38-41

Powell W, Machray GC, Provan J (1996) Polymorphistnealed by simple sequence
repeats. Trends in Plant Scierice215-222

Prince JP, Lackney VK, Angeles C, Blauth JR, KyleMM1995) A survey of DNA
polymorphism within the genes Capsicum and fingetimg of pepper cultivars.
Genome 38: 224-231

Provan JW, Powell W, Waugh R (1996) Microsatelltealysis of relationships within
cultivated potato Solanum tuberosumTheoretical and Applied Genetics 92:1079-
1084

Pujol B, Gigot G, Laurent G, Pinheiro-kluppel Pjasl M, McKey H, McKey D (2002)
Germination ecology of cassavégnihot esculentaCrantz, Euphorbiaceae) in
traditional agro ecosystems: seed and seedlin@dyodf a vegetatively propagated
domesticated plant. Economic Botany 56(4): 366-379

Pujol B, Renoux F, Elias M, Rival L, Mckey D (200The unappreciated ecology of
landraces population: Conservation consequencesoibfseed banks in cassava.
Biological Conservation 136 (4): 541-551

Quick JS (1978) Combining ability, interrelationsl@mong an international array of durum
wheat. In: Ramanujam S (ed.) Proceedings of thh fifternational wheat genetic
symposium. New Delhi, pp. 634-647

Rafalski JA, Tingey SV (1993) Genetic diagnostios plant breeding. Theoretical and
Applied Genetic®: 275-280

Rajendran PG (1989) Combining ability in cassawardal of Root Crop45: 15-18

63



Raji AA, Dixon AGO, Fawole |, Gedil M (2001) Divetg analysis of African landraces of
cassava as assessed with agro botanical traithaledular markers. In: Fauquet CM,
Taylor NJ (eds.) Cassava: An ancient crop for modienes Proceedings of the fifth
International Meeting of the CBNHeld in November 4-9, 2001 at St Louis Missouri,
USA. CD3, CBN-V Video Archive- S6-25

Ramirez H, Hussein A, Roca W Bushiuk W (1987) Isneyelectro pherograms of sixteen
enzymes in five tissues of cassaMfihot esculent&rantz) varieties. Euphyticz6:
39-48

Ribaut JM, Hoisington D (1998) Marker-assisted s@d®: new tools and strategies. Trends
in Plant Scienc8: 236-239

Roa A, Chavarriaga-Aguirre P, Durque MC, Maya MMnigerbale MW, Iglesias C, Tohme
J (2000) Cross-species amplification of cassdan(hot esculenta(Euphorbiaceae)
microsatellites: Allelic polymorphism and degreereiationship. American Journal of
Botany87: 1647-1655

Roa A, Maya MM, Durqgue M, Tohme J, Allem A, Boniale M (1997) AFLP analysis of
relationships among cassava and other Manihot epetheoretical and Applied
Genetic95: 741-750

Robinson JP, Harris SA (1999) Amplified Fragment ngn Polymorphism and
Microsatellites: A phylogenetic perspective. InlI&IEM (ed.) Which DNA marker
for which purpose? Final compendium of the reseapcbject: Development,
optimisation and validation of molecular tools &ssessment of biodiversity in forest
trees in the European Union. Available at URL: #pbdoc.sub.gwgd.de/ebook/

Rocha OJ, Zaldivar ME, Castro L, Castro E, BarrauriRe(2008) Microsatellite variation of
cassavaNlanihot esculent&Crantz) in home gardens of Chibchan Amerindiaomfr
Costa Rica. Conservation Genetics 9:107-118

Rogers DJ, Appan G (1970) Untapped genetic ressufge cassava improvement. In:
Proceedings of second International Symposium apital Root and Root Crops,
University of Hawaii, Honolulu. March. Universityf ¢tdawaii Press, Honolulu. pp.
79-82

Rogers DJ, Appan SG (1973) Manihot and manihotoi@&ghorbiaceae). A computer-
assisted study. Organisation of flora neotropicanbyraph Vol 13 Hafner press.
New York, pp. 278

64



Russell RJ, Fuller JD, Macaulay M, Hats BG, JahdoPowell W, Waugh R (1997) Direct
comparison of levels of variation among barley asmmns detected by RFLPs, AFLPs,
SSRs and RAPDs. Theoretical and Applied Genetic§ 9%-722

Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuéh Horn GT, Mullis KB, Erlich HA
(1988) Primer-directed enzymatic amplification oN® with a thermostable DNA
polymerase. Science 239:487-491

Sayed HI (1978) Combining ability for yield and it®mponent characters in wheat. In:
Ramanujam S (ed.) Proceedings of the fifth inteomal wheat genetic symposium.
New Delhi, pp. 634-647

Schaal B, Carvalho LJCB, Prinzie T, Olsen K, OlggnCabral G, Hernandez M (1997)
Phylogenetic relationships among Manihot speciesic#n Journal of Root and
Tuber Crop: 147-149

Shull GH (1908) The composition of a field of maizZemerican Breeders Association 4:
296-301

Shull GH (1952) Beginnings of the heterosis conceptGowen JW (ed.) Heterosis, Ames,
IA, USA, lowa State College Press, Marker assisi&dction in common beans and
cassava. pp. 14-48

Second GAC, Allem L, Empérarie C, Ingram C, Coluni®d, Mendes LJ, Carvalho CB
(1997) AFLP basedlanihotand cassava numerical taxonomy and genetic steuctur
analysis in progress: Implications for dynamic semvation and genetic mapping in
Africa. African Journal of Root and Tuber Crdhs140-146

Shiying Yang, Wen Pang, Gavin Ash, Haper J, Caring/enzl P, Huttner E, Xuxiao Zong,
Andrzj Kilian (2006) Low levels of genetic divengitin cultivated pigeonpea
compared to its wild relatives by diversity arragehnology. Theoretical Applied
Genetics 113: 585-595

Simwambana MSC (1988) Shoot removal studies inasas@anihot esculentaCrantz)
PhD Thesis, Faculty of Agriculture, St. Augustiminidad. West Indies.160 pp

Smith OS, Smith JSC, Bowe SL, Temborg RA, Wall B2BQ) Similarities among a group of
elite maize inbreeds as measured bgrain yield, grain yield heterosis and RFLP.
Theoretical and Applied Genetigf: 833-840

Song KM, Osborn TC William PH (199@rassliketaxonomy based on molecular restriction
fragment polymorphism (RFLP). Genome relationshipsBrasslike and related
genera and the origin &. oleraceaandB. rapa Theoretical and Applied Genetics
79: 497-506

65



Souza E, Sorrels M (1991) Relationship among 70tiNé&merican oat germplasm: 11
Cluster analysis using qualitative characters. Gojgnce 31: 605-612

Sprague GF, Tatum LA (1942) General versus specifinbing ability in single crosses of
corn. Journal of the American Society of Agrono8dy 923-932

Sprague GF (1983) Heterosis in maize:Theory andtipea In: Frankel R (ed) Springer-
Verlag, Berlin, Heidelberg. New York, Tokyo, pp.-4@

Ssemakula GN, Bua A, Baguma YK, Tumwesigye S, senbwe W, Alicai T, Omongo C
(2001) Farmer participatory cassava variety evalnaand selection in Uganda. The
small processor and development of local food itrekss for market economy. In:
Akoroda MO (ed.) Proceedings of the 8th Sympositirth® International Society for
Tropical Root Crops - Africa Branch

Stegemann H (1984) Retrospect on 25 years of aulidentification by protein patterns and
prospects for the future. Seed Science and Techyndlb: 20-31

Stuber C, Edwards MD (1986) Genotypic selectionifigorovement of quantitative traits in
corn using molecular marker loci: Report of the AahCorn, Sorghum Research
Conferences, Washington D.€1: 70-83

Sughrue JR, Hallauer AR (1997) Analysis of theldiahating design for maize inbred lines.
Crop Science 37: 400-405

Tanksley SD, Young ND, Paterson AH, Bonierbale M¥98§9) RFLP mapping in plant
breeding: New tools for an old science. Bio/Tecbgygl7: 257- 264

Taramino G, Tingley S (1996) Simple sequence repeatgermplasm analysis and mapping
maize. Genome 39: 277-287

Tautz D, Renz M (1984) Simple sequences are uloigsiitepetitive components of eukaryote
genomes. Nucleic Acids Reseatth 4127-4138

Taylor N, Chavarriaga P, Raemakers K, SiritungaZzbang P (2004) Development and
application of transgenic technologies in cass&ant Molecular Biology56: 671-
688.

Tewe OO (1992) Detoxification of cassava produatsl @&ffects of residual toxins on
consuming animals. Roots, tubers, plantains anarsmin animal feeding David
Machin, Solveig Nyvold, Series, FAO Animal Prodoctiand Health Papers- 95: 221

Thottappilly G, Mignouna HD, Omotigun OG (2000) Thee of DNA markers for rapid
improvement of crops in Africa. African Crop Sciendournal 8(1): 99- 108

66



Thottappilly G, Fregene M, Makeshkumar T, CalveK, [Cuervo M (2006) Cassava In:
Loebensiem G, Carr JP (eds.) Natural resistanqaaoits to viruses. Printed in the
Netherlands, pp. 447-464

Thro AM, Msabaha M, Kulembeka H, Shengerow, Kapaf\d®lingi M, Hemed L, Digges
P, Cropley J (1995) In: Thro AM, Roca WM (eds.) &edings of the "
International scientific meeting of the Cassavat&b Network, Bogor Indonesia
working document 150 CIAT Cali Colombia. pp. 28-35

Tommerup IC, Barton JE, Obrein PA (1995) Reliapilitf RAPD fingerprinting of three
Basidiomycete fungilLaccaria, Hydnangiumand Rhizoctonia Mycology Research
99: 179-186

Turnton JD (1981) Crossbreeding of dairy cattle edective review. Animal Breeding
Abstract 49: 293-300

Unikrishnan M, Easwari Amma CS, Santha V Pillaie&la MN, Anantharaman M, Nair NN
(2004) Varietal improvement programme in cassavanual report 2002-2003,
CTCRI, India

Vasal SK, Riera-Lizaraz O, Jauhar PP (2006) Gemethancement of maize by cytogenetic
manipulation, and breeding for hiel, stress toleearand high protein quality. In:
Singh RJ, Jauhar PP (eds) Genetic resources choomeogngineering and crop
improvement. Vol.2 Cereals CRC Taylor & Francisd8rd8oca, Raton FL

Vieira EA, Carvalho FIF, Bertran |, Kopp MM, Zimm&D Benin G Silva JA, Hartwig I,
Malone G, Oliveira AC (2007) Association betweemnex distance in wheat
(Triticum aestivunlL) as estimated by AFLP and morphologic markeme3ie and
Molecular Biology 30: 392-399

Vogel JM, Rafalski A, Powell W, Morgante M, Andre Banafey M, Tingey SV (1996)
Application of genetic diagnostics to plant genoaralysis and plant breeding.
Horticultural Scienc&1: 1106-1107

Vos P, Hogers R, Bleeker M, Reijans M, Van de Leé&ldrnes M, Frijers A, Pot J, Peleman
J, Kuiper M, Zabeau M (1995) AFLP: a new technidae DNA fingerprinting.
Nucleic Acids Research3: 4407-4414

Wanyera NWM (1993) Phylogenetic relationships amangtivated cassavdManihot
esculentaCrantz) and two wildVianihot speciesPhD thesis University of Ibadan,
Ibadan, Nigeria

67



Weeden NF, Timmerman GM, Hemmat M, Kneen BE, Lddi# (1992) Inheritance and
reliability of RAPD markers: Applications of RAP2dhnology to plant breeding.
American Genetic Association

Welsh J, Honeycutt RJ, McClelland M, Sobral BWS Q1P Parentage determination in
maize hybrids using arbitrarily-primed polymeraskaio reaction (AP-PCR).
Theoretical and Applied Geneti&: 473-476

Welsh J, McClelland M (1990) Fingerprinting genomessng PCR with arbitrary primers.
Nucleic Acid Research8: 7213-7218

Wheatley CC, Lozano C, Gomez G (1985) Post-hardetgrioration of cassava roots. In:
Cock JH, Reyes JA (eds.) Cassava: Research, produand utilization. UNDP-
CIAT, Cali, pp. 655-671

Wheatley CC, Chuzel G (1993) Cassava: The natutBeofuber and use as a raw material.
In: Macrae, R., R.K. Robinson and M.J. Sadler (eflscyclopaedia of Food Science,
Food Technology, and Nutrition. Academic Press, Biago, California. pp. 734-743

White G, Powell W (1997) Isolation and characteaisaof microsatellite loci in Sweietenia
humulis (Meliaceae): an endangered tropical hardixspecies. Molecular Ecology 6:
851-860

Williams JGK, Kubelik AR, Livak KJ, Rafalski JA, igley SV (1990) DNA polymorphisms
amplified by arbitrary primers are useful as genatarkers. Nucleic Acids Research
18: 6531-6535

Winter P, Kahl G (1995) Molecular marker techno&sgifor plant improvement. World
Journal of Microbiology and Biotechnologyl: 438-448

Woldegiorgis TD (2003) Genetic variability and camibg ability for quality parameters in
Ethiopian wheat cultivars. PhD. Thesis Departmérrlant Sciences: Plant Breeding.
University of the Free State, South Africa

Wricke G, Weber WE (1986) Quantitative genetics seléction in plant breeding. Published
by Walter de Gruyter, Berlin, New York

Wright AJ (1985) Diallel designs, analysis and refee populations. Heredity 54: 307-311

Wu JSZ, Li MD (2002) Analysis of heterosis by aedir method using the concept of
heritability. Genetics 114: 163-170

Wyman AR, White R (1980) A highly polymorphic locishuman DNA. Proceedings of the
National Academy of Sciences (USAJ: 6754-6758

Xu GW, Magill CW, Schertz KF, Hart GE (1994) AFLPam of Sorgum bicolor(L.)
Moench. Theoretical and Applied Genetics 89: 139-14

68



Xu ML, Melchinger AE, Xia XC, Lubberstedt T (1999)igh-resolution mapping of loci
conferring resistance to sugarcane mosaic virusdize using RFLP,SSR and AFLP
markers. Molecular and General Genetics 261: 574-58

Yamamoto T, Nishikawa A, Oeda K (1994) DNA polymioigm inOryza sativa.. amplified
by arbitrary primer PCR. Euphyti@8: 143-148

Yan W, Hunt A (2002) Biplot analysis of diallel daiCrop Science 42: 21-30

Yang W, de Oliveira AC, Godwin |, Schertz K, Berzegt JL (1996) Comparison of DNA
markers technologies in characterizing plant gendiersity: variability in Chinese
sorghums. Crop Science 36: 1669-1676

Young ND, Zamir D, Ganal MW Tanksley SD (1988). Usé isogenic lines and
simultaneous probing to identify DNA markers tighlinked to theTm-2agene in
tomato. Geneticg0: 579-585

Zacarias AM (1997) Identification and genetic dmsta analysis of cassav@Manihot
esculenta Crantzgultivars usingRAPD fingerprinting. MSc thesis. Department of
Plant Breeding, University of the Free State, Bl@mrtein, South Africa

Zacarias AM, Botha AM, Labuschagne MT, Benesi IRM({4) Characterisation and genetic
distance analysis of cassavaMahihot esculentaCrantz) germplasm from
Mozambique using RAPD fingerprinting. Euphytica 138-53

Zambrano AY, Fuernmayor F, Gutierrez F (2007) Geneiversity of Venezuela cassava
collection. Proceedings of International Symposiuiotechnology of Temperate
Fruit crops and Tropical Species. Acta Horticuleu7s8:729-734

Zhou PH, Tan YF, He YQ, Xu CG, Zhang Q (2003) Siamous improvement for four
quality traits of Zhenshan 97, an elite parent @rid rice, by molecular marker-
assisted selection. Theoretical and Applied Gesdfil5: 326 -331

69



CHAPTER 3

GENETIC DIVERSITY ANALYSIS OF GHANAIAN CASSAVA
GENOTYPES USING SSR MARKERS

Abstract

A total of 320 cassava landraces assembled frodDalegions of Ghana were analysed with
33 SSR markers to assess the genetic diversiteigérmplasm. The genetic distance, based
on the proportion of shared alleles (PSA), was iobth from the raw allele size data.
Distances between the accessions were subjectedntipal component analysis (PCA) to
obtain a structure of relationship between the fdaces. The genetic diversity and
differentiation were calculated from allelic datde average number of alleles for each locus
was close to five and ranged from three to sevée. grobability that two randomly selected
alleles in a given accession are different, alsowkn as average gene diversity, was
0.524%0.0045. Average gene diversity was comparable aathsegions with the exception
of the central region in the coastal savannah z@ametic diversity parameters, including
total heterozygosity (Ht) and genetic differentati (Gst) ranged widely across the 33
markers. Genetic differentiation, as estimated by fheta), was very low for samples
between regions, an overall value of 0.04 was oEwmbr The genetic diversity and
differentiation revealed clustering that may represheterotic groups. Sixty three duplicates
or related genotypes were identified. The overalerozygosity was high, with a low level of
differentiation. A loose structure was observedhia collection, but there was a unique sub-
structure in the landraces from the upper regidnGlmana, the arid and semi arid climatic
zones. The heterotic groupings were distinct ferrggions in the savannah ecological zones
and the forest ecological zone regions. Parentédcoe selected from the groupings for

crosses to test for heterotic patterns and comipiability.

3.1 Introduction

An understanding of genetic diversity is the fisg¢p to harness the genetic variability in
germplasm (Hurtado et al. 2008). The success otading programme depends greatly on
the genetic diversity that exists in available galasm (Meredith and Bridge 1984). The

knowledge of genetic distances of gene pools ireading programme is useful. It generates
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a better understanding of germplasm organizatiosh efficient parental selection during
genotypic sampling. It also has implications onrémults of choice of parents for crosses and
gene introgression from exotic germplasm. Genetierdity can be assessed by a number of
methods including morphological data and DNA badeth (Mohammadi and Prasanna
2003). The DNA based molecular markers reveal phpimiems at the DNA level and is
extensively used in various fields of plant bregdand germplasm management. These
markers can identify many genetic loci simultanépusgth excellent coverage of the entire
genome. They are phenotypically neutral and carafydied at any developmental stage
(Jones et al. 1997).

Simple sequence repeats (SSRs) or microsatellitesisually two to six base pair repeat
motif (example TA, CA, GTG, TAA and GATA) repeatBhe first report of SSR in plants
was by Condit and Hubbel (1991), who suggested #imindance in the plant system. This
was subsequently confirmed by Akkaya et al. (1992 repeats generate polymorphisms
due to the frequent variation in the length of tiyeeat regions. Such differences are detected
on polyacrylamide or agarose gels, where repegthermigrate different distances according
to size (Robinson and Harris 1999). SSRs are cartorh markers with a high level of
allelic diversity. SSR markers are a suitable aptior genetic studies for a highly
heterozygous crop such as cassava (Agyare-Takddi #997; Chavarriaga-Auguirre et al.
1998). Molecular analysis matrices are very infdimeatools for estimation of genetic
distances (Vieira et al. 2007). Microsatellite nearkoci were developed for various crops,
such as maize (Taramino and Tingley 1996), soylfParnos et al. 1995), barley (Russell et
al. 1997) and potato (McGregor et al. 2000). CIAds hdentified 186 SSR markers for
cassava (Chavarriaga-Aguirre et2998; Mba et al2001).

Local cassava germplasm in Africa represents dascadeenturies of selection by farmers to
meet local culinary and agronomic needs. The variocal names given suggest that farmers
associate a number of useful traits with the vimsetNames given connote: early bulking
‘Bosomnsia’ (six months), source of income ‘TuaKpays off debt) or ‘Cedi Bankye’
(cassava that brings money or cedis, Ghana's ayyesweet or cool and tasty ‘Bankye
Santum’ (potato like cassava), high vyielding ‘Ahgganka’ (career of orphans) or
‘Bokentenma’ (produces a basket full), and ‘Dek@raditionally old or ancient variety that
yields for all generations). The selection of ggpest by farmers is influenced by their uses

and culinary attributes, farming system and themgrg industry. In northern Ghana some
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farming communities chew fresh uncooked cassavherfields and would describe those
varieties as sweet and soft to chew. These arg-6hmonths maturing varieties. There is also
the use of cassava for ‘konkonte’ and dry chipsd@pecial meal called ‘Tuo Zaafi’ (TZ)
which is a major food form unique to the north fau’ is also unique to the southern part of
Ghana. In regions where cassava is prepared o forms that require high dry matter
genotypes such as for the preparation of ‘fufuarigand cassava dough, the selection
criteria for farmers would differ and this wouldflurence the varieties found in a particular
region (Okai 2001; Amenorpe et al. 2006; Baafi Sadfo-Kantanka 2008).

High heterosis for yield components, starch and memof roots has been observed in
cassava and hence hybrid breeding is considereahaiging method of genetic improvement
(Easwari Amma and Sheela 1998; Pérez et al. 2BG8grotic groups identified in maize in
the early 28 century (Schull et al. 1952) have been the basisvery successful hybrid seed
industry. DNA-based markers, especially SSR hawen Isccessfully used in the study of
cassava genetic diversity (Beeching et al. 199&va@ihriaga-Aguirre et all999; Elias et al.
2000; 2001; Fregene et al. 2000; Benesi 2002; Reege al. 2003; Mkumbira et al. 2003;
Zambrano et al2007; Hurtado et al. 2008; Kawuki et al. 2009).isThtudy is the first
comprehensive molecular characterization of Ghankiadraces from all cassava growing
areas across all regions and ecological zones an&hrhe objective of this study was to use

SSR marker analysis to assess genetic diversityl#fiedentiate cassava genotypes in Ghana.

3.2 Material and methods

3.2.1 Collection of germplasm

Plant materials

A total of 320 cassava genotypes were collectet ficrmers’ fields during the 2002 season.
Cassava landraces were collected from 45 villageted during the Collaborative Study on
Cassava in Africa (COSCA) and an additional 28agéls where cassava production is
important. The villages were located in the fargsiinea savannah, coastal savannah, arid
and semi arid agro ecological zones across theegions of Ghana. Some regions share
more than one of the ecological zones. Informatiarthe passport data for each accession
was collected, which included details on accessiode, name of cultivar or landrace,
meaning of the name of the cultivar, sample stataspe of farmer, district, region ethnic

group, village, names of individuals in the collentteam, collection date, maturity period,
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uses, preferred characteristics, period over wthiehlandrace had been kept by the farmer,
source of the cultivar and other crops grown walssava or farming system practicé@tie
list of genotypes, passport data and charactesisi be found at the home page of the

Molecular Diversity Network of Cassava (MOLCAS)tfhf/www.ciat.cgiar.org/molcds

The 320 genotypes collected were mostly local tiasebut also included some improved
clones from IITA. Stem cuttings of 20-30 cm of thecessions were first planted in pots at
the University of Ghana after each collection tfjhe varieties were established in single
rows at ten plants per row at 1 m x 1 m spacinghas experimental field of the Crops

Research Institute (CRI), Pokuase station, Acctzar@. A copy of the collection was also

sent as stem cuttings to the IITA, Ibadan Nigesiafield conservation.

3.2.2 DNA extraction

Fresh young leaf samples were collected from télel fat 1ITA and stored on ice and then
transferred to the laboratory for DNA extractionbcddit 0.1 g of fresh young leaves was
ground in liquid nitrogen and DNA extracted usimg tQiagen (Palo Alto, CA, USA) kit.
DNA was stored in absolute ethanol. SSR markeryaisalvas done at CIAT (Colombia).
The DNA was precipitated, dried and re-suspendediriss EDTA and quantified using a
fluorometer. Genomic DNA was diluted to a final centration of 10 ng/ul and used for PCR
reactions using SSR marker primer pairs (Table. 4 DNA was checked on 1% agarose

gels.

3.2.3 SSR marker analysis

A set of 36 SSR markers, selected earlier to ctheeentire cassava genome, two from each
of the 18 haploid chromosomes or linkage groupsthef cassava genome, and clear
reproducible PCR amplification patterns was empdole molecular marker analysis. PCR
amplification and polyacrylamide gel analysis, aladia scoring were as described by Fregene
et al. (2003).PCR assays of SSR markers used 30 ng of genomic DNIA ul reactions
containing 0.1 mM dNTP, 1X PCR buffer, 2.5 mM MgC@®2 uM of each primer and 1U
TadgDNA polymerase. PCR amplification was performedgghe following thermal profile:

2 min at 95C, 30 cycles of 30 s at 83, 55/45C at 1 min and 60 s at ‘@ and a final step of

5 min at 72C. PCR products were denatured and electrophomgas done on 6%
polyacrylamide gels and visualized by silver stagniThe raw SSR data were scored as allele

sizes and allele numbers used for statistical arsly
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Table 3.1 Cassava SSR markers used for studying gait diversity

Locus Type of repeat Primer size (bp)
SSRY4-R (GA)16 ATAGAGCAGAAGTGCAGGCG 287
SSRY4-F CTAACGCACACGACTACGGA

SSRY9-R (GT)s ACAATTCATCATGAGTCATCAACT 278
SSRY9-F CTAACGCACACGACTACGGA

SSRY12-R (CA)e ACTGTCAAACCATTCTACTTGC 266
SSRY12-F GCCAGCAAGGTTTGCTACAT

SSRY19-R (CTHCA) 15 TGTAAGGCATTCCAAGAATTATCA 214
SSRY1¢F TCTCCTGTGAAAAGTGCATGA

SSRY2(-R (GT) 14 CATTGGACTTCCTACAAATATGAAT 142
SSRY2(-F TGATGGAAAGTGGTTATGTCCTT

SSRY2+R (GA) 5 CCTGCCACAATATTGAAATGG 192
SSRY2+F CAACAATTGGACTAAGCAGCA

SSRY34-R (GGC)GGTGGC (GGT) TTCCAGACCTGTTCCACCAT 279
SSRY34-F ATTGCAGGGATTATTGCTCG

SSRY38-R  (CA)wr GGCTGTTCGTGATCCTTATTAAC 122
SSRY38-F GTAGTTGAGAAAACTTTGCATGAG

SSRY51-R (CT):.CG(CT)14(CA) 15 AGGTTGGATGCTTGAAGGAA 298
SSRY5:-F GGATGCAGGAGTGCTCAACT

SSRY5-R (GT) 10 GCCAGCAAGGTTTGCTACA1 26€
SSRY5:-F AACTGTCAAACCATTCTACTTGC

SSRY5¢R (CA)2 GCAATGCAGTGAACCATCTTT 15¢
SSRY59-F CGTTTGTCCTTTCTGATGTTC

SSRY63-R (GA)e TCAGAATCATCTACCTTGGCA 290
SSRY63-F AAGACAATCATTTTGTGCTCCA

SSRY64-R (CT)sCG(CT)s CGACAAGTCGTATATGTAGTATTCACG 194
SSRY64-F GCAGAGGTGGCTAACGAGAC

SSRY69-R (CTYATT(AT) »(N) CGATCTCAGTCGATACCCAAG 239
SSRY6¢F CACTCCGTTGCAGGCTT/

SSRY8:-R (GA) 24 TGTGACAATTTTCAGATAGCTTCA 211
SSRY8:-F CACCATCGGCATTAAACTTTC

SSRY100-R  (CT) 1, TT(CT) ATCCTTGCCTGACATTTTGC 21C
SSRY100-F TTCGCAGAGTCCAATTGTTG

SSRY102-R  (GT)u TTGGCTGCTTTCACTAATGC 179
SSRY102-F TTGAACACGTTGAACAACCA

SSRY103-R (GA)2 TGAGAAGGAAACTGCTTGCAC 272
SSRY103-F CAGCAAGACCATCACCAGTTT

SSRY105-R  (GT)sGC(GT)xAGA) 16 CAAACATCTGCACTTTTGGC 225
SSRY105-F TCGAGTGGCTTCTGGTCTTC

SSRY10tR  (CT) s GGAAACTGCTTGCACAAAGA 27C
SSRY10F CAGCAAGACCATCACCAGTTT

SSRY10:R  (CT),CCT ACGCTATGATGTCCAAAGGC 20z
SSRY10:F CATGCCACATAGTTCGTGC"

SSRY110-R  (GT)12 TTGAGTGGTGAATGCGAAAG 247
SSRY110-F AGTGCCACCTTGAAAGAGCA

SSRY135-R  (CT)1s CCAGAAACTGAAATGCATCG 253
SSRY135-F AACATGTGCGACAGTGATTG
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SSRY47-R GGAGCACCTTTGCTGAGTT 113

SSRY47-F TTGGAACAAAGCAGCATCAC

SSRY148-R GGCTTCATCATGGAAAAACC 114

SSRY148-F CAATGCTTTACGGAAGAGCC

SSRY151-R AGTGGAAATAAGCCATGTGATG 18z

SSRY151-F CCCATAATTGATGCCAGGTT

SSRY155-R CGTTGATAAAGTGGAAAGAGCA 158

SSRY155-F ACTCCACTCCCGATGCTCGC

SSRY161-R  (CT).TT(CT)»(CA) 1o AAGGAACACCTCTCCTAGAATCA 220
SSRY161-F CCAGCTGTATGTTGAGTGAGC

SSRY164-R  (GA)29 TCAAACAAGAATTAGCAGAACTGG 187

SSRY164-F TGAGATTTCGTAATATTCATTTCACTT

SSRY169-R  (GA) 1dA) 5(GAA) , ACAGCTCTAAAAACTGCAGCC 10C

SSRY169-F AACGTAGGCCCTAACTAACCC

SSRY17-R  (TA)sCATA(GATA) ¢ ACTGTGCCAAAATAGCCAAATAGT 291

SSRY17-F TCATGAGTGTGGGATGTTTTTATC

SSRY177-R  (CCTRECT(N)es(CT)4AT(CT)1s  ACCACAAACATAGGCACGAG 268

SSRY177-F CACCCAATTCACCAATTACCA

SSRY179-R  (GA)g CAGGCTCAGGTGAAGTAAAGG 226
SSRY179-F GCGAAAGTAAGTCTACAATTTTCTAA

SSRY180-R  (GA){G)4(GA)s CCTTGGCAGAGATGAATTAGAG 163
SSRY18¢F GGGGCATTCTACATGATCAATAA

SSRY18:-R  (GA) ,(G):C(GA)sGGAA(GA) GGTAGATCTGGATCGAGGAG( 19¢

SSRY18-F CAATCGAAACCGACGATACA

SSRY182-R  (CA)AN) ,GAGG(GA)s GGAATTCTTTGCTTAGATGCC 253
SSRY182-F TTCCTTTACAATTCTGGACGC

3.2.4 Data analysis

Gene diversity and genetic differentiation analysese carried out with data from 33 SSR
markers. Genetic distance, based upon the PSApiasned from the raw allele size data
Micro Sat (Minch, 2399&vailable at

http://.hpgl.stanford.edu/projects/microsat/mictdgml. Distances between the accessions

using the computer programme

were subjected to PCA using JMP (SAS Institute 198%btain a structure of relationship
between the landraces. Parameters of genetic divensd differentiation were calculated
from allelic data using the computer packages GER®EY (Vekemans and Lefebvre
1997) and FSTAT (Goudet 1995).
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3.3 Results and discussion

Data from a total of 33 out of 36 SSR loci was usederive estimates of genetic diversity
and differentiate genetic distances between indadidyenotypes. Three markers gave poor

quality data (Figure 3.1).

Cassava SSR profile ece:
éﬂ' ﬁ“mhﬁl —
’ —_

ssr82(211bp)

Figure 3.1 Silver stained polyacrylamide gel electiphoresis of PCR amplification

product with primers from SSR marker 82 for local cassava varieties from Ghana

The cassava accessions used for the study hadrdeeregions in the north (Northern, Upper
East and Upper West regions) contributing 162 asessand the remaining seven regions
125 accessionslhe average number of alleles for each locus was diodare and ranged
from three to seven (Figure 3.1 and Table 3.2)wad similar to that found for a study of
landraces from Nigeria, Tanzania and seven neode@bgountries (Fregene et. &003;
Hurtado et al2008). The probability that two randomly selectdéidles in a given accession
are different, also known as average gene divensifds 0.52450.0045 and it is lower than
that found in a study carried out in CIAT (Fregeasteal. 2003) under thRIOLCAS project
(Table 3.2). Average gene diversity was comparabless all regions with the exception of
the central region of the coastal savannah zoneet@ediversity parameters, including total
heterozygosity (Ht) and genetic differentiation {Qsnged widely across markers. Genetic
differentiation, as estimated by{(theta), was very low for samples between regiéms.
overall value of 0.04 was recorded, with the exoepbf some accessions from northern
Ghana that showed moderate to high genetic diffexteon (Table 3.3 and Figure 3.2). The
results found here support previous findings thgatcaltural practices and the allogamous

nature of cassava produces a large pool of volurgeedlings that natural and human
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selection acts upon to maintain a high level oediity and low differentiation (Doyle and
Luckow 2003; Fregene et.&003).

Table 3.2 Intra-population and inter-population estimates of genetic diversity
parameters of cassava landraces from different agrecologies represented by regions of
Ghana

Population n #loc #loc P PLP K K P HO pE Ip HEc p
Ashanti 11 33 30 90.9 39 41 0.52855017 0.5262
Brong Ahafo 37 33 31 939 54 56  0.50125267 0.5339
Central 8 33 29 87.9 3.3 3.7 0.50824701 0.4999
Eastern 27 33 30 90.9 54 49 0.53825123 0.5223
Western 4 33 27 81.8 29 34  0.54®m4670 0.5405
Greater Accr 1C 33 28  87.¢ 3.7 4 0.501¢ 0.506f 0.533¢
Volta 28 33 31 93¢ 523 5E 05137 0.573¢ 0.583¢
Northern 10¢ 33 31 93¢ 6. 7.2 0.536¢ 0.577¢ 0.580¢

Northern | (upper 53 33 31 939 6.3 6.5 0.5479.5851 0.5908

east & upper west)

Mear 90.57 4.6¢ 4.9¢ 0.523¢ 0.524¢ 0.545]
Std deviation 413 0.36 1.31 0.0176 0.045 0.0317

PLP: Percentage of polymorphic loci at the 5% levighin accessions
K: Mean number of alleles per locus within accessions

K_P: Mean number of polymorphic alleles per locuthiw accessions
HO_p: Observed heterozygosity

HE-p: Average gene diversity

HEc_p: Average gene heterozygosity corrected fallssample sizes
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Table 3.3 Parameters of genetic diversity, Ho, Hs$jt, Dst, Gst and Gst’ (correction for

differences in sample size) by SSR locus

Loc Namt Ho Hs Ht Dsi Dst’ Ht’ Gst Gst'

SSRY4 0 0.346 0.439 0.093 0.104 0.45 0.212 0.23
SSRY5 0.499 0.474 0.481 0.006 0.007 0.481 0.014 0.015
SSRY9 0.463 0.582 0.587 0.005 0.006 0.587 0.009 0.01

SSRY12 0.704 0.597 0598 0.001 0.001 0.598 0.001 0.001
SSRY19 0.811 0.738 0.764 0.026 0.029 0.766 0.034 0.037
SSRY2( 0.7¢ 0.7 0.7¢ 0.0¢ 0.03¢ 0.76¢ 0.03¢ 0.04:
SSRY2: 0.59¢ 0.48: 0.51¢ 0.027 0.0¢ 0.517% 0.05: 0.05¢
SSRY3¢ 0.47¢ 0.42¢ 0.42¢ -0.00¢ -0.00¢ 0.42¢  -0.00¢ -0.01
SSRY38 0.043 0.08 0.082 0.001 0.002 0.082 0.018 0.02
SSRY47 0429 0.668 0.739 0.071 0.0/9 0.747 0.096 0.106
SSRY51 0.79 0.694 0.751 0.057 0.063 0.757 0.076 0.084
SSRY52 0.752 0.603 0.616 0.014 0.015 0.618 0.022 0.025
SSRY59 0.152 0.639 0.701 0.062 0.069 0.708 0.089 0.098
SSRY63 0.445 0.484 0519 0.036 0.04 0523 0.069 0.076
SSRY64 0.725 0.67 0.689 0.02 0.022 0691 0.028 0.031
SSRY6¢ 0.557 0.55¢ 0.56¢ 0.01¢ 0.01¢ 0.57 0.02¢ 0.031
SSRY8: 0.84¢ 0.84 0.85¢ 0.01¢ 0.0z 0.8¢ 0.021 0.02¢
SSRY1(0 0.72¢ 0.77¢ 0.79¢ 0.01¢ 0.021 0.€ 0.02¢ 0.027
SSRY102 0.007 0.01 0.009 0 0 0.009 -0.037 -0.041
SSRY103 0.804 0.76 0.764 0.004 0.004 0.764 0.005 0.005
SSRY106 0.829 0.761 0.768 0.008 0.009 0.769 0.01 0.011
SSRY108 0.422 0.361 0373 0.012 0.014 0375 0.033 0.036
SSRY110 0.279 0.272 0.274 0.002 0.002 0.274 0.008 0.009
SSRY120 0.814 0.629 0.653 0.024 0.026 0.656 0.036 0.04
SSRY148 0.08 0.083 0.086 0.002 0.003 0.086 0.029 0.032
SSRY141 0.68¢ 0.7¢ 0.80¢ 0.01¢ 0.017 0.807 0.01¢ 0.021
SSRY1%5 0.072 0.59¢ 0.63: 0.037 0.041 0.63¢ 0.05¢ 0.06¢
SSRY14 0.52¢ 0.65¢ 0.66¢ 0.01 0.011 0.66¢ 0.01¢ 0.01¢
SSRY169 0.258 0.316 0.321 0.004 0.005 0321 0.013 0.015
SSRY171 0.544 0555 0591 0.037 0.041 0.596 0.062 0.068
SSRY179 0.845 0.726 0.776 005 0056 0.781 0.065 0.071
SSRY181 0.672 0532 0535 0.003 0.004 0536 0.006 0.007
SSRY182 0.605 0.705 0.761 0.055 0.062 0.767 0.073 0.08
Overall 0.523 0.55 0573 0.023 0.026 0.575 0.04 0.045

Ho Average observed heterozygosity within country

Ht Total heterozygosity in the entire data set

Hs Gene diversity within country averaged overdh#re data set
Dst Average gene diversity between populations

Gst Coefficient of gene differentiation
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3.3.1 Estimates of genetic distance from cluster alysis

Genetic distances between all pairs of individuakssions were calculated by the proportion
of shared alleles (1-PSA) and are presented gralphicy a PCA (Figure 3.2). The PC1 and

PC2 accounted for 26% and 16% of the total variamspectively. The PCA showed loose

clustering of the landraces by region but of nstéhe sub-structure of some landraces from
northern Ghana (Figure 3.2). A similar sub-struetas observed in the accessions from
Northern Ghana, was observed in accessions froreridigand Tanzania in earlier studies

(Fregene et aR003).

30
25 A
®
20 A
s 4 s & ASH
s uBA
[ ]
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L ) 10 1 L] CR
+ +
§ - ‘. = ¥ o X Gt.Accra
5 L & + alm +0 - + ® Northern Region
g ) n + Volta region
° - ER
@ URs

PC1 26%

Figure 3.2 Principal Component Analysis (PCA) of geetic distance (proportion of
shared alelles-PSA) of cassava landraces from Gha(aC1 = 26%, PC2 = 16%)

Key ASH- Ashanti region, BA- Brong Ahafo region, WRVestern region, CR-Central
region, GA- Greater Accra region, ER- Eastern negldRs- Upper regions (Upper East and
Upper West)
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Figure 3.3 UPGMA tree of pair-wise kst data calculated between samples from 10
different regions of Ghana
(URs comprise Upper East and Upper West regions)

The presence of a defined sub-structure in thetgeredationship of cassava landraces from
Africa appears to be a common feature of cassavapdasm in a number of countries but
the underlying factors for the groupings are yetb&o understood (Fregene et aD0O;
Hurtado et ak008).

UPGMA cluster analysis of dr estimate of genetic differentiation amongst landsawas
able to group the landraces into loose clustersrdatg to regions also representing agro-
ecologies, with a group of genotypes from the uppgions in the guinea savannah, the arid
and semi arid ecological zone sub-structure bdiagnost differentiated (Figure 3.3). A total
of 63 duplicates or closely related accessions wiastified in the collectionThe cassava
accessions used for the study had the Nothernmeglpper East and Upper West regions

contributing 162 acessions and the remain seveinegontributed 125 accessions. This
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may be a possible reason for the sub-structureraddan the accessions from northern
Ghana. The regions with well establislebsava-based industry (gari, chips, ethanol,Istarc
and starch derivatives,) in the coastal and fagestogical zones of Ghana (Al-Hassan et al.
1996; Henry and Gottret 1996; Nweke 2004) willlJuehce the selection of varieties grown
in these areas. Farmers who grow cassava as ragriamatto the industry will grow only
varieties that will be acceptable for processirtge fuite high average gene heterozygosity of
0.573-0.589 for the Volta and northern regions ddd the effect of introductions of unique
germplasm from Burkina Faso and the Togo bordetts thie active trade of cassava products
(Al-Hassan et al. 1996). The sub group structurgufié 3.3) observed among the local
genotypes from northern Ghana could be due to nfiactprs; of which the influence of
exchange of cassava materials from the borderingtop Burkina Faso, culinary attributes
suitable for particular food forms for northern @ha the arid and semi arid climatic
conditions with a monomodal rainfall pattern andtdically the late movement of cassava
from the coast to northern Ghana in the 1980s apailption growth (Plucknett et.&l998;
Ministry of Agriculture 1990) could be importanth@& selection and distribution of cassava
by famers is based on shared or common preferreitbuaes suitable to preferred food
forms.These are reason for high number of duplécateclosely related accessions in the
collection.The vegetative nature of cassava, allihwsaddition of useful volunteer cassava to
farmers’ varieties which may be closely relatedaoners varieties (Okai 200Elias et al
2001). The uses, climatic factors and agronomicoim@mce have also influenced the
landraces grown in Ghana (Amenorpe et al. 2006fiBad Sarfo-Kantanka 2008). This also

explains the low adoption of lIITA technology forssava in Ghana (Nweke et al. 1994).

The forest and coastal savannah regions have @a$seed-industries that will, with time,
influence the diversity and differentiation andoaddfect the genetic base of cassava in Ghana,
if farmers grow few improved varieties to meet istlial needs for income generation. An
understanding of the genetic diversity presenha Ghanaian genotypes is the first step in
harnessing the phenotypic variability for crop imy@ment (Meredith and Bridge 1984). This
understanding also lead to the establishment adra or reference samples that represent
allelic richness in the entire collection that dan evaluated for traits of agronomic interest
and selected for use as parental lines in cropdborgeHurtado et al2008). Furthermore,
releasing improved cassava varieties takes eightrnoyears and the choice of parental
materials with good combining ability is importag@eballos et al2004). Assessment of

genetic diversity can help delineate heterotic pdot a more systematic improvement of
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combining ability via recurrent reciprocal seleatioThe SSR marker loci detected 63
duplicates or closely related genotypes. Previdudiess to assess genetic diversity of some
cassava genotypes in Ghana, using RAPD and momgibalomarkers also detected some
duplicates or closely related genotypes that hiidrdint names (Okai 2001; Asante and Offei
2003).

Based upon clusters obtained, genotypes representait the clusters from the northern
regions and the regions in the forest zones likevtbstern areas could be selected as parents
for a diallel experiment to search for heterotittggams. The genetic diversity would form a
basis for planned cassava improvement towards ekelapbment of new varieties necessary
to meet new trends of biotic and abiotic stressréoice and the growing cassava-based
industry in Ghana, Nigeria and West Africa in atiggpatory approach to enhance adoption
of technology.

3.4Conclusions

The assessment of genetic diversity and differgatiain a collection of local cassava
varieties in Ghana using SSR markers revealederingtthat may represent heterotic groups.
SSR marker loci detected 63 duplicates or closelgted genotypes. From the study it was
concluded that SSR is a powerful robust molecwal for assessing the genetic diversity
within the Ghanaian landraces for utilization ie threeding programme. A total of 33 SSR
loci were assessed and 63 duplicates or relatedtymes were identified. The overall
heterozygosity was high, with a low level of dietiation. There was a loose structure but a
unique sub-structure in the landraces from the upmmaons of Ghana, and the arid and semi
arid climatic zones. The heterotic groupings wesgirttt for the regions in the savannah and
the forest ecological zone regions. Parents coellggbected from the groupings for crosses to

test for heterotic patterns and combining ability.
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CHAPTER 4

THE COMBINING ABILITY AND HETEROSIS OF CASSAVA GENO TYPES FOR
CASSAVA MOSAIC DISEASE AND CASSAVA BACTERIAL BLIGHT , YIELD AND
ITS RELATED COMPONENTS IN TWO ECOLOGICAL ZONES IN G HANA

Abstract

In 2007 and 2008, seven cassava genotypes wereedraos a half-diallel cross design
(Griffing's method 2). The seven progenitors angirt?1l F1 progenies were planted in a
Randomised Complete Block Design with three repitice in two different locations for two
seasons in the forest ecology. A second set of gaents were also crossed in the same
diallel fashion for one season in 2008. The fivegenitors and their 10 F1 progenies were
planted in a RCBD with three replications and tstetwo locations in the coastal savannah
ecological zone of Ghana. Both experiments werduated for CMD and CBB resistance,
fresh root yield, dry root yield, root number, hesvindex, dry matter content, plant height at
maturity and height at first branching, levels o&nching and plant vigour. Results of the
combined analysis of variance (ANOVA) revealed thhe environment effect was
significant for all the traits. General Combiningiity (GCA) and Specific Combining
Ability (SCA) effects were significant for most dfie traits. Narrow sense heritability was
significant for plant vigour, root number, CMD a@BB in both the zones. CMD and root
number also had a predictability ratio of closeot®, indicating the importance of additive
gene effects. In assessing best-parent heterosisparent heterosis, GCA and SCA of
progenitors and F1 progenies, Dabodabo x Tuakap@sin x Debor, Debor x Lagos and
Debor x Tuakab were the four best combinationstBID resistancel.agos x Kwasea and
Tuaka x Afebankye (of the forest and savannahstrespectively) also proved to be the best

crosses to increase fresh root yield.

4.1 Introduction

Cassava is the most important vegetatively progag&bod crop and the second most
important food staple in terms of calories per tai Africa (Nweke et al. 2002). Over 50%
of the world production of cassava is in Africagab121 million metric ton) with Nigeria as

the leading producer (FAO 2009).
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CMD is caused by a Gemini virus that causes amastid total crop yield loss of about
US$440 million per annum on the continent (Thresal.e1997). During epidemics root yield
losses of up to 100% have been recorded (Jenn@@4; Thresh et al. 1997). Yield losses
from 20% to 90% are common in farmer’s fields (MbarKankolongo and Phuti. 1987;
Moses 2008). Breeding for resistant genotypesashibst strategy to offset the destructive
effect of the virus in cassava (Thresh et al. 199 initial breeding effort started in 1937 at
the Amani Research station in Tanzania, Ghanarwddaiesistant genotypes to start breeding

for resistant genotypes (Hillocks and Jennings 2003

The landraces are known to have a higher frequen@enes for traits of interest, hence
analysis for genetic diversity was carried out (@ka 3) which was used to select parents
from the various clusters and a diallel analysis @mployed to test for the combining ability
for disease resistance and yield characteristids@iest the predictability of heterosis in the
population in two sets of diallels in the foresdasavannah ecological sites in Ghana over

different seasons.

4.2 Material and methods

The diallel crosses of the cassava landraces domthis study constitute one of the major
attempts to carry out the first comprehensive dermbsses for cassava in Ghana. Prior to
this study the Crops Reseach Institute collaboratét IITA to develop genotypes for

testing. Evaluation and screening of IITA improvedterials had been the routine breeding

approach over the years to date.

Two sets of diallel parents were selected for titedt and the savannah ecological zones. A
five-parent diallel cross for the savannah ecolegs tested at the Pokuase and Ohawu

research stations of the CSIR-Crops Researchutesfibr one season.

A seven-parent diallel for the forest ecology wasried out in two locations, Fumesua and
Ejura research stations, over two seasons. Thetymes used for both experiments were
selected from the landraces used for the genetersity study (Chapter 3) based on their
agronomic performance, flowering ability, clustexistained from the diversity results and

farmer’s and end-user preference.
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4.2.1 Development of progeny

The five parents for the savannah zone trials wéaated in the crossing block at Pokuase
station of the CRI in the 2004 and 2005 croppinasees. The seven parents for the forest
zone trials were planted at Fumesua and Wencharesetations in Ghana in 2004 and 2005.
Controlled pollinations were carried out followirtbe standard procedures described by
Kawano (1980). The five parents were crossed immbetmating design (Griffing 1956) to
produce 10 F1 families or crosses without recipgcBhe seven parent diallel produced 21
F1 families with no reciprocals. Mature seeds wgeeerated from each cross. The seed
viability was tested by the floatation method (CIRU03). The dry seeds were mixed with
water and floated. Non viable seeds were discardad. crosses were carried out in two
seasons to produce between 77-120 viable seedsrqgms. A total of 70 seeds from each
cross were germinated in seed trays in a greenhiouAecra and at the screen house at the
Fumesua station in 2006. Seedlings were transplameidges at 10 weeks after planting in
the seedling nursery. The savannah experiment isgedlwere transplanted in the

experimental field at the Pokuase station.

The F1 seedlings for the forest and savannah arpats were transplanted in the seedling
nursery field at the Fumesua station in the mirg@asen in September 2006. The seedlings
were established in single row plantings at 50 gni lm spacing within and between rows,
respectively to produce adequate stem cuttingshierstudy. On 9 May 2007, selected F1s
were harvested at 8 MAP. Stakes (25-30 cm longevpdainted in the major season on 15
May 2007 to produce sufficient woody stems for éx@eriment. At 12 MAP, the seedlings
were harvested and 15 stakes (30 cm) were madsabdr family for each location. The five
progenitors for the savannah zone and the sevethdoforest zone were also planted in the
field together with the progeny. The plants weralgisshed under natural conditions without
irrigation or fertilization. Harvesting was done B2 MAP. In the forest nursery, each F1
family and parents produced 30 genotypes on avesiageeach genotype was vegetatively
propagated into 15 stakes. Similarly in the savarrmme, 15 stakes were obtained from each
of the 25 genotypes from each F1 family and parenkday 2008. The selection of progeny
was done on the basis of their ability to produneugh good quality vegetative cuttings
required for the next stage of evaluation. F1 segsliwere planted in the minor season and 8
MAP, they were harvested and five woody cutting20f25 cm were made from the first

planting for a second planting done on the 19tMaf/ 2007 in the major season. This was
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harvested at 12 MAP in May 2008. Sufficient woodgnss of 30 cm long cuttings were

obtained for each cross for clonal evaluation ahdacation.

4.2.2 Field trials

Field arrangement

A RCBD with three replications was used to plantelfiries consisting of 10 F1, and five
parents at two locations, Pokuase and Ohawu ssatiodune 2008 in the coastal savannah
ecological zone for one season. A second seasdmwiais not possible due to land issues and

insufficient resources.

The same design was used to plant 28 entries &fl2And seven parents at two locations in
the forest ecological zone, at the Fumesua andaEstations. The forest experiment was
planted in two consecutive years, in May 2008 aray/Nune 2009. The planting was done
during the raining season and all the locations &ddmodal rainfall pattern. Each of the

three replicates contained all 15 and 28 entripaciBg was 1 m between rows and within
rows, hence a population of 10 000 plants per hectoutine field maintenance practices
were followed to keep the fields clean of weeds aadrrigation or fertilizers was applied

during the growth. Data from three inner plantea€h entry was averaged before analysis

was done.

Weather data for minimum and maximum temperatuthly total rainfall and altitudes of
experimental sites were recorded as well as sndsand properties (Table 4.1a-c). Detailed

information is given in the appendix.

4.2.3 Agronomic and morphological characteristiceneasured

During the growth period, data was collected ondiecce and severity of CMD and CBB. At
harvest, data on yield and its related charactesistvere measured. The incidence and
severity of CMD was scored using a scale of 1-5retferepresented no symptoms and 5
severe damage (IITA 1990). The scoring was dorie 8tand 6 MAP and an average score
for analysis was determined. Plant vigour was aisasured. Prior to harvesting at 12 MAP,
the plant height was measured at the highest braAttharvesting, the height at first
branching and the levels of branching were record®dnts were hand-harvested and
averaged results for each F1 cross were deternfiimezhch replication at each location. The

marketable roots were counted and weighed separaiakvest index was measured as a
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ratio of root weight to total biomass. Dry matteasndetermined by measuring the weight of

the storage roots in water and air and the valaksilated according to Kawano et al. (1998).

Table 4.1a The soil series for the four locationssed for the experiment

Research site Soil series Soil type

Fumesu Bomsc-Asuansi series Sandy loam top soil over sandy ¢
(ferric acrisol)

Ejura Amantin series Sandy loam top soll

Ohawu Toje-Alajo Loamy top soil over sandy loam

Pokuase Adams series Sandy loam

Table 4.1b Temperature range and rainfall distribuion for experimental sites

Site Eco-zone Rainfall (mm)  Months of rainfall Teengture
(°C)

Fumesua Forest zone 1460-1750 Bimodal April-July-Sev 20-34

Ejura Forest-transition zone  1300-1400 Bimodal Apuly Sep-Nov 21-34

Ohawu Coastal Savannah zonH00-1500 Bimodal March-July Sep-Nov 24-34

Pokuase Coastal Savannah zoB860-1500 Bimodal May-Aug Sep-Nov 21-30

Table 4.1c The coordinates and altitude for the lations used for the experiments

Site Longitude Latitude Altitude
Fumesu 1°30'0"W 6°42'0"N 2717

Ejure 1°22'0"W 7°23'0"N 24C
Ohawt 0°54'0"E 6°8'0"N 24
Pokuas 0°16'36"E 5°41'0"N 65

Altitude = meter above sea level. Source: CSIR} Besearch Institute and Ministry of Food
and Agriculture

Pokuase and Ohawu have a bimodal rainfall pattath the major rains in May/June to
August and late September to November (Table 4.Thg locations used for the trials
experience bimodal rainfall with rains startingveeén April and May. The effective rain fall
is 7-8 months with varied distribution. The 200&san had fairly regular rainfall distribution

within the period the trials were carried out. Fedlr the seasons, the peak of rainfall was
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observed in June/July. The average monthly and rmami temperatures ranged between
21.9 to 23.5°C for the 2008 and the 2009 seasons.

4.2.4 Data analysis
Analysis of variance and diallel analysis (Griffimgethod 2) were done for each year using a
fixed model (SAS 2004).

Combining ability

Analysis of GCA and SCA for the forest and savaneaperiments was performed, and
mean squares of GCA and SCA were used to deter@@w:SCA ratios (Beil and Atkins
1967; Haussmann et al.1999).

Phenotypic correlation
Phenotypic correlation (rp) between the traits raess was calculated using the plot means

as follows:

Covxy
TP=
Where Cov xy = phenotypic covariance between charatc X and Y; and d = phenotypic

variance of characteristics Y.

Genetic parameters

The contribution component of genetic variance determined to obtain estimates of GCA
variance §°gca) and SCA varianced®ca) for each trait assessed. Additive (Va) and
dominance (Vd) variance were estimated as Vas%y24) and Vd =§sca). Phenotypic (Vp)
and genotypic variance (g) were also estimatedgas Va +Vd where Vp = Vg +Ve.

Broad sense ¢h) and narrow sense ) heritability was calculated from the estimated
variances as
h?b = Vg/Vp and fn = Va/Vp, respectively.

The relative size of variances due to GCA and S@Amwgeny performance was estimated
following Baker’s prediction ration (Baker 1978) RR= Z°gca/(B°gca +5° sca)

The average degree of dominance was estimatedH#B= (5°gcab’sca) (Singh and
Chaudhary 1979).
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Estimates of predicted heterosis

1

p
Ht (%) = Tx 100

1

Fi1— BP
Hbt (%) = Tx 100

Where

Ht= Heterosis

Hbt= Heterobeltiosis
MP= Mid Parent Value
BP= Better Parent Value

The ‘t’ test was done to determine whether F1 d/bmeans were statistically different from

mid parent and better parent means as follows (Wtral. 1970):

MP
tij = T4ij —
[3
‘\IlE « EMS
EP
tij = F4ij -
[1
‘\Ili = EMS
Where

F. ij = The mean of the'lj F1 cross

MP ij = The mid parent for the'ljcross

BP ij = The better parent values fdf iross
EMS = Error mean square
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4.3 Results and discussion

4.3.1 Phenotypic correlation

Eleven agronomic and morphological characters wengbined for this analysis (Tables 4.2-
4.3). Results from the study indicated that fremdyand dry yield per plant were almost
100% correlated. This agrees with results by Owil2006). Selection of any two traits that
are negatively correlated will result in compromgsione trait for the other. A significant
positive correlation between plant height and finginch height and root number was found
for both eco zones (forest and savannah). A swamti correlation between plant height and
root number has also been reported by Ntawuruhwrgh Dixon (2010). This is very
important because root number correlated positiveti fresh yield per plant and dry yield
(Tables 4.2-4.3). A negative correlation betweerBGHBd fresh yield has also been reported
by Ssemakula and Dixon (2007), although, in thiglgtthe correlation was not significant.
The significantly negative correlation between CMBd all the yield related traits studied,;
fresh yield, root number and dry yield in the sanam zone, confirms the potential yield
losses that can be caused by CMD. These corretatiene also negative, but not significant
in the forest zone. In the forest zone CMD sigaifitty negatively affected the plant vigour
and plant height.

The study showed a significantly positive correlatibbetween root number produced per
plant, plant height and height at first branchiog &ll the trials. There was a significant
positive correlation between CMD and CBB in theekirzone and a positive, but not
significant correlation in the savannah zone. Tisld be useful for screening genotypes for
resistance. Hence selection for CMD resistance avouply selection for CBB resistance. It
is imperative that breeding efforts are geared tde/gearching for new sources of resistance
and pyramiding of resistance genes into some magmieties. In the same vein,
biotechnological tools like MAS would be a choicestrengthen traditional breeding towards

making faster progress in the improvement of a ke@son crop such as cassava.
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Table 4.2 Phenotypic correlation among some traitsf cassava clones for the forest zone (combined feeasons and locations)

CcBB CMD PLTHT FBRHT BRLEV ROOTNO FYLD/PLT HI DM BYLD
CMD 0.51**
PLTHT -0.28 -0.57**
FBRHT 0.32 0.03 0.18
BRLEV -0.1¢ -0.3C 0.0¢ -0.3¢
ROOTNC  0.3C -0.0¢ 0.51** 0.60*** -0.2¢
FYLD/PLT -0.07 0.23 -0.02 0.36 -0.74** 0.12
HI 0.15 -0.11 -0.03 0.42* -0.08 0.20 0.11
DM 0.1¢ -0.01 0.43* 0.12 0.37* 0.57** -0.3C -0.C1 1
DRYLD -0.0z 0.2¢ 0.04 0.39* -0.70**  0.21 0.99*** 0.11 -0.1¢
VIGOUR -0.05 -0.44*  0.25 0.09 0.48** 0.31 -0.62***  0.33 0.45* -0.60***

* P <0.05, * P<0.01, ** P<0.001
CBB=Cassava Bacterial Blight, CMD=cassava mosaseatie, PLTHT= plant height, FBRHT=first branch hgi@RLEV=branching level,
ROOTNO=root number, FYLD/PLT=fresh yield per pladt=harvest index, DM=dry matter content, DRYLD=qdsgld
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Table 4.3 Phenotypic correlation among some traitsf cassava genotype for the savannah zone (combinfed locations)

CBB CMD PLTHT FBRHT BRLEV ROOTNO FYLD/PLT HI DM DRYLD
CMD 0.30
PLTHT 0.50 -0.04
FBRHT 0.31 -0.32 0.3¢
LEVELS -0.63*  -0.07 -0.02 -0.39
ROOTNO 0.26 -0.61* 0.56*  0.65* -0.09
FYLD/PLT -0.4¢ -0.7¢**  -0.2C 0.3¢ 0.0z 0.4¢
HI -0.2¢ -0.0¢ -0.2¢ 0.2¢ -0.1¢ -0.1z 0.4<
DM 0.10 0.02 0.33 0.54* 0.16 0.34 0.21 0.48
DRYLD -0.40 -0.73**  -0.09 0.44 0.02 0.48 0.98*** B 0.18
VIGOUR -0.62 0.2¢ -0.58* -0.2% 0.3¢ 0.(1 0.3¢ 0.0¢ -0.2¢ 0.2¢

*P<0.05, * P<0.01, ** P<0.001

CBB=Cassava Bacterial Blight, CMD=cassava mosaseatie, PLTHT= plant height, FBRHT=first brach hei@@RLEV=branching level,

ROOTNO=root number, FYLD/PLT=fresh yield per pladt=harvest index, DM=dry matter content, DRYLD=dsgld
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4.3.2 Estimation of combining ability variances

The evaluation of combining ability to determineddidle and non-additive gene action
within any breeding population, is essential far tetermination of the type of breeding
methods that will successfully improve the perfonee of the traits of interest (Dudley
and Moll 1969)

Mean squares for general and specific combining alitly

GCA was significant for CMD, first branch heightdaplant height in all the trials. Dry
yield GCA was significant in the forest zone in st season. GCA for vigour, root
number, fresh root yield, dry matter content andGigere significant in three of the four
tables (Tables 4.4-4.7).

SCA was significant for plant vigour, plant heigfitst branch height, dry yield per plant
and CBB in all trials. The ratio between GCA andAS@ean squares was calculated.
Where the ratio was closer or higher than a unitdicates the predominance of additive
gene action. For root number, plant height, CMD @®B in the forest zone for both
seasons, additive gene effects were predominatitaiting that they are highly heritable
and should react positively on selection. The pobivith the disease scores is that high
ombining ability scores are not desirable as thosld indicate high disease scores. In the
savannah zone trials the GCA:SCA ratio was more thae for eight of the 11 tested

characteristics. In the Pokuase trial only fivereloteristics had a value of more than one.
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Table 4.4 Mean squares for GCA and SCA for CMD, CBByield and yield components of cassava genotypes the two
locations of the forest zone combined for 2008/2009

Source Df Vig Rootno  Pltht HI Fryld Fbrht Dyld Dm MD CBB Brlev
GCA 6 0.74** 22.53* 3773.74** 0.02 2.02 1050.18* 0.21 6.77  0.87** 0.47 1.52*
SCA 21  1.96* 948 1170.80* 0.02* 4.31**  1461.58* 0.32** 4.30*  0.50* 0.45*  1.66*
Error 108 0.16 2.52 171.96 0.012 0.22 225.93 0.023 0.973 0.099 0.115 0.109
GCA:SCA 038 2.38 3.22 1.00 0.47 0.719 0.66 1.57 1.74 1.04 0.92

Df= Degree of freedom, Vig=plant vigour, Rootno=mage root number per plant, Pltht= plant heighthidirvest index, Fryld=fresh root yield,
Fbrht=first branch height,Dyld=Dry yield per plafim=Dry matter content, CMD= cassava mosaic dis€&##= cassava bacterial disease,
Brlev= branching levels GCA=general combining apjilISCA=specific combining ability

*P <0.05, * P<0.01

Table 4.5 Mean squares for GCA and SCA for CMD, CBByield and yield components of cassava genotypesr ftwo
locations of the forest eco-zone combined for 20@®10

Source Df Vig Rootno  Pltht HI Fryld Fbrht Dyld Dm MD CBB Brlev
GCA 6 0.18ns  30.29** 1698.76* 0.03 3.08* 2211.15** 0.25* 2.85* 0.64**  0.89** 0.36

SCA 21 1.44* 1197 1285.55* 0.06 7.47**  1550.18** 0.65* 4.36** 0.54* 0.35* 0.40

Error 108 0.08 2.72 290.83 0.05 0.27 336.12 0.02 0.89 0.11 16 0. 0.19

GCA:SCA 0.13 253 1.32 0.5 0.41 1.43 0.38 0.65 1.19 254 0.9

Df= Degree of freedom, Vig=plant vigour, Rootno=mage root number per plant, Pltht= plant heighthdirvest index, Fryld=fresh root yield,
Fbrht=first branch height, Dyld=Dry yield per plaBtm=Dry matter content, CMD= cassava mosaic dese@BB= cassava bacterial disease,
Brlev= branching levels GCA=general combining apjilSCA=specific combining ability

*P <0.05, * P<0.01
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Table 4.6 Mean squares for GCA and SCA for CMD, CBBYyield and yield components of cassava clones abkiase

(savannah zone)

Source DF Vig Rootno  PIth HI Fryld Fbrht Dryld Dm MD CBB Brlev
GCA 4 0.69* 13gg+ 1126.03* 99.72 19.68* 1130.79* 1.38ns 7.63* 0.52* .33  0.59*
SCA 10 0.51* 766+ 1718.45% 4250 26.54* 1382.10** 1.96*  4.33*  0.24 0.33* 0.18
Error 30 0.17 2.929  392.02 59.05 6.7 201.56 055 2.21 0.14 0.11 0.15
GCA:SCA 1.35 1.81  0.66 2.35 0.74 0.82 0.70 1.76 217 0.94  3.28

Df= Degree of freedom, Vig=plant vigour, Rootno=@age root number per plant, Pltht= plant heightHdirvest index, Fryld=fresh root yield,
Fbrht=first branch height, Dyld=Dry yield per plamtm=Dry matter content, CMD= cassava mosaic dese@BB= cassava bacterial disease,
Brlev= branching levels GCA=general combining apjilISCA=specific combining ability

*P <0.05, * P<0.01

Table 4.7 Mean squares for GCA and SCA for CMD, CBByield and yield components of cassava clones ath&wu

(savannah zone)

Source DF  Vig Rootno  Plth HI Fryld Fbrht Dryld Dm MD CBB Brlev
GCA 4 0.67* 11.35 2301.86** 0.012* 5.90** 1088.51** 0.62** 2 67 1.27* 0.39* 0.35
SCA 10 0.12* 138.16  2819.67* 0.01* 4.99* 940.16**  0.46**  5g7 052  0.35* 0.22
Error 30 0.1982 3793 392.07 0.004 0.79 263.44 0.09 2.86 029 0.08 0.14
GCA:SCA 5.530 0.298 0.816 1.200 1.182 1.158 1.348  0.447 2442 1114 1591

Df= Degree of freedom, Vig=plant vigour, Rootno=mage root number per plant, Pltht= plant heighthdirvest index, Fryld=fresh root yield,
Fbrht=first branch height, Dyld=Dry yield per plamtm=Dry matter content, CMD= cassava mosaic dese@BB= cassava bacterial disease,
Brlev= branching levels GCA=general combining apilSCA=specific combining ability

*P<0.05, * P<0.01
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4.3.3 General and specific combining ability effest

Parents Debor and Agric had significant negatived@@ects for root number in the first
season (Table 4.8) and Debor had a significanttivegaalue in the second season as
well (Table 4.10). Dabodabo had a significant pesiGCA effect for dry matter content
in the first season in the forest zone. Kwasea &uaka had significant negative CMD
GCA for the first season, which is very good, awilt not contribute to high values for
CMD. Debor and Agric had significant positive GCé& fCMD, which means that they

will contribute to high values for this charactéds

In the first season in the forest zone, there wasgative SCA effect for fresh yield for
Dabodabo x Agric (Table 4.9). For root number Dallmix Debor had a negative SCA
and Dabodaba x Afebakye a significant positive akor plant vigour only combination
Agric x Tuaka showed significant SCA (positive).rHarvest index only combination
Afebankye x Kwasea had a significant value (pos)tiv-or the second season in the
forest zone (Table 4.11) there were also very f@sitve SCA values. Dabodabo x
Lagos had a positive SCA for harvest index and CN#Dr CMD there were three

desirable negative values.

The differences observed between years evaluategghtnfie due to differences in
environmental conditions, especially rainfall whidtfered in amount and distribution
pattern during the two years. During 2008 rainfa#ls better distributed compared to
2009. Significant GCA x environmental interactidifeets for fresh roots yield and dry

matter content were reported by Jaramillo et &I082.

For the savannah zone (Table 4.12) parent Afikiadi positive significant GCA for plant

vigour. Two parens, Afisiafi and Sisipe had dedeaiegative GCA effects for CBB. For

the SCA effects there were very few significantuesl (Table 4.13). There was a
significant negative value for CMD in the AfisiafiSantumbankye combination.
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Table 4.8 Estimates of GCA effects for some traitsf cassava at the forest zone (both

locations) of Ghana in the 2008/2009 growing season

Parent Fyld Rooino Vig HI DM CMD Dryld
Dabodab  -0.11 0.27 0.0¢ -0.0¢ 0.51* -0.1z2 -0.0z
Debol -0.0€ -0.60* 0.11 0.01 -0.3¢ 0.16*  -0.0¢
Agric -0.2¢ -0.92** 0.01 -0.0z -0.1(C 0.18*  -0.0¢
Lago:s -0.07 -0.2C -0.07 -0.0¢ -0.07 -0.01 -0.0¢
Tuake 0.3t 0.52 0.0z 0.0z -0.4(C -0.15*  0.0¢
Afebankye¢ -0.07 0.2¢ -0.1C 0.0z 0.2C -0.0¢ 0.00¢
Kwasei -0.1¢€ 0.65 -0.04 0.04 0.2C -0.36*  0.07

Fyld=fresh root yield, Rootno=average root number plant, Vig=plant vigour, Hil=harvest
index, DM=Dry matter content, CMD=cassava mosaiseaée, Dryld=Dry yield per plant,
GCA=general combining ability

* P<0.05, ** P<0.01
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Table 4.9 Estimates of SCA effects for some traitef cassava for F1 progenies
evaluated in the forest zone (both locations) of Gima in 2008/2009

Crosses/F1 progenies  Fryld Rootno  Vig HI DM CMD Dry
Dabodabo x Debor 0.33 -1.73** 0.16 0.07 -0.58 -0.11 0.06
Dabodabo x Agric -0.80* -0.26 -0.14  -0.06 -0.46 0.08 -2.26
Dabodabo x Lagos -0.21 -0.06 0.01 -0.19 0.28 -0.06 -0.04
Dabodabo x Tuaka 0.47 -0.02 0.11 0.06 -0.63 -0.12 070
Dabodabo x Aebanky: -0.22 1.38* -0.10 -0.07 0.46 -0.07 -0.04
Dabodabo x Kwasea  0.43 0.68 -0.05 0.01 0.93* 0.26 0.16
Debor x Agric 0.28 -0.06 -0.11 0.01 0.09 -0.11 0.07
Debor x Lagos 0.11 0.04 0.07 0.01 0.09 -0.05 0.04
Debor x Tuaka -0.49 1.08 -0.19 -0.04 1.08* 0.04 -0.08
Debor x Afebankye -0.17 -0.31 -0.06 -0.05 -0.29 60.2 -0.06
Debor x Kwasea -0.06 0.97 0.08 -0.02 -0.32 -0.04 .040
Agric x Lagos 0.39 1.03 0.09 0.04 0.52 0.09 0.14
Agric x Tuaka 0.32 0.04 0.28* 0.05 -0.18 -0.09 0.10
Agric x Afebankye -0.19 -0.48 0.07 -0.01 -0.77 0.15 -0.04
Agric x Kwase -0.001 -0.27 -0.19 -0.03 -0.19 -0.13 -0.04
Lagos x Tuaka -0.23 -0.95 -0.19 0.01 -0.77 0.14 100.
Lagos x Afebankye 0.37 0.12 0.03 0.03 -0.03 -0.04 .080
Lagos x Kwasea -0.44 -0.18 -0.02 -0.07 -0.09 -0.09 -0.12
Tuaka x Afebankye 0.04 0.17 -0.10 -0.04 0.31 -0.14 0.008
Tuaka x Kwasea -0.11 -0.33 0.08 -0.04 -0.11 0.15 .009
Afebankye x Kwasea 0.18 -0.88 0.10 0.14%*** -0.26 0.16 0.05

Fyld=fresh root yield, Rootno=average root numbergant, Vig=plant vigour HI=harvestindex,

DM=Dry matter

* P<0.05, ** P<0.01

content,
GCA=general combining ability

CMD=cassava mosaic diseabeyld=Dry vyield per

plant,
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Table 4.10 Estimates of GCA effects for some traitsf cassava progenitors evaluated

in the forest zone (both locations) of Ghana for th 2009/2010 growing season

Progenitor:  Fryld Roono  Vig HI DM CMD Dryld
Dabodab -0.35* -0.66* 0.0 0.0 0.0 0.07 -0.10*
Debol -0.51**  -0.67* 0.0¢ 0.007 -0.24 0.07 -0.16**
Agric -0.27 -0.42 -0.0¢ -0.04 0.33* -0.01 -0.0¢
Lago:s 0.07 -0.1z2 -0.0¢ 0.0z 0.1f 0.0¢ 0.0Z
Tuake 0.27 0.5¢ 0.0¢ 0.0 0.0¢ -0.0¢ 0.0¢
Afebankye  0.42* 0.7¢ -0.0¢ -0.04 -0.1¢ -0.1C 0.11*
Kwase: 0.36* 0.51 0.0: 0.0C -0.21 -0.00¢ 0.0¢

Fryld=fresh root yield, Rootno=average root numper plant, Vig=plant vigour Hl=harvest
index, DM=Dry matter content, CMD=cassava mosaiseaée, Dryld=Dry yield per plant,

GCA=general combining ability
* P<0.05, ** P<0.01
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Table 4.11 Estimates of SCA effects for some traitdf cassava progenies evaluated in

the forest zone (both locations) of Ghana for the®9/2010 growing season

Crosses/F1 progenies  Fryld Rootno  Vig HI DM CMD Dry
Dabodabo x Debor 0.45 0.32 0.14 -0.07 0.13 0.07 50.1
Dabodabo x Agric 0.56 0.76 -0.02 -0.03 -0.54 -0.06 0.09
Dabodabo x Lagos -0.61 -1.71* -0.07 0.29***  0.17 0.29* -0.18
Dabodabo x Tuaka -0.40 -1.08 -0.04 -0.13 -0.16 1-0.0 -0.09
Dabodabo x Aebanky -0.17 1.06 -0.10 -0.04 0.47 0.11 0.02
Dabodabo x Kwasea  0.19 0.66 0.08 -0.03 -0.07 -0.40** 0.05
Debor x Agric 0.40 -0.74 -0.04 0.06 0.20 -0.05 0.14
Debor x Lagos 0.19 0.79 0.04 -0.07 -0.67* -0.53**  -0.002
Debor x Tuaka -0.19 0.42 -0.08 0.132 0.24 -0.06 04-0.
Debor x Afebankye -0.08 0.22 0.001 0.01 -0.20 0.04 -0.04
Debor x Kwasea -0.77  -1.01 -0.06 -0.06 0.31 0.52%** -0.21*
Agric x Lagos -0.24 0.22 0.04 -0.04 -0.20 0.28* 0.08
Agric x Tuaka -0.32 0.02 0.04 -0.03 -0.03 -0.02 080.
Agric x Afebankye -0.07 -0.01 -0.03 0.06 0.36 -0.19 0.02
Agric x Kwase -0.33 -0.24 0.008 -0.03 0.22 0.03 .100
Lagos x Tuaka 0.09 0.39 -0.12 -0.12 -0.08 0.15 30.0
Lagos x Afebankye 0.11 -0.81 0.09 -0.02 0.30 -0.11 0.06
Lagos x Kwasea 0.60 1.12 0.01 -0.05 0.48 -0.30* 0.23*
Tuaka x Afebankye 0.46 0.16 0.14 -0.20 0.02 -0.14 .100
Tuaka x Kwasea 0.55 0.09 0.06 -0.17* 0.01 0.08 0.14
Afebankye x Kwasea -0.24 -0.61 -0.11 0.004 -0.95** 0.07 -0.11

Fryld=fresh root vyield, Rootno=average root numbper plant, Vig=plant vigour,
Hi=harvestindex, DM=Dry matter content, CMD=cassawasaic disease, Dryld=Dry yield per
plant, GCA=general combining ability

* P<0.05, ** P<0.01
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Table 4.12 Estimates of GCA effects for some tratof cassava at the savannah zone (both locatioi$)Ghana in the
2008/2009 season

Vigour Rootnc  Pltht HI Fyld Dryld CMD CBB Brlev DM Fbrht
Afisiafi 0.277* 0.29: 5.05: 0.001 -0.14¢ -0.04¢« -0.067 -0.143* 0.137 -0.31C -5.22%
Bosomi: 0.08¢ 0.62( 3.62¢ -0.00¢ 0.23¢ 0.07z 0.03: 0.09¢ -0.02¢ 0.06z -4.54¢
Sisipe -0.07¢  -0.80¢ -7.637 -0.01C -0.34¢ -0.11% 0.18: -0.149* -0.00¢ -0.371 -0.69¢

Bokentenm -0,220* 0.140 -0.49¢ -0.00¢ 0.15¢ 0.05C -0.16% 0.04¢ -0.08C 0.49¢ 2.95i
Santumbanky -0.037 -0.247 -0.57¢ 0.01¢ 0.09¢ 0.03¢ 0.01% 0.151* -0.02¢ 0.12% 7.52(

Vigour=plant vigour, Rootno=average root number gant, Pltht=plant height, HI=harvest index, Fyfidsh root yield, Dryld=Dry yield per
plant, DM=Dry matter content CMD=cassava mosaieate, CBB= cassava bacterial blight, Brlenmber of levels of branching, DM=dry
matter content, Fbrht=height at first branching

* P<0.05, ** P<0.01
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Table 4.13 Estimates of SCA effects for some traiof cassava at the savannah zone (both location$)Ghana in the
2008/2009 season

Vigour Rootnc  Pltht HI Fyld Dyld CMD CBB Brlev DM Fbrht
Afisiafi x Bosomie 0.111 -1.931* 14.667* 0.03: -0.40¢ -0.15¢ 0.350* -0.11¢ -0.08¢ -0.31¢ -6.46¢
Afisiafi x Sisipe 0.10¢ 0.2317  -5.58¢ 0.00¢ -0.10¢ -0.01¢ 0.20C 0.01¢ 0.228* O0.71¢ -11.069*
Afisiafi x -0.15(C 0.681 12.30¢ -0.03: 0.29¢ 0.11¢ -0.167 -0.01¢ -0.05C -0.26¢ 14.225**
Bokentenma
Afisiafi x -0.06% 1.01¢ 7.95( -0.00¢ 0.217 0.047 -0.383* 0.11¢ -0.08¢ -0.14: 3.31«
Santumbankye
Bosomii x Sisipe -0.08: 0.93¢ 13.45¢ -0.00¢ 0.24¢ 0.08¢ -0.28: 0.14: -0.211  -0.51¢  17.986***
Bosomii x 0.011 0.93¢ 7.93¢ -0.011 0.09¢ 0.00¢ -0.10C 0.01¢ 0.09¢ 0.081 -10.719*
Bokentenma
Bosomii x -0.03¢ 0.05¢  -6.72< -0.017 0.067 0.06¢ 0.03: -0.04z 0.20¢€  0.75: -0.791
Santumbankye
Sisipe x Bokentenn  0.00¢ -0.85:  -13.43¢ 0.011 -0.12: -0.04:z 0.00(C -0.04z 0.02¢  0.29; -3.95¢
Sisipe x -0.02¢ -0.31¢  -6.80( -0.011 -0.01% -0.037 0.08: -0.11¢« -0.04¢ -0.497 -2.96¢
Santumbankye
Bokentenm x 0.13: -0.76¢  5.05Z 0.03: -0.267 -0.081 0.267  0.04: -0.07z  -0.11¢ 0.44:
Santumbankye

Vigour=plant vigour, Rootno=average root number gant, Pltht=plant height, HI=harvest index, Fyfidsh root yield, Dryld=Dry yield per
plant, DM=Dry matter content CMD=cassava mosaieate, CBB= cassava bacterial blight, Brlewmber of levels of branching, DM=dry
matter content, Fbrht=height at first branching

* P<0.05, ** P<0.01
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4.3.4 Estimates of genetic parameters

Broad sense heritability ranged from 0.12 to 0.6d aarrow sense heritability across
environments ranged from 0.30 to 0.64 for the saghrzone (Table 4.14). The GCA
variances were low in general compared to SCA wada for the two seasons in the
forest zone. Broad sense heritability ranged frord50to 0.68 and narrow sense
heritability across environments and seasons rafrgaed 0.25 to 0.68 for the forest zone
(Table 4.15). Heritability estimates?jhwere classified as high (>0.50), medium (0.30-
0.50) and low (<0.30) according to Bhateria e(2006). All the traits except fresh yield
and dry yield had higher values ﬁgcathanéizgcain the savannah zone while plant vigour,
root number, harvest index, fresh yield, dry yieldy matter, CMD and CBB had higher
values ofd%cain both seasons thafy, in the forest zone, indicating contribution of non
additive genetic effects. Selection for these dra#till be problematic using direct
selection in the respective zones; hence, hetermgisuse of hybrid vigour could be

applied for improving them.

All the traits except first branch height and plaetght had high broad sense heritability
for the two zones. High broad sense heritabiligigated that the traits had high genetic
variance, both additive and non-additive. In thislg, almost all the traits had high broad
sense heritability. Narrow sense heritability igortant for breeding programmes as it
estimates the relative importance of the additiogipn of the genetic variance that can
be transmitted to the next generation. In the saafarzone a number of characteristics
had high narrow sense heritability > 0.57 (plargour, root number, fresh vyield, first
branch height, plant height, dry yield, dry mattentent, CMD, CBB and branching
level) (Table 4.14). In the forest zone a numbeclwdracteristics also had high narrow
sense heritability > 0.5 (plant vigour, root numbervest index, CMD and CBB) (Table
4.15).

The magnitude of heritability of a given trait iSemted by the type of genetic material
involved (Ceccarelli 1994). Cassava is a vegetitippopagated crop with the advantage
that in every new hybrid the genes are fixed, tte commercial variety is produced by

simply multiplying the stem cuttings. For this reaKawano et al. (1998) suggested that
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heritability of cassava after hybridization is mgibroad-sense in nature, lower narrow

sense heritability was caused by low additive ¢éf@nd high dominant gene action.

The average degree of dominance for almost alirthts were less than one except fresh
yield, dry yield and harvest index in the savanmahe (Table 4.14); and root number,
first branch and branch levels in the forest zofable 4.15), suggesting partial

dominance. The greater degree of dominance forthhee traits above suggests the

presence of over dominance for those characters.

Baker (1978) indicated that when SCA means areémpbrtant, the hypothesis is that
performance of single cross progeny can be addguatedicted on the basis of GCA.
Moreover, if the SCA mean squares are significdrg, relative importance of GCA and
SCA should be determined by estimating the comptsneh variance to predict the
progeny performance. The closer the ratio of 2GEBLA+SCA) is to 1, the more
important the additive gene effects. The prediditsghiatio in this study varied from the
lowest 0.58 to 0.84 (Table 4.14) and 0.43 to 0:B&b(e 4.15). CMD and root number
had a ratio closer to one for the savannah andgtfa@nes indicating the importance of

GCA and additive gene action.
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Table 4.14 Estimates of genetic parameters for vayus traits evaluated across two
locations in the savannah eco-zone for season 2(I%J9

Genetic paramet
Source 82gca &sca 82gcaEnv Sscatnv O hzb(%) hzn(%) PR \/(H/ D)

Vig 1.481 1.56: 0.53¢ 1.76z 0.01¢ 0.66: 0.56¢ 0.7z 0.97¢
Rootnc 1.17 1.19¢ 0.371 5.95¢ 3.49¢ 0.601 0.57i 0.5¢ 0. 98
Pltht 0.85f 6.77¢ 0.5¢ 1.70¢ 341.¢ 0.121] 0.63¢ 0.61 0.35¢
HI 0.98¢ 0.98: 2.35: 0.72¢ 0.01: 0.31¢ 0.30¢ 0.8z 1.00:¢
Fyld 2937 0.60¢ 0.131 5.53¢ 3.5¢ 0.62¢ 0.601 0.7¢ 2.19i
Fbrht  1.80: 1.85¢ 0.137 3.45¢ 235.€ 0.11f 0.64: 0.74 0.98¢
Dryld 2.82¢ 0.68¢ 0.11¢ 4.5¢ 0.31¢ 0.66: 0.61: 0.7¢ 2.032
DM 1.207 3.43¢ 0.58¢ 0.94: 2.451 0.63: 0.61¢ 0.6¢ 0.592
CMD  2.07% 3.95¢ 1.41¢ 0.721 0.21t 0.66¢ 0.56¢ 0.84 0.72:
CBB 0.78z 20.07 3.91¢ 0.30¢ 0.10: 0.66¢ 0.607 0.64¢ 0.197
Brlev 0.68¢ 1.78¢ 1.89¢ 0.717 0.13% 0.66: 0.61¢ 0.6¢ 0.98;

Vig=plant vigour, Rootno=average root number pempl Pltht=plant height, HI=harvest index,
Fyld=fresh root yield, Fbrht=first branching heigbryld=Dry yield per plant, DM=Dry matter
content, CMD=cassava mosaic disease, CBB= cassaterial blight Brlev=number of levels of
branching, Fb=broad sense heritabilityfFnarrow sense heritability, PR=performance ratio,
H/D=Degree of dominance
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Table 4.15 Estimates of genetic parameters for vayus traits evaluated across two
locations in the forest eco-zones for two season308/2009 and 2009/2010

Genetic parameter
Tralts YearS 62903 SQSca 62gcaE nv SQScaEnV 62e h2b (OA)) h2n (OA)) P R \/(H/D)

Vig 2008/09 0.387 5.799 1.227 0.205 0.165 0.666 0.659 0.430 0.081
Vig 2009/10 0.241 5.683 1411 2.863 0.089 0.665 0.593 0.200 0.205
Rootno 2008/09 2.266 3.403 0.604 1.102 2529 0.644 0.612 0.826 0.816
Rootno 2009/10 2.298 2.497 0.686 1.757 2.728 0.639 0.586 0.835 0.959
Pltht 2008/09 2.7251.977 0.728 3.442 171.970.186 0562 0.865 1.173
Pltht 2009/10 0.4472.095 6.317 2.109 290.840.056 0.265 0.725 0.462
HI 2008/09 1.496 1.621 0.223 1.18 0.012 0.666 0.623 0.684 0.960
HI 2009/10 0.694 1.804 1.949 0.707 0.047 0.665 0501 0.546 0.620
Fyld 2008/09 0.6651.558 1.041 12.079 0.229 0.661 0.499 0.483 0.653
Fyld 2009/10 0.6452.962 0.477 9.14 0.276 0.662 0.617 0.452 0.467
Fbrht 2008/09 1.8720.922 3.150 7.015 225.930.104 0.246 0.934 1.425
Fbrht ~ 2009/10 0.5672.025 4.833 2.276 336.120.052 0.303 0.740 0.529
Dyld 2008/09 0.728 1.476 1.208 9.486 0.024 0.667 0.473 0.564 0.702
Dyld 2009/10 0.6133.301 0.434 7.54 0.084 0.666 0.625 0.439 0.431
DM 2008/09 0.608 2.487 5.596 1.776 0974 0.648 0.314 0.759 0.495
DM 2009/10 0.925 3.270 0.121 1.487 0.897 0.654 0.655 0.566 0.531
CMD  2008/09 1.1942.097 1.796 2.406 0.099 0.665 0.467 0.777 0.754
CMD  2009/10 1.053 2.292 1.214 2.003 0.119 0.678 0.527 0.701 0.678
CBB 2008/09 1.226 3.405 0.342 1.154 0.115 0.664 0.678 0.678 0.599
CBB 2009/10 2.1513.158 0.976 0.707 0.161 0.665 0.577 0.833 0.825
Brlev ~ 2008/09 0.57 2.0582.998 7.364 0.109 0.664 0.385 0.647 0.526
Brlev  2009/10 1.3710.64 0.507 3.209 0.197 0.662 0.4774 0.642 1.464.
Vig=plant vigour, Rootno=average root number panplPltht= plant height, HI=harvest
index, Fyld=fresh root yield, Fbrht=first branchimgight, Dyld=Dry vyield per plant,
DM=Dry matter content, Brlev=number of levels ofabching, Fb=broad sense

heritability, Hfn=narrow sense heritability, PR=performance ratiyD=Degree of
dominance
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4.3.5 Estimates of mid and better parent heterosis

The estimates of heterosis over respective mid lagiter parent were significantly
different between the traits studied for the foreshe (Tables 4.16a-4.17a). For plant
vigour, values for all the combinations were sig@ht but negative for better parent
heterosis in both seasons. Most of the hybrids sdawegative heterosis for root number
in both seasons (Tables 4.16a and 4.17a). Daborahtebankye and Dabodabo x
Kwasea showed positive heterosis for root numbesr doetter parent for the 2008
planting season, the mid-parent heterosis was ipalgitsignificant (Table 4.16a). In
2009, both combinations showed negative significaitt and better parent heterosis for
root number (Table 4.17a). Debor x Kwasea (20083 th@& best combination for first
height at branching, showing positive significantland better parent heterosis (27.60%
and 28.90%, Table 4.16b).

Many hybrid combinations showed positive significhaterosis over both mid and better
parent values for CMD especially in the 2008/2088sen with great susceptibility even
up to 94.69% in Dabodabo x Agric. Debor x Tuakaveta negative resistance to CMD
at 7.35% more than the better parent in 2008 (T4hléc) and 26.09 in 2009 (Table
4.17c). Debor x Lagos also showed 37.89% highesteege to CMD than both mid and
better parent values in the 2009/2010 season. ddoodad a negative significant GCA
for CMD in 2008. Kwasea had significant negativéuea for CMD in both seasons of
planting but other hybrids with Kwasea as paremirensusceptible to CMD. Some of the
hybrids derived from Dabodabo showed resistance eamd be used in breeding,

especially Dabodabo x Tuaka.

CMD is one of the most important biotic constraim$shana and West Africa. Negative
values are therefore desirable and significantrbsi® values were observed for this trait.
The best four combinations observed were Deborak@uDabodabo x Debor, Dabodabo
x Tuaka and Debor x Lagos. In 2008, only Dabodabgrc showed non- significant

negative heterosis for fresh yield (Table 4.16hg test were positive although some

were not significant.
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Table 4.16a Mean performance and percentage of bett parent and mid-parent

heterosis and for plant vigour, root number and plat height in the 2008/2009

season at the forest ecological zone

Geno Vig BPH MPH Rootnc  BPH MPH Pltht  BPH MPH

P1 4.33 12 293.7

P2 4 13.66 275.7

P3 4.66 14.33 313.4

P4 3.33 10.33 259.3

PS5 4.33 17.67 290.5

P6 4 14.33 303.8

P7 4 12.33 333.2

1x2 3.35 -22.63** -19.57** 10.83 -20.72*  -15.59** 62 -10.79**  -7.97**
1x3 295 -36.70** -34.37** 11.98 -16.40* -9.00** ZA -11.33** -8.45**
1x4 3.01 -30.48** -21.41 12.9 7.50 15.54 298.7 1.69 8.02

1x5 3.21 -25.87* -25.87 13.66 -22.69** -7.91 301 .42 3.05

1x6 2.88 -33.49** -30.85 14.83 349 12.63* 3069 1.00 2.71*
1x7 298 -31.18** -28.45 14.46 17.27 18.85* 296.2 -11.11** -5.51*
2X3 3.03 -34.98* -30.02 11.31 -21.07*  -19.19 251 19.92** -14.80
2x4 3.13 -21.75** -14.60* 12.13 -11.20 1.13 286.8.04 7.21**
2x5 296 -31.64** -28.93 13.9 -21.34**  -11.26 288.40.54 1.88

2X6 3.01 -24.75** -24.75 12.28 -14.31 -12.26*  279.28.05* -3.65*
2X7 3.16 -21.00** -21.00 13.9 1.76  6.95* 296.5 -11.00** -2.61*
3x4 3.05 -34.55** -23.65 12.8 -10.68 3.81 280.8 .416* -1.95

3x5 3.33 -28.54** -25.92 12.53 -29.09** -21.68** @8 -1.46 -5.20
3x6 3 -35.62** -30.72 11.78 -17.79* -17.80* 279.310-89** -9.50*
3x7 2.8 -39.91** -35.33 12.33 -13.96 -7.51* 285.414.35** -11.73*
4x5 2.78 -35.80** -27.42* 12.27 -30.58** -12.37 284 -2.10 3.46**
4x6 2.88 -28.00* -21.42* 13.1 -8.58 6.23 292.7 68. 3.95**
ax7 2.88 -28.00* -21.42 13.13 6.52 15.90* 306.4 -8.04** 3.43*
5X6 2.85 -34.18** -6.40* 13.88 -21.43**  -2.54 307.11.08 1.05*
oSXx7 3.08 -28.87** -0.48* 13.72 -22.37**  -2.44* 2%0. -10.11** 0.31

6X7 2.98 -25.50** -28.45** 12.93 -9.75 2.11 296.411:04** -3.17

Parents: 1=Dabodabo, 2=Debor, 3=Agric, 4=Lagos, uaka, 6=Afebankye, 7=Kwasea,
BPH=better parent heterosis, MPH=mid parent heigrgg=plant vigour, rootno= root number,

Pltht=plant height,
* P<0.05, ** P<0.01
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Table 4.16b Mean performance and percentage of midarent heterosis and best

parent heterosis for harvest index, fresh yield andfirst branch height in the

2008/2009 season at the forest ecological zone

Genotype HI BPH MPH Fryld BPH MPH Fbrhi BPH MPH
P1 0.5 3.35 109.5

P2 0.53 2.62 132.8

P3 0.52 3.65 116.8

P4 0.53 2.82 113.7

PS5 0.6 4.08 212.6

P6 0.57 4.05 125.7

P7 0.53 2.8 136

1x2 0.53 0.63 3.23* 497 48.26** 66.48** 129.2 -2.77 6.59**
1x3 0.37 -29.49  -27.87** 3.63 -0.46 3.81* 106.6 -8.78 -5.83**
1x4 0.4 -24.53  -22.58 4.4231.84** 43.24 138.1 21.51* 23.77
1x5 0.53 -11.11  -3.03 5.5235.21* 48.43 181.3 -14.71** 12.59**
1x6 0.4 -29.82*  -25.00 4.4710.29 20.72* 1159 -7.74 -1.50
1x7 0.5 -5.66 -3.23 5.3 58.21* 72.36* 153.1 12.56 24.71%*
2X3 0.48 -8.81 -7.94 4.77 30.59** 52.13 121.1 -8.86 -3.02
2X4 0.48 -8.81 -9.38 4.78 69.62** 76.07 1445 8.80 17.26
2X5 0.48 -19.44 -14.71 46 12.75 37.31 151.7 -28.63 -12.15**
2X6 0.47 -18.13  -15.15 457 12.76 37.00* 118.4 -10.88 -8.43
2X7 0.52 -2.52 -3.12 4.8573.21* 79.08* 173.3 27.40** 28.90**
3x4 0.47 -11.95 -11.11 4.8733.33** 50.52 1158 -0.91 0.46
3x5 0.53 -11.11  -4.48 5.2227.86** 34.91** 153.8 -27.66**  -6.63**
3x6 0.47 -18.13  -13.85 435 7.41 12.99* 109.8 -12.67 -9.47
3X7 0.47 -11.95 -11.11 4.7268.45** 46.25* 139.1 2.25 10.01**
4x5 0.48 -19.44 -14.71 4.8518.87* 40.58 152 -28.49**  -6.80**
4Xx6 0.5 -12.28  -9.09 5.1 25.93** 48.54 139.1 10.59 16.17
ax7 0.42 -21.38  -21.87 4.4758.39** 59.05* 121.1 -11.32 -2.96%*
5X6 0.48 -19.44  3.57 5.1827.04* 3.84** 132.3 -37.75**  -10.94**
X7 0.t -16.67  -3.2¢ 5.2z 27.86** -3.54** 152.1 -28.45**  -9.03**
6X7 0.68 19.88 30.16 5.1527.16** 52.03** 138 1.43 14.78**

Parents: 1=Dabodabo, 2=Debor, 3=Agric, 4=Lagos, uaka, 6=Afebankye, 7=Kwasea,
BPH=better parent heterosis, MPH=mid-parent heigréi=Harvest index, Fryld = fresh tuber
yield, Fbrht= height at first branching

* P<0.05, ** P<0.01
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Table 4.16c Mean performance and percentage of bett parent and mid-parent
heterosis for dry yield, dry matter content and CMDin the 2008/2009 season at the

forest ecological zone

Genotype Dryld BPH MPH DM BPH MPH CMD BPH MPH
P1 0.98 29.88 1.5

P2 0.77 29.98 2.53

P3 1.02 28.1 1.13

P4 0.75 26.8 1.67

PS5 1.25 30.32 2

P6 1.22 29.88 2.1

P7 0.85 29.98 1.4

1x2 1.38 58.10** 28 -6.60**  -6.46 198 32.22*% -1.65**
1x3 1.05 2.94 5.00* 28.37 -5.06* -2.16 2.2 94.69** 67.09**
1x4 1.32  34.35** 51.92 29.13 -2.50 279 1.87 24.44 17.89*
1x5 1.52 21.33* 35.82 27.9 -6.63**  -7.31 1.67 11.11  -4.76*
1x6 1.33 9.29 21.21* 29.58 -2.43 -1 1.83 22.22 1.85
1x7 1.6 63.27** 74.55* 30.05 0.57 0.39 217 54.76** 49.43
2x3 1.32 29.08* 47.66* 28.01 -6.38* -3.3€ 2.2¢ 102.06**  24.5%
2x4 1.37  77.49** 80.22 28.1 -6.27* -1.03 2.15 28.74* 2.38**
2x5 1.33 6.67 32.23 28.68  -5.40* -4.86 2.1 5.00 357.
2X6 1.28 5.19 29.41* 27.98 -6.66** -6.51 2.43 15.87 5.04
2X7 1.37 60.78** 69.07* 27.95 -6.77* -6.78 2.15 53.57* 9.32
3x4 1.42 38.89* 60.38 28.77  2.37 4.8 2.32 76.84** 65.48**
3x5 1.47 17.33 29.41* 28.1 -7.32%* 379 2 76.99** 27.66
3x6 1.25 2.46 11.94* 28.33 -5.18* -2.27 2.35 107.96**  45.36
3x7 1.32 29.08* 41.07* 28.37 -5.38* -2.32 2.08 84.37* 64.47
4x5 1.35 8.00 35.00 27.18 -10.35* -4.81 2.03 21.76 10.91
4x6 1.45 18.85* 47.46 28.52 -4.56 062 1.97 17.76 4.42**
ax7 1.32 54.90** 64.58* 28.45 -5.10* 0.21 1.93 38.10* 26.09
5X6 1.47 17.33 2.92** 28.53 -5.58* -0.72 1.73 -13.33 -0.95
oXx7 1.52 21.33* -2.67** 28.1 -7.02%*  -3.02 2.03 45.24* 6.09
6X7 1.5 22.95* 48.76* 28.55 -4.77 -4.54 1.83 30.95 12.82

Parents: 1=Dabodabo, 2=Debor, 3=Agric, 4=Lagos, uaka, 6=Afebankye, 7=Kwasea,
BPH=better parent heterosis, MPH=mid-parent hetgrd3ryld= dry yield, DM= dry matter
content, CMD= Cassava Mosaic Disease

* P<0.05, ** P<0.01
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Table 4.16d Mean performance and percentage of bett parent and mid-parent
heterosis for CBB and branching level in the 20089 season at the forest

ecological zone

Genotype CBB BPH MPH Brlev BPH MPH
P1 1.33 4.5

P2 2.5 2.83

P3 1.33 2.5

P4 2.17 3.67

PS5 2.33 3

P6 2.3 3

P7 1.5 4

1x2 1.8 35.34 -6.09*  2.57 -42.96** -30.00**
1x3 1.73 30.33 30.00**  2.85 -36.67** -18.57**
1x4 1.7 27.82 -2.86 2.7 -40.00**-33.88**
1x5 1.97 47.87* 7.27* 1.9 -57.78** -49.33**
1x6 1.93 45.36 6.42 2.57 -42.96*:31.56**
1x7 2.07 55.39** 45.88 2.63 -41.48** -38.04**
2x3 1.85 39.10* -3.48 2.47 -12.84 -7.50
2X4 1.7 -21.66 -27.14*  2.67 -27.34**-17.95**
2Xx5 1.93 -17.02 -20.00* 2.58 -13.89 -11.43
2X6 1.55 -32.61**  -35.42 2.88 -3.89 -1.14
2X7 1.9 26.67 -5.00 2.47 -38.33*%27.80**
3x4 1.65 24.06 -5.71** 2.72 -25.98**-11.89**
3x5 1.95 46.62* 6.36 2.35 -21.67*  -14.55*
3x6 2.13 60.40** 17.43 2.92 -2.78 6.06
3X7 1.93 45.36* 36.47 2.73 -31.67** -15.90**
4x5 1.8 -17.05 -20.00* 2.4 -34.60**-28.00**
4Xx6 1.92 -11.67 -14.18*  2.45 -33.24**-26.50**
ax7 1.98 32.22 8.18 2.92 -27.08*%23.91**
5X6 1.72 -25.36* -11.97 2.57 -14.44 14.93
oXx7 1.78 18.89 -11.57 2.33 -41.67%2.94**
6X7 1.65 10.00 2.06 2.58 -35.42*%£35.42**

Parent: Parent: 1=Dabodabo, 2=Debor, 3=Agric, 4eka=Tuaka, 6=Afebankye, 7=Kwasea,
BPH=better parent heterosis, MPH=mid-parent heigr@BB=cassava bacteria bligidrlev=
branching levels

* P<0.05, ** P<0.01
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Table 4.17a Mean performance and percentage of bett parent and mid-parent

heterosis for plant vigour, root number and plant reight in the 2009/2010 season at

the forest ecological zone

Genotype Vigour BPH MPH Rootnc BPH MPH Pltht  BPH MPH
P1 3.83 12.17 269.3

P2 3.83 14 318.5

P3 4.17 14.67 302.5

P4 3.83 11.17 279.3

P5 4.17 18.33 292.7

P6 3.67 15 296.3

P7 3.67 14 302.5

1x2 3.17 -17.39** -17.39* 11.33 -19.05* -13.38 266 -16.37** -9.38*
1x3 2.88 -30.80** -27.92** 12 -18.20*  -10.56 303.40.31 6.13
1x4 2.85 -25.65** -25.65** 9.83 -19.20 -15.71 256 8.35 -6.68
1x5 2.98 -28.46**  -25.42** 11.17 -39.08** -26.78** 278.8 -4.74 -0.78
1x6 2.83 -26.02**  -24.44** 135 -10.00 -0.61 296.60.09 4.87
1x7 3.02 -21.24** -19.56** 12.83 -8.33 -1.91 291.93.50 2.09
2x3 2.9 -30.46** -27.50** 10.5 -28.43*  -26.74** Zp2 -18.61** -16.52**
2x4 2.98 -22.11**  -22.17** 12.33 -11.90 -1.99 290.58.78* -2.80
2x5 2.97 -28.86** -25.83* 12.67 -30.90** -21.65**293.9 -7.72 -3.82
2X6 2.97 -22.54*  -20.89** 12.67 -15.56 -12.64 289. -9.14* -5.87
2X7 2.9 -24.28**  -22.67** 11.17 -20.24* -20.24* 2B -14.31** -12.10**
3x4 2.87 -31.25** -28.33* 12 -18.20*  -7.10 290.9 3.84 -0.01
3x5 2.97 -28.86** -28.80** 12.5 -31.81** -24.24* &A.2 -7.05 -5.51
3x6 2.82 -32.45**  -28.09** 12.67 -15.56 -14.61* 361 -0.31 0.71
3x7 2.85 -31.65* -27.23* 12.17 -17.06* -15.12* 2 -6.55 -6.55
4x5 2.82 -32.45** -29.58* 13.17 -28.17** -10.73 22 -2.56 -0.29
4x6 2.95 -22.98*  -21.33* 12,17 -18.89* -7.01 289. -2.21 0.68
ax7 2.87 -25.15**  -23.56** 13.83 -1.19 9.93 297.91.52 2.41
5x6 3.1 -25.66** -20.85** 13.83 -24.53** -17.00* 31 6.30 6.96
5x7 3.02 -27.66**  -22.98* 135 -26.35* -16.49* 30 0.19 1.85
6x7 2.77 -24.61** -5.41 13 -13.33 -1.27 295.2 -2.43 0.31

Parents: 1=Dabodabo, 2=Debor, 3=Agric, 4=Lagos, uak@, 6=Afebankye, 7=Kwasea,
BPH=better parent heterosis, MPH=mid-parent heigrgg=plant vigour, rootno= root number,

Pltht=plant height
* P<0.05, ** P<0.01
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Table 4.17b Mean performance and percentage of bett parent and mid-parent

heterosis for harvest index, fresh yield and firstoranch height in the 2009/2010

season at the forest ecological zone

Genotype HI BPH MPH Fryild BPH MPH Fbrhi  BPH MPH
P1 0.5 2.92 125.33
P2 0.5 2.98 120.33
P3 0.4 3.4 137.67
P4 0.53 2.83 119.52
P5 0.6 3.32 187.9
P6 0.57 3.25 143.8
P7 0.53 3.4 156.17
1x2 0.5 0.00 0.00 4.77 59.96** 61.58** 131.05 4.56 6.69
1x3 0.5 0.00 11.11 5.1 50.00** 61.48** 155.68 13.08 18.39*
1x4 0.88 66.67* 70.97* 4.3 47.26** 49.57** 133.48 6.51 9.03
1x5 0.47 -22.22 -15.15 4.7 41.57** 50.80** 143.22 -23.78** -8.56
1x6 0.48 -15.20 -9.38 5.08 56.41** 64.86** 128.32 -10.77 -4.64
1x7 0.53 0.63 3.23 5.38 58.33** 70.45* 161.03 3.11 14.41
2x3 0.57 13.33 25.93 4.8 41.18* 50.39** 138.5 0.60 7.36
2x4 0.5 -5.66 -3.23 493 65.55* 69.63** 164.42 36.64**  37.10**
2x5 0.7 16.67 27.27 4.75 43.07** 50.79** 140.17 -25.40* -9.05
2X6 0.52 -9.36 -3.12 5.02 54.36** 60.96** 166.52 15.80* 26.09**
2x7 0.48 -8.81 -6.45 4.27 25.49* 33.68* 130.92 -16.17** -5.30
3x4 0.48 -8.81 3.57 4.78 40.69** 53.48** 143.95 4.56 11.94
3x5 0.5 -16.67 0.00 4.87 43.14** 44.91* 142.32 -24.26** -12.57
3x6 0.52 -9.36 6.90 5.27 54.90** 58.40** 160 11.27 13.69
3x7 0.47 -11.95 0.00 495 4559* 4559** 118.62 -24.05** -19.26*
4x5 0.47 -22.22 -17.65 5.43 63.65* 76.69** 131.93 -29.79** -14.17
4x6 0.5 -12.28 -9.09 5.78 77.95* 90.14** 142.78 -0.71 8.45
4x7 0.52 -2.52 -3.12 6.22 82.84** 99.47** 146.85 -5.97 6.54
5x6 0.5 -16.67 -14.29 6.33 90.76** 92.89** 165.93 -11.69* 0.05
Sx7 0.73 22.22 29.41 6.37 87.25** 89.58** 14553 -6.81 -15.40*
6Xx7 0.5 -12.28 -1.64 5.73 68.63** 9.55 163.67 4.80 13.13
Parent: 1=Dabodabo, 2=Debor, 3=Agric, 4=Lagos, %Kay 6=Afebankye, 7=Kwasea,

BPH=better parent heterosis, MPH=mid parent heigréfi=Harvest index, Fryld= fresh root
yield, Fbrht = height at first branching, ¥@.01
* P<0.05, ** P<0.01
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Table 4.17c Mean performance and percentage of bett parent and mid-parent

heterosis for dry yield, dry matter content and CMDin the 2009/2010 season at the

forest ecological zone

Genotype Dryld BPH MPH DM BPH MPH CMD BPH MPH

P1 0.85 29.23 1.8

P2 0.92 30.53 2.7

P3 0.9 26.7 1.8

P4 0.8 28.38 2.7

P5 1 29.65 2.7

P6 0.98 30.48 2.1

P7 0.98 28.33 1.8

1x2 1.42 53.99* 60.38* 28.25 -7.47* -5.47** 2.3 24.77 0.74
1x3 1.47 62.96* 67.62** 28.15 -3.69 0.66 2.1 14.81 13.76
1x4 1.27 49.02** 53.54** 28.68 -1.87 -0.43 2.5 35.70* 10.37
1x5 1.42 41.67** 53.15* 28.28 -4.61 -3.93 2 11.11 -9.63
1x6 1.52 54.76** 65.45** 28.65 -6.00* -4.05* 2.2 17.49 10.26
1x7 1.57 59.86** 70.91** 28.08 -3.92 -2.43 1.7 -2.07 -3.70
2x3 1.45 57.61* 59.63* 28.6 -6.32 -0.06 2.1 15.74 -7.41
2x4 1.38 50.36** 61.17* 27.55 -9.76** -6.48** 1.7 -37.58** -37.89**
2x5 1.4 40.00** 46.09* 28.4 -6.98**  -5.62** 2 -25.72*  -26.09**
2x6 1.43 46.26** 50.88** 27.68 -9.32** -9.26** 2.1 0.64 -12.59
2x7 1.25 27.55* 31.58* 28.17 -7.74* -4.30 2.7 49.72** 18.66
3x4 1.42 57.41* 66.67** 28.6 0.78 3.84 2.4 33.33* 7.46
3x5 147 46.67**  54.39**  28.7 -3.2( 1.8¢ 2 8.3: -12.6¢
3x6 1.6 63.27** 69.91* 28.82 -5.46 0.79 1.8 -1.85 -8.62
3x7 1.47 49.66** 55.75** 28.65 1.13 4.12 2.1 17.70 16.82
4x5 1.6 60.00** 77.78* 28.47 -3.99 -1.90 2.2 -18.23 -18.13*
4X6 1.72 75.17** 92.52* 28.58 -6.22 -2.89 2.1 3.06 -90.86
4x7 1.87 90.48** 109.35** 28.73 1.25 1.32 1.8 2.64 -18.05
5x6 1.82 81.67* 83.19* 28.23 -7.37** -6.10** 1.7 -16.26 -26.76**
5x7 1.83 83.33* 84.87** 28.2 -4.89 -2.73 2.1 15.82 -71.52
6x7 1.62 64.97** 4.86 26.97 -11.53* -4.94* 2 14.88 4.72
Parents: 1=Dabodabo, 2=Debor, 3=Agric, 4=Lagos, uaka, 6=Afebankye, 7=Kwasea,

BPH=better parent heterosis, MPH=mid-parent hetgrd3ryld= dry yield, DM= dry matter

content, CMD= Cassava Mosaic Disease
* P<0.05, ** P<0.01
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Table 4.17d Mean performance and percentage of bett parent and mid-parent
heterosis for CBB and branching level in the 2009”10 season at the forest

ecological zone

Genotype CBB BPH MPH Brlev BPH MPH

P1 1.33 3

P2 2.5 3

P3 1.33 2.17

P4 2.33 2.67

PS5 2.5 2.83

P6 2.17 2.67

P7 1.5 2.33

1x2 1.75 31.58 -8.70 2.5 -16.67 -16.67
1x3 1.73 30.33 30.00 2.67 -11.11 3.23
1x4 1.85 39.10 0.91 2.67 -11.11 -5.88
1x5 1.87 40.35 -2.61 2.83 -5.56 -2.86
1x6 1.77 32.83 0.95 2.83 -5.56 0.00
1x7 1.63 22.81 15.29 2.33 -22.22*  -12.50
2x3 1.73 30.33 -9.57 2.67 -11.11 3.23
2x4 1.77 -24.18 -26.90* 2.5 -16.67 -11.76
2Xx5 1.78 -28.67* -28.67** 2.5 -16.67 -14.29
2X6 195 -10.14 -16.43 2.33 -22.22*  -17.65
2X7 2.15 43.33* 7.50 3 0.00 12.50
3x4 2.02 51.63* 10.00 2.67 -0.12 10.34
3x5 1.92 4411 0.00 2.33 -17.55 -6.67
3x6 1.93 45.36 10.48 2.33 -12.61 -3.45
3x7 2.1 57.89* 48.24* 3 28.76* 33.33*
4x5 2.02 -13.45 -16.55 2.83 0.12 3.03
4Xx6 1.9 -12.44 -15.56 2.67 -0.12 0.00
ax7 1.82 21.11 -5.22 2.33 -12.61 -6.67
5X6 1.78 -17.82 -23.57 2.5 -11.66 -9.09
SX7 1.75 16.67 -12.50 2.83 0.12 9.68
6X7 1.95 30.00 14.71 2.17 -18.85 -16.13

Parents: 1=Dabodabo, 2=Debor, 3=Agric, 4=Lagos, uaka, 6=Afebankye, 7=Kwasea,
BPH=better parent heterosis, MPH=mid-parent heigr@BB= Cassava Bacteria Blight

Brlev= branching levels

* P<0.05, ** P<0.01
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Table 4.18a Mean performance and percentage of bett parent and mid-parent

heterosis for plant vigour, root number and plant reight in the 2008/2009 season at

the savannah ecological zone

Genc Vigour BPH MPH Rootnc  BPH MPH Pltht BPH MPH

type

P1 3.33 7.83 240.67

P2 2.67 4 238.33

P3 3 8.67 230

P4 3.17 11 262

P5 3.67 8.92 186.33

1x2 3.3 -1.00 10.00**  9.18 17.74 55.21* 261.2 8.53 9.06

1x3 3.13 -6.00 -1.05 9.92 13.98 20.20 258.98 7.61 0.03
x4 2.73 -18.00**  -15.90** 11.32 2.88 20.18 284.028.40 13.00*
Ix5 3 -18.18**  -14.29*  11.27 29.50  34.53* 279.58 36.61**  30.95**
2x3  2.78 -7.22* -1.76 10.95 25.86 72.89** 276.63 16.07* 18.14**
2x4  2.73 -13.68**  -6.29 11.9 8.18 58.67** 278.25 16.75* 11.23*
2x5  2.87 -21.82*% 9. 47** 10.63 19.48 64.65* 263.52 10.57 24.11*
3x4  2.57 -18.95**  -16.76** 8.68 -21.06 -11.69 248.5 -6.27 -0.17
3x5 2.72 -25.91**  -18.50** 8.83 -0.75 0.47 264.5215.01* 27.07*
4x5 2.73 -25.45** -20.00** 9.33 -15.15 -6.28 259.28 -1.04 15.67*

Parents: 1=Afisiafi, 2=Bosomnsia, 3=Sisipe, 4=Bdkama, 5=Santumbankye, BPH=Dbetter
parent heterosis, MPH=mid-parent heterosis, vigapléggour, rootno= root number, Pltht=plant

height,

* P<0.05, ** P<0.01
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P1
P2
P3

P4

P5

1x2
1x3
1x4
1x5
2X3
2x4
2x5
3x4
3x5
4x5

Table 4.18b Mean performance and percentage of bett parent and mid-parent

heterosis for 2008/2009 season for harvest indexes$h yield and first branch height

at the savannah ecological zone

HI BPH MPH Fryld BPH MPH Fbrhi  BPH MPH
0.52 4.38 96.33
0.5 2.3 61
0.02 7.98 120.2
0.5 8.85 98.33
0.57 6.67 94.33
0.5 -3.22 -1.64 4.47 1.90 33.67 9457 -1.83 220.
0.47 -8.50 75.00* 4.18 -47.60* -32.35 93.82 14.18** -13.33
0.43 -16.13 -14.75 5.08 -42.56* -23.17 122.24.85* 26.13*
0.48 -14.70 -10.77s 4.95 -25.75 -10.41 116.4 .820 22.12*
0.45 -10.00  74.19* 4.92 -38.41* -4.38 123.6 2.82  36.39**
0.45 -10.00 -10.00 5.27 -40.49* -5.53 98.5 0.17 23.64
0.47 -17.64 -12.50 5.18 -22.25 15.61 113 19.77 45.47**
0.47 -17.64  80.65* 4.47 -49.41*  -46.93** 109.1 -9.20 -0.12
0.47 -6.67 60.00* 4.52 -43.42* -38.34* 114.7 -4.58 6.92
0.52 -8.81 -3.12 4.77 -46.14* -38.56* 121.7 888. 26.37*

Parents: 1=Afisiafi, 2=Bosomia, 3=Sisipe, 4=Bokenta, 5=Santumbankye, BPH=best parent
heterosis, MPH=mid-parent heterosis, HI=Harveseid-ryld= fresh tuber yieldFbrht=first

branch height

* P<0.05, ** P<0.01
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Table 4.18c Mean performance and percentage of bett parent and mid-parent

heterosis for dry yield, dry matter content and CMDin the 2008/2009 season at the

savannah ecological zone

Genotype DRYLD BPH MPH DM BPH MPH CMD BPH MPH
P1 1.27 29.2 2.6

P2 0.6 26.2 3.1

P3 2.42 30.4 2.5

P4 2.42 27.7 1.6

PS5 1.63 26 2.1

1x2 1.23 -2.58*  32.14 279 -4.45 0.81 2.91.54 1.75
1x3 1.18 -51.03 -35.75 28,5 -6.04 -4.25 21%%.00** 13.73
1x4 1.48 -38.62*  -19.46 28.4 -2.79 -0.18 227.50*  4.76*
1x5 1.4 -14.28* -3.45 28.2 -3.65 2.08 2.0.00 -10.64*
2X3 1.4 -42.07 -7.18 27.7 -8.89* -2.15 2.6.00 -10.71**
2x4 1.48 -38.62* -1.66 29.1 517 8.13* 2.3 43.75 -2.13
2X5 1.53 -6.10* 37.31 29.4 12.41*  12.92* 2.7 28.57 3.85**
3x4 1.25 -48.28*  -48.28** 28.9 -4.77 -0.40 2.62.50 26.83
3x5 1.25 -48.28* -38.27* 27.8 -8.61* -1.45 2.88.10 26.09
4X5 1.37 -43.45* -32.51 29 4.69 8.11* 2.7 68.75 45.95*

Parents: 1=Afisiafi, 2=Bosomia, 3=Sisipe, 4=Bokenta, 5=Santumbankye, BPH=best parent
heterosis, MPH=mid parent heterosis, Dryld= dryd/i®M= dry matter content, CMD= Cassava

Mosaic Disease
* P<0.05, ** P<0.01

123



Table 4.18d Mean performance and percentage of bett parent and mid-parent
heterosis for CBB and number of branching levels irthe 2008/2009 season at the

savannah ecological zone

Genc CBB BHP MHP Brlev  BHP MHP
P1 1 3.3¢

P2 1.66 2.61

P3 1.33 2.8

P4 1 3

P5 1.33 2.8

1x2 1.61 61.00+ 21.05 2.6< -12.2222*  -20.9209
1x3 1.5 50.00 28.76  2.91 1.772442 -10.9109
1x4 1.66 66.00r 66.00** 2.6Z -17.3249*  -21.4214
1x5 1.9  90.00** 63.09** 2.65 -9.66266*  -20.9209

2x3  1.86 39.85* 24.41 2.31 -8.44616 -11.3608
2x4  1.93 93.00** 4511* 2.€ -8.28924 -13.3333
2x5  1.98 48.87* 32.44* 2.71 7.027724 3.620475
3x4  1.63 63.00+ 39.91* 2.3% -7.27273 -15

3x5 1.66 66.00+ 24.81 2.5¢ 1.333333 1.333333
4x5  2.01 51.13* 72.53** 2.4: -11.5152 -18.8889

Parents: 1=Afisiafi, 2=Bosomia, 3=Sisipe,, 4=Boleamha, 5=Santumbankye , BPH=best parent
heterosis, MPH=mid parent heterosis, , CBB= Casdasateria Blight, Brlev=number of
branching levels

* P<0.05, ** P<0.01

All the combinations showed positive significantdresis for mean root number above
both mid and better parent values except Afebaniye/asea that showed no significant
mid-parent heterosis in 2009. Tuaka x Afebankyenatbvery high mid and better parent
heterosis values of 90.76% and 92.89% respecti¥dlyhe combinations were good for
fresh yield but the best was Lagos x Kwasea thatveld 99.47% heterosis over the better
parent. Debor x Lagos and Debor x Tuaka showedteagie to CBB in both seasons
(Tables 4.16d and 4.17d).

For the savannah zone (Table 4.18 a-d), the emyipeid combinations showed negative
plant vigour heterosis except Afisiafi x Bosomnsiat showed positive significant mid-

parent heterosis (Table 4.18a). Most of the contlnina showed negative significant
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heterosis for root number with, 5x7, 2x3, 2x5, 3k%%5 with highly significant negative
heterosis for both better and mid-parent and hsi®r@ith combination1x5 being the
highest of (-39.08** and -26.78**) (Table 4.18b).ohe of the combinations showed
positive significant heterosis for fresh yield.

Hybrid combinations that showed positive heterésissoot number were 1x5, 2x3, 2x4

and 2x5 of 34.53, 58.67, 64.65, 72.89 mid-paremerosis respectively (Table 4-18a).
The hybrid 3x4 showed the highest significant hsrvadex mid-parent heterosis, and
negative highest significance for fresh and drpetuyield of -46.93 and -48.28

respectively. The hetoritic gain in dry matter @itwas observed in 2x4, 2x5 and 4x5
with significant mid-parent heterosis of 12.41,92and 8.11. The combinations that
showed resistance to CMD were 1x5 and 2x3 of -1@r&#-10.17 mid-parent heterosis.
The same hybrid 1x5 also showed the highest pesgignifican heterosis foe CBB,

which inidicates susceptibility (Tables 4 18a-d)

The results of this study showed that the heterafsen accession is dependent on both
the environment and the genetic background withiicivit is being tested (Lokko et.al
2006). Selection of parents in breeding for reastato CMD cannot be tested based on
the performance of the accession alone. Progeriindges different environments is
essential to enhance selection of the best combimsabecause some of the hybrids

responded to CMD differently in the different emmviments.

It is an established fact that the amounts of beterobtained by hybrids depend largely
on the genetic divergence of the populations fromctv the parental lines have been
selected (Moll et al. 1962). Dabodabo was idertifes the best parent for CMD
resistance breeding, although its progeny needi® tiested in different environments to
ascertain the stability for the trait across lamadiin the F1 progeny. Lagos x Kwasea can
be tested in different environments for fresh yielthe positive heterotic influence
experienced in certain crosses such as Lagos x éaydms been also been reported by
Unikrishnam et al. (2004) who confirmed hybrid vigdor root yield. He also reported
heterosis over mid-parents and better-parents satuall the traits studied.
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4.4 Conclusions

The present study generated relevant informatiorpfanning a more efficient cassava
breeding programme for Ghana and the cassava coitymiine analysis of variance and
the GCA:SCA ratio indicated that the GCA was lartdpan SCA for average root number,
CBB and branch levels, indicating the presencedditeve gene effects and a possibility
for improvement of the characters by selection. GEZ2A ratio indicated that the SCA
was larger than GCA for harvest index and fresht goeld indicating environmental
effects on the trait and confirms the non-addi¥ects mainly determining expression

of root yield.

The parental genotypes were selected from a pkaticagion where CMD is the main
economic constraint. Debor had the best GCA effgatassava mosaic severity reaction;
while the clone Tuaka had the best GCA effect fesli root weight. However, the
combination of Afebankye x Kwasea will reduce yieldabodabo x Agric showed
negative significant heterosis for fresh yield ahd SCA was also higher than GCA,
hence will reduce yield. Debor x Kwasea was thet Ipesgeny for CMD resistance
development for the forest ecology study whereassi#f x Santumbankye and
Bosomnsia x Bokentenma were the best for the saaeoology. Debor and Kwasea
were the best parents for resistance breeding t® CMhese two parents are important

for different traits and should be considered asmia in the next hybridisation scheme.

CMD had high broad and narrow sense heritabilityai predictability ratio close to unit,
confirming that this character is highly heritabled largely under additive genetic action.
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CHAPTER 5

PARTICIPATORY EVALUATION OF ELITE CIAT GENOTYPES IN
GHANA

Abstract

A major staple in Ghana and contributing 22% of i&gjtural Gross Domestic Product
(AGDP), cassava has assumed industrial and caghstatus in the country. However,
this good and reliable cheap source of carbohyslrestesusceptible to cassava mosaic
virus (CMD) and other devastating diseases andspemts well as post harvest
physiological deterioration. Cassava breeding inamah with the support of the
International Institute of Tropical Agriculture TRA), has yielded several varieties.
Adoption challenges and susceptibility of some etégs to diseases and pests have
necessitated this study. New improved varietiesnaeded to feed the growing cassava-
based industry. Marker assisted selected genotypsistant to pests and diseases
developed by the International Center of Tropicgtiéulture (CIAT) and evaluated by
the Crops Research Institute (CRI) together withm&s and end-users, identified
outstanding clones CR52A-31 and CR52A-25 with $tdevels between 26-30% and
yields of 50 to 62 t/ha. Genotype CR42-4 recordiedhighest yield of 101.2 t/ha at Ejura
but the second highest yield across all locatiéi@asmers preferred two other genotypes
CR52A-4 and AR14-10.

5.1 Introduction

In Africa cassava is the most important vegetayiy@bpagated food crop and the second
most important food staple in terms of calories qegpita, consumed regularly by more
than 200 million people (Nweke et al. 2002). Italso one of very few crops with the
potential to produce starch competitively for indies (Robertson and Ruhode 2001).
Cassava is the only non-native crop in Africa thed assumed a major staple food status
(Tewe 1992), and constitutes the most importamid¢ed root crop (Dapaah 1991; Roa et
al. 1997; Mkumbira 2002; Nweke 2004). Cassava reoés efficient in carbohydrate
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production (Onwueme 2002; Cock 1985) and contagnhighest starch content among

all root and tuber crops (Moorthy 1994).

The reliability and productivity of cassava has made it the mgortant locally
produced food in a third of the world’s low-inconfepd-deficient countries. Cassava is
the main staple in sub-Saharan Africa, providingdféor over 300 million people, many
of them among the poorest in the world. In 15 sah&®an countries, 30 million people
get up to 60% of their daily energy intake fromsaa&(Cock 1985; CIAT2003). In
spite of its economic importance, resource-poomés lose 48 million ton of fresh
storage roots, which accounts for 30% of the tataild production, valued at US$1.4
billion every year to pests, diseases and postelsamphysiological deterioration (FAO
2003).

Cassava is the least researched crop among the ecnaps of the world. Breeding efforts
to improve cassava began only recently comparekd @tlter major crops. Hence many
fundamental questions regarding its genetics &ithain unresolved. Cassava is mostly
grown as an intercrop. It offers the advantage dlerible harvesting date, allowing
farmers to keep the roots in the ground until ndedtis tolerance of low field labour
inputs and variability in planting and harvestingtes makes it much less tightly
constrained by seasonality compared with othelesteops. The majority of small-scale
cassava farmers worldwide are self-reliant and@®i¥iding for their planting materials
with a few having access to planting material frdmeeding programmes (Manu-
Aduening et al2005). In managing their crops to meet their nded$ood or cash the
small-scale farmers are involved in various aa@sgitwhich include choosing which
variety to grow, the size of the cultivated popigiat allotted to a given variety,
acquisition of the planting material and the petaga to buy or exchange from various
sources. Planting material acquisition strategiedude both saving from previous
harvests and replacing it with cuttings of casssi&ans obtained from other farmers.
These strategies can lead to high turnover of trasi@nd renaming (Doku 1969). During
germplasm collection for the genetic diversity s#sdit was found that many farmers got

their planting materials from ancestors as inhecéafrom one generation to another;
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from distant relatives and some sourced plantinteried from fallowed forest fields with

volunteer cassava seedlings.

Total world cassava use is expected to increase 1't2.7 million ton to 275 million ton
in the period 1993-2020 using the Internationald-Bolicy Research Institute’s (IFPRI)
base line data. A higher prediction of demand amudiycts puts the 2020 production at
291 million ton (Scott et al. 2000). In both prdjeas, cassava use in Africa is equivalent
to 62% of total world production.

In Africa, cassava is used almost exclusively amndmufood (either directly or sold for
consumption). The total cassava consumption mane tloubled from 24 million ton per
year in the early 1960’s to 58 million ton per yeathe early 2000s (FAO 2006)

Cassava has been grown as a subsistence and fasamee crop in Africa for centuries,
and in the past years its importance as a reliald@ giving acceptable yields with
limited inputs has grown. Cassava as the major ftagle and as a cheap source of
calories is important in ensuring food security Africa and all other countries that
depend on it for livelihood. The small-scale andsistence farmers in Africa have little
opportunity to invest in commercially produced itgue.qg. fertilizers or pesticides
needed to increase their yields, and thus have ptissibility of meeting the increasing
demand for food. Crops that can be produced wittitdid inputs offer a potential of
increasing food security in these countries. Casdakes 10-12 months to mature and
this long growth cycle poses a challenge in breggirogrammes. Breeding of cassava
may take 10-12 years to complete a normal cyclas Tinposes limitations on the
frequency of generating elite genotypes for produactn the light of this, there is a need
to generate new elite material in a relatively stp@riod and with farmers’ readiness to
adopt them in order to achieve the desired foodrg#gan communities that depend on

cassava as their source of livelihood.
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The objectives of this study were to:
1. Evaluate elite genotypes of cassava introduaad CIAT through the National Root
and Tuber Crop Research Institute (NRCRI) into Ghan

2. To employ participatory evaluation to enhandeative adaptation and adoption.

5.2 Material and methods

Ten elite inter-specific hybrid cassava genotypgi®duced from CIAT through NRCRI,
Umudike under the Generation Challenge Programnt@PjGvere tested for yield and
disease resistance with two checks, one IITA rel@asriety in Ghana, TMS 30572,
called Afisiafi and a land race called Sisipe. Tefdhe CIAT genotypes were discarded
due to susceptibility to scale insects, CMD ancemand only eight were evaluated with
two local checks in a study for three years frorf@@6 2009. The first year was used to
multiply the elite planting materials on stationsimgle row plantings at 1 x 1 m and 10
plants per row. The cuttings of 20 cm of selectenns were planted in a RCBD with
three replications for clonal evaluation in 200heTexperiment was conducted in four
locations representing three of the five agro-egickl zones namely Ejura (forest
transition), Pokuase (coastal savannah), Ohawwsi@osavannah) and Fumesua (forest
zone) (data on locations given in Table 4.1). Tl¢ gize was 4 x 10 m and a spacing of

1 x 1 m was used.

5.2.1 On station evaluation

The eight introduced elite cassava genotypes antiitb checks were planted in the field
and at 1IMAP data on vigour, percent establishmedt @VID severity and incidence
were taken per plot in the 2007 and 2008 plantiegssns. Data on disease and pest
reaction at 3, 6 and 9 MAP were also measured.2AMAP the plant height and yield
related data were taken. The number and weightatsrper plot were recorded. The
above ground and the below ground weight were tdkerthe determination of the

harvest index in two of the locations.
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5.2.2 Participatory evaluation

Field evaluation of plant and root characteristics

Each location had 30 farmers drawn from districithiw the region to assess the cassava
genotypes on station during the time of harvesihd?2 MAP, therefore 120 farmers

were involved in the on station evaluation.

The genotypes were evaluated with farmers on stati008 and 2009. After the 2008
evaluation, during the harvesting stage, farmersewandomly selected across the
districts in the regions to assist with the assesgnof the yield and cooking quality

performance of the elite CIAT materials and the thecks on station during a farmer
field day. In 2008, on farm testing was done corenity with an on station trial to

evaluate the genotypes for another season underefasupervision and managed by
researchersThe majority of the respondents (73.3%) had farmesibetween 0.2 to 2.5

acres. A collaborator, who mechanises cassava gioduon a large scale of more than
100 000 ha, has a scheme of growers who feed #saea company. On farm testing was
done with ten of these growers from his distridhe3e growers work closely with the
mechanised farmer who buys their cassava rootedd his starch and high quality
processing factory. A few farmers who cluster atbynocessing companies had farm

sizes of 0.5 ha to 2 ha.

Each farmer prepared up to 0.25 acre of land fantpig the eight CIAT genotypes and
the two checks. The plot size was 4 x 10 m withr fmws at 1 x 1 m spacing. Each plot
contained 40 plants planted under the supervisioresearchers to avoid errors. As a
criterion for cassava variety release, the candidatieties are concurrently evaluated in
the agro-ecological zones in Ghana, on stationanthrmers’ fields. If this is not done
side by side it takes close to five years befoeefiial inspection by the varietal release
committee at the inspection plots. Recently, thestation testing and on farm evaluation
has been done concurrently after enough plantingnaés have been generated, to save
time and fast track the release of new cassavatigsi Routine agronomic practices
were followed. There was no application of ferglg or irrigation, the experiments were

rain fed. Data on the plant vigour, percentagebdistament, CMD incidence and severity
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(on a scale of 1-5 with 1 being clean and 5 thestvmfected), CBB, yield data on the
number of roots harvested, the yield of harvestadsrand plant height), harvest index
and food quality were assessed. A total of 40 fasnoet of the 120 invited for the 2008
harvesting were used for a farmer managed yielduatian on their farms. Structured
questionnaires were administered to assess theedgdant characteristic above ground
and below ground and information on farmer prefeesnon the trials planted at the
station and managed by the scientists. Samplekeotubers were boiled and sensory
evaluation was done to assess the poundabilty @adimass and taste. Data was analysed
with the Statistical Programme for Social Scien¢8®SS 2010) and the field data

analysed with Genstat.

Sensory evaluation

Cassava roots were peeled, cut, washed and bale@0F45 minutes. Three samples
were prepared simultaneously for each test andssasdeby a panel of 30 people. The
panel was selected and trained to evaluate tasit@jrcand mealiness. Participants were
seated and arranged to do independent assessnemtdih lit open shed. The mealiness
was measured by taking a small portion of the bos@mple and pressing it between the
thumb and the index finger. When it is soft and ¢arm a sticky paste then it is
considered mealy. On the contrary the hard andcdiffto press root will not form a
sticky paste and is considered non mealy and deiti@bp ‘ampesi’ (that is boiled and
eaten) or for ‘fufu’. However, non mealy genotypesn be used for cassava dough
‘agbelima’, or dried for ‘konkonte’, cassava chips processed into garComponents
include: mealiness on a scale of 0-3 (0 = non méatymealy, 2 = very mealy and 3 =
excellent), fresh root colour on a scale of 1-3(ellow, 2 = green, 3 = white) and taste
on a scale of 1-3 (1 = bitter, 2 = bland and 3 =etyv(Raji et al. 2007). After evaluation,

farmers were asked to rank the different genotylegending on their preference.

The data was analysed using SPSS Version 16 andntdgsis was mainly descriptive

statistics that employed means, ranges, percensagefarmers’ preferences
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5.2.3 Determination of starch content

Percentage starch content was determined by tlofispgravity method. A sample of 5

kg of each genotype was weighed and weighed agdédmerged in water held in a

receptacle on a balance with gradation for thecbtamalues. The starch amount was

estimated by reading the value when the scale aiasted.

5.3 Results

5.3.1 On station clonal evaluation
The results obtained showed that genotypes CR52A26CR52A-31 had fresh tuber

yields of 48.12 and 60.68 t/ha (Table 5.1).

Table 5.1 On station evaluation of fresh root yiel (t/ha) of CIAT elite genotypes in

four locations in 2007/2008 season

Genotype Fumesua Ejura Pokuase Ohawu Mean
Afisiafi 45.7 42.7 33.9 40.2 40.62
AR14-10 43.3 58.4 23.4 25.7 37.7
AR15-5 47.2 68.9 37.3 41.4 48.70
CR41-10 48.5 21.3 23.4 24.7 29.5
CR42-4 50.1 101.4 27.5 37.8 54.2
CR52A-25 45.1 64.4 39.8 43.2 48.12
CR52A-31 55.2 75.8 54.3 57.4 60.68
CR52A- 4 55.5 50.2 40.6 42,7 47.25
CR59-4 29.6 52.2 25.0 29.4 34.05
Sisipe 50.0 31.9 33.0 45.6 40.12
LSD 8.9 9.5 9.2 10,6 9
Mean 47.0 55.6 334 36.67 43.17
SED 13.8 29.5 15.39 16.7 23.29

LSD=least significant difference SED= standardeof deviation
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Genotype CR 42-4 recorded the highest yield of 2G/ha at Ejura but the second
highest yield across all locations. The first seasesults were significantly different
among the locations used. Pokuase was identifiedhaslocation with best plant
establishment, but the lowest yield. However penface of all the genotypes over a
period of two years across three locations showat $isipe, a landrace, produced the
highest yield of 63.34 t/ha followed by CR52A-257(48), CR52A-31 (56.44 t/ha)
CR52A-4 (55.39),and Afisiafi (53.68 t/ha). The rsgamount of starch of (22.52%) was
produced by CR52A-4. The genotype Sisipe was thet reoitable for its mealiness
(Table 5.2).

5.3.2 On station participatory evaluation

At each of the three locations and during harvgsah 12 MAP farmers, processors,

scientists and consumers were brought in to ewalilngt cassava genotypes. Preliminary
results showed that farmers identified the bestotyges based on their preferred

attributes or characteristics (Table 5.3). They Har own perception on healthy and

diseased genotypes and causes for the plant dés@agare 5.1).

Figure 5.1 On station participatory evaluation ofcassava genotypes
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Table 5.2 On station performance of CIAT genotypefor measured traits across three locations for tavseasons 2007-2009

Genotype Root CMD HI DM Starct Architecture CBB Vigour Mealines: Plant

yield(t/h  score (%) (%) stand

a) (plot)
Afisiafi 53.6¢ 2.2¢ 050z 28.2( 18.2¢ 2.8¢ 2.55¢ 3.67 2.33( 12.11(
AR14-10 35.7( 1.5z 0.38: 30.0¢ 17.7¢ 2.8¢ 3.111 3.11 2.56( 12.11¢(
AR15-5 43.4: 1.17 0.55¢ 29.41 16.1¢ 3.0C 3.00C 3.7¢ 2.78( 14.33(
CR41-1C 36.9¢ 1.2¢ 0.36¢ 29.2¢ 20.57 2.6 3.00C 3.8¢ 3.00(C 9.78(
CR4z4 41.11 1.4¢ 0.45¢ 31.0¢ 19.9: 2.67 3.6671 3.7¢ 3.78( 11.00(
CR52A-25 57.4¢ 1.6¢ 0.52¢ 29.9¢ 21.4: 2.7¢ 3.111 3.4¢ 3.33( 12.00(
CR52A-31 56.4¢ 1.7¢ 0.491 29.5¢ 22.17 3.11 2.88¢ 3.7¢ 2.11( 14.56(
CR52A-4 55.3¢ 1.8 0.55¢ 29.81 22.5: 3.11 3.00C 4.11 2.33( 11.00(
CR5¢4 27.2( 1.17 0.328 29.1¢ 20.0¢ 3.3¢ 3.00C 3.5¢ 3.22( 10.78(
Sisipe 63.3¢ 2.2¢ 053t 30.9¢ 19.0C 3.2Z 3.000 4.22 4.22( 9.11(C
LSD (0.05 10.31 0.2C 0.05F 2.4 26C 0.43¢ 0.60C 0.44¢ 0.93: 3.44(

LSD= least signicant difference, CMD=cassava modi&ease, HI= Harvest index, DM= dry matter content
CBB-= cassava bacteria blight
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Table 5.3 Characteristics named by farmers as rease for rejection of cassava
cultivars or genotypes

Reason give Coaste Fores Transition Total
Disease 26 47 - 73
Root ro - 56 - 56
Total 12¢
Indirect measures of resistance to s, diseases or wee

Low vyield 24 54 3C 10¢
Poor soil storag - 7 - 7
Total 11t
Criteria not related to resistance to pests, desasweec

Not poundable into fui 21 53 16 9C
Low price 17 48 19 85
Not good for gal 21 32 - 53
Late maturin - 18 14

Watery tuber - 21 - 21
Poisonous tube - - - -
Bad tast - - - -
Irregular tuber shaj - - 8 8

Reasons for choosing or rejecting a variety

Farmers used several criteria to choose or regstava genotype for cultivation.In the
forest ecological zones farmers rejected cassavetgees with root rot and other
diseases. Low yields was a major reason for rejectithere the ability for in —ground
storage was a minor concern for the forest ecolagiyereas the savanna and the
transition were not concered due to the processingassava in these areas (Table 5.3)
%3 and 49 farmers indicated in the forest zonertbatpoundability is a major reason for
rejection, low price and latematurity and cassaith {ew dry matter content. The major
concern for all the locations was low yield whidte tsavanna, forest and transition had
(24, 54 and 30) respondents indicating would reacgenotype. Indeed it could be
inferred that disease resistant, high yielding high dry matter content genotypes will

be choosen by the farmers.
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A whole range of genotypes with different local rsmwvere grown by the farmers with a
few farmers (12%) cultivating improved varietiefieTmain reasons given for growing
genotypes were for the ability to be pounded orlynead therefore they can be used for
fufu, also high yielding and mature early (Tablé)5.

Table 5.4 Farmers’ reasons for variety preference

Preferred ariety Most importan: Frequenc Percentac
reason

One Good for fufu 14 23.Z
(poundable/mealy
High yieldinc 9 15.C

Two Good for fufu, 9 15.C

ampesi or gari
(poundable/mealy)

High yieldinc 8 13.c
Three Good root tube 7 11.7

shape (maturity)

Architecture 6.7

Assessment of individual genotypes

The individual genotypes were assessed by farnoeerissfutilization. Colour was also an
important consideration and most of the clones vegiteer white or cream except one
clone which was yellow. In terms of mealiness, 50Pthe clones assessed had average
mealiness of 2 (Table 5.5).

Ranking assessment of genotypes in order of importae

Farmers were asked to select the clones that tredgrped and would cultivate on their
individual fields, and the main criteria used byerth were that of poundability or

mealiness, gari processing quality, dry matter @oindnd yield. Farmers’ best varieties in
order of importance were genotypes CR52A-31, CR33AR52A-4 and AR14-10 in

addition to Afisiafi and the landrace Sisipe.
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Table 5.5

Participatory evaluation of CIAT elite genotypes onstation

Clone: Fooduse % Colour % Taste % Mealines %

Afisiafi Gari 63.3 White 56.7 Blanc 55.0 Non-mealy  60.(
AR14-10 Gari 70.7 White 45.0 Swee 23.3 Mealy 28.¢
AR15-5 Fufu 68.7 Crean 417 Swee 68.3 Excellent 38.2
CR41-10 Fufu 40.0 Crean 45.0 Swee 53.3 Very mealy 55.(
CR52A-25 Gari & 63.4 White 61.7 Blanc 46.7 Very mealy 36.7

Agbelima

CR52A-31 Gari 75.3  White 36.7 Blanc 56.7 Non-mealy 66.7
CR52A-4 Fufu 63.3 VYellow 46.7 Blanc 43.3 Nonimealy  38.:
CR59-4 Gari 60.0 Crean 41.7 Blanc 45.0 Non-mealy 50.(
Sisipe Gari 73.6 White  45.0 Blanc  51.7 Non-mealy 83.2

Table 5.6 Ranking assessment of CIAT elite genotypén order of importance

Genotyp Reaso Percentac
CR52A-25 Fufu/Gari/Agbelim:i 23.Z
CR52A-31 Fufu/Gar 26.7
AR14-1C Gari/Fuft 21.7
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Table 5.7 Ranking assessment of genotypes for sgecculinary characteristics

Characteristics assessed

Food use % Colour % Taste % Mealiness %
Afisiafi
Fumesua Gari 60.0 White 60.0 Bland 60.0 Non—mealy 90.0
Ejura Gari 90.0 White 60.0 Bland 55.0 Non —mealy 60.0
Pokuase Gari/Fufu 70.0 White 100.0 Bland 50.0 Mealy 45.0
Ohawu Gari 70.0 White 100.0 Bland 50.0 Mealy 45.0
AR14-10
Fumesua Gari 70.0 White 920 Bland 55.0 Non—Mealy 60.0
Ejura Gari 75.0 White 45.0 Bitter 55.0 Non—Mealy 35.0
Pokuase Gari 50.0 White 90.0 Sweet  50.0 Non—Mealy 50.0
Ohawu Gari 50.0 White 90.0 Sweet  50.0 Non—Mealy 50.0
AR15-5
Fumesua Fufu 45.0 White 60.0 Sweet  55.0 Excellent 70.0
Ejura Fufu 65.0 Cream 55.0 Sweet  85.0 Very —mealy 50.0
Pokuase Fufu/Gari 90.0 Cream 90.0 Sweet  65.0 Mealy 45.0
Ohawu Fufu/Gari 50.0 White 90.0 Sweet  50.0 Mealy 50.0
CR41-10
Fumesua Fufu 30.0 White 40.0 Bland 50.0 Mealy 55.0
Ejura Fufu 95.0 Cream 65.0 Sweet  75.0 Mealy 80.0
Pokuase Gari 85.0 Cream 95.0 Bland 40.0 Non—mealy 70.0
Ohawu Gair 50.0 White 90.0 Sweet  50.0 Non—mealy 50.0
CR42-4
Fumesua Agbelima 30.0 White 55.0 Bland 85.0 Non—mealy 45.0
Ejura Fufu 60.0 White 45.0 Bland 45.0 Mealy 65.0
Pokuase Fufu 90.0 Cream 75.0 Sweet  35.0 Mealy 80.0
Ohawu Fufu/Agbelima 50.0 White 65.0 Bland 40.0 Mealy 35.0
CR52A-25
Fumesua
Ejura Gari 45.0 White 40.0 Bland 80.0 Non— mealy 65.0
Pokuase Fufu 50.0 White 80.0 Sweet  80.0 Mealy 60.0
Ohawu Fufu 50.0 White 65.0 Bland 40.0 Mealy 35.0
Agbelima 50.0 White 65.0 Bland 40.0 Non— mealy 35.0
CR52-31
Fumesua Gari 45.0 White 40.0 Bland 80.0 Non—mealy 65.0
Ejura Fufu 50.0 White 80.0 Sweet  80.0 Mealy 60.0
Pokuase Fufu/Agbelima 50.0 Cream 65.0 Bland 40.0 Mealy 45.0
Ohawu Agbelima 50.0 White 65.0 Bland 40.0 Non=mealy 30.0
CR52-4
Fumesua Gari 45.0 White 40.0 Bland 80.0 Non—mealy 65.0
Ejura Gari 50.0 White 80.0 Sweet  80.0 Non —mealy 60.0
Pokuase  Agbelima 50.0 White 65.0 Bland 40.0 Non—mealy 35.0
Ohawu Agbelima 50.0 White 65.0 Bland 40.0 Non— mealy 35.0
CR59-4
Fumesua Gari 45.0 White 40.0 Bland 80.0 Non— mealy 60.0
Ejura Gari 50.0 White 80.0 Bland 80.0 Non—mealy 65.0
Pokuase  Agbelima 50.0 White 65.0 Bland 40.0 Non—mealy 30.0
Ohawu Agbelima 50.0 White 65.0 Bland 40.0 Non— mealy 40.0
Sisipe
Fumesua
Ejura Fufu/Gari 45.0 Yellow  40.0 Sweet  80.0 Mealy 65.0
Pokuase Fufu/Gari 50.0 VYellow 80.0 Sweet  80.0 Mealy 67.0
Ohawu Agbelima 50.0 Cream 65.0 Bland 40.0 Non— mealy 35.0
Gari/Agbelima 50.0 Cream 65.0 Bland 40.0 Non— mealy 35.0
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The farmer preferences for genotypes are givenainlel'5.8, and farmers indicated that

they would like to plant these clones on their fewrmhere were similarities in terms of

reasons given for selecting these clones. Clones wieosen because of their culinary

attributes, no disease (clean), high yield and gawoxhitecture (closes canopy hence

smoulders weeds and reduces weeds infestatiomnhefarcould generate good income

from these new genotypes. (Table 5.7) In termshef dreferences by ecological zone

(Table 5.9) AR14-10 and CR52A-25 were preferredlinhe zones.

Table 5.8 On station best three preferred genotypewith reasons for selection, by

location

Fumesu AR14-10 CR52A-25 CR52A-31 Good for fufu
(poundable) , high
yielding, ampesi and
clean

Ejure AR14-10 CR52A-25 Good for fufu, and fo
ampesi

Pokuas CR52A-25 Good for gari an
ampesi, high yielding and
good architecture

Ohawt CR52A-4 CR 52A-25 Good for gari an

ampesi, high yielding and
good architecture

Table 5.9 On-farm best three preferred genotypes bgcological zone

Forest zon AR14-1C
Ashanti

Foresttransition AR14-1C
Ejura/BA

coastal CRb52A-25
savannah

GA region

Coasta CR52A-4
savannah and

Volta region

CR52A-25 CR52A-31

CR52A-25

CR52A-25

Good for fufu
(poundable) , high
yielding, ampesi and
clean

Good for fufu, and fo
ampesi

Good for gari an

ampesi, high yielding and
good architecture

Good for gari an

ampesi, high yielding and
good architecture
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5.4 Discussion

Of the 10 interspecific hybrids developed with CMBd green mite resistance selected
with MAS in CIAT, eight had resistance and two wéeavily susceptible. Two of the
genotypes had CMD incidence of 100% and CMD sewefiscore 5 and were discarded
after the first year (2006 season). The remainighteéested with the two checks showed
yields better than the checks. However, the roohfand shape, texture and rind colour
were not so appealing to farmers. The on farmrtgstone on the genotypes and farmers
checks showed that farmers consider utilizatioisetection of varieties. The attributes
the farmers used were similar across all agro-gowdd zones. In the coastal savannah,
Pokuase research station and community where Ga$sash root tubers are processed
into cassava dough “abgelima” and “gari”, genotypesh as CR52A-25 and CR52A-4
were preferred due to its high yield, dry matted amot form. Most of the genotypes had
an average score on suitability for fufu as 2. enotypes would be suitable for

processing.

The released IITA variety, TMS 30572 called Afisiaf Ghana (meaning everywhere)
and resistant to CMD, has been used by farmersvasety useful for processing, yields
are stable and higher than in the land races. Tlademge with TMS 30572 in recent
times is its susceptibility to CMD (Moses 2008) eTbuildup of the virus inoculums after
several years of cultivation has resulted in redugelds. Studies conducted with cassava
farmers in Uganda showed that farmers had attrsbutbich they used to select or
abandon genotypes. A similar observation was mduenviarmers described the various
cassava diseases and indicated the symptoms aged (ftanfection (Manu-Aduening et
al. 2005). At the on station participatory evaloatifarmers selected and took with them
stakes or stems of genotypes they preferred. Tassawclear indication of the interest of
farmers for new genotypes. The materials selecyetatmers had high starch and dry
matter content and high vyields. The introduction fafmers to participate in the
evaluation of on station evaluation and the schefmenning the on farm and on station
evaluation concurrently helps to cut down the nundieyears for developing a cassava
variety. As selected materials are at an advantage stowards varietal release, this

marks the usefulness of participatory breeding.
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5.5 Conclusions

Farmers made their choices based on their experi€denotypes were selected because
they gave high yields, had good architecture, beduar healthy plants, high dry matter
content or starch and superior cooking charackesisind taste. Farmers made informed
decisions that guided their choice or rejectiongefhotypes. The most preferred elite
CIAT varieties across all the agro-ecological zotested were CR52A-25, AR14-10,
CR52A-4 and CR52A-31. A community where “gari” isopessed close to the Pokuase
Research station has adopted the materials thégrg@e from the on farm and on station
evaluation in which they participated. The genosygeave become popular in the

community, even though they have not been offigiedleased.
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CHAPTER 6

STABILITY ANALYSIS OF CIAT ELITE GENOTYPES AND SELE CTED F1
DIALLEL PROGENIES

Abstract

Stability of eight CIAT elite cassava genotypesdcbfer CMD and green mite resistance
was evaluated in a RCBD with three replicationsraveee agro-ecological zones of
Ghana for two seasons. Likewise 14 selected Flemieg from the diallel experiments
described in Chapter 4 were evaluated for staliityone season over four locations in
an RCBD with three replications. The genotype CR5howed remarkable resistance to
CMD but had low yields. Afisiafi, CR52A-4, CR52A-3nd Sisipe recorded the highest
yields. CR52A-25 was found to be the highest yrdir1l clone, but very unstable. The
relative magnitude of the main effects and theienactions for the traits measured as
proportion of the total sum of squares showed gjesmiotype main effect impacted more
on root weight, CMD and dry matter than the othéeats, indicating that the traits can
be improved by direct selection. High variabilityisg¢ed among the cassava clones for the
traits studied. The AMMI biplots presented excdllgraphical presentation of the data in

terms of mean yields and stability.

6.1 Introduction

A major aim for cassava breeding is the genetimaeodment that aims at increasing
cassava productivity through the use of broad-baspdoved germplasm that combines
multiple disease resistance ability with high yieldd other desirable traits (Aina et al.
2009). The conservation and maintenance of valugealeetic resources such as
landraces could help achieve this. To broaden ¢émetic base, germplasm with unique
traits can be introduced and introgressed intotiegisgermplasm. Cassava contributes
16-22% of the AGDP of Ghana. Most of the cassaweayred is consumed in the form
of “fufu” and “gari” but there are many small-scaaterprises currently in Ghana that

process cassava into diverse foods and starcimdosirial uses (Manu-Aduening et al.
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2006). Cassava also has tremendous potential dsde@nimal production and other
industrial uses such as starch and ethanol andoith processing, pharmaceutical, and

paper and textile industries (Al-Hassan 1993).

Locally adapted cassava landraces constitute agradtpart of the traditional diet in Sub-
Saharan Africa, Asia and Latin America (FAO 2002¢vertheless, a number of African
cassava landraces possess certain agronomic addyf@dity characteristics that could
potentially be utilized for further quality and plectivity improvement (Raji et al. 2007).
Despite this, the use of African genetic resourmgscassava improvement has been
limited compared to the resources from Latin Ameerand Asia. One of the factors
impeding the development of African landraces heenltheir shy flowering habit. Other
major constraints include lack of information orbeu quality and agronomic traits
(Ceballos et al. 2004; Chavez et al. 200bandraces therefore constitute important

starting material from where desirable traits candpped for improvement purposes.

Cassava is a rich source of carbohydrate cultivateter different edaphic and climatic
conditions throughout the world, because of itsicefht carbohydrate production

(Kawano 2003). As a consequence of its diversepingpconditions, cassava shows a
strong and significant G x E interaction effect Kkda 1996; Kvitschal et al. 2009),

which makes selection difficult. Selection for stipe cassava genotypes should be
performed taking G x E interaction into considematiA detailed assessment of G x E
interaction, magnitude and significance is impdrtemensure greater precision in the

release of high yielding and stable genotypes @¢hial et al. 2009).

Stable yield plays a major role in developing coest where small-scale farmers,
particularly those living in marginal areas, arerkuag towards risk-minimization
(Adugna and Labuschagne 2002). Farmers prefer stanatty superior performance of
genotypes on their farms, adapted to other comditend needs, and which have a high
degree of stability over time (Ceccarelli 1994)x@n et al. (1994) defines this G x E
interaction as the change in a cultivar's relagpggformance over environments from

differential response of the cultivar to variouggkic, climatic and biotic factors.
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Cassava germplasm enhancement programmes sholldosegden and improve the
genetic base of the cassava crop in Africa and teainits adaptability through
population improvement targeted to specific agrol@gical zones. It is therefore
necessary to develop new cassava varieties andleéot oreeding material for target
environments. Each ecological zone has specifiteriges and objectives because of the

diversity of the environment, utilization and locainsumer preferences.

Cassava genotype improvement should be done ummydces and introduction of elite

genotypes to broaden the genetic base and to ineedemand for new varieties that
satisfy the requirements of end-users. This induligher starch yield, mealiness and
stable fresh root yield. The objectives of thisdgtwvere to evaluate the performance of
cassava breeding clones and CIAT elite materiatlsree agro-ecological zones in Ghana
to assess their yield stability. Specifically:

1 To evaluate the influence of genotype (G), emnment (E) and G x E interaction on

fresh root yield and dry matter percentage and GiHistance.

2. To test variability in root yield of cassavars as influenced by environment

3. To determine the stability of clones with regpecCMD resistance and root yield,

starch and dry matter content.

6. 2 Material and methods

Three locations representing different agro-ecalagzones were used for this study. The
locations were Pokuase (coastal savannah), Fumi@stest zone) and Ejura (forest
savannah transitional zone) (data on locationsgind able 4.1 in Chapter 4).

6.2.1 Background of genotypes

A total of 320 landraces were collected from allrégions of Ghana and the diversity
studied (Chapter 3). Heterotic pools identified evased to select parents for crosses. At
the end of the study, heterotic pools that weratifled were used to select parents to do
crosses so that heterosis can be tapped (Chapt&@ud)of the diallel crosses 12 F1

genotypes and two checks were selected for clovellation in four locations for the
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2010 season (Table 6.1). The F1 progenies werectedlebased on their yield
performance and CMD resistance. The eight CIAT ggres evaluated in Chapter 5
were also analysed in this study, together with ¢tWecks, Afisiafi and Sisipe (Table 6.2).

Table 6.1 F1 progenies used for clonal evaluation

Code Pedigree Pedigree Remarks Source
Male Female

progenitor  progenitor

Debor - - Progenitor Landrace
Afisiafi - - Progenitor IITA TMS30572
Dad07 Dabodabo Debor F1 progeny Forest diallel
Dad06 Dabodabo Debor F1 progeny Forest diallel
Dad02 Dabodabo Debor F1 progeny  Forest diallel
Dabu02 Dabodabo Tuaka F1 progeny  Forest diallel
Dafe01 Dabodabo Afebankye F1 progeny  Forest diallel
Daba0ll Dabodabo Agric F1 progeny  Forest diallel
Delag05 Debor Lagos F1 progeny Forest diallel
Delag06 Debor Lagos F1 progeny  Forest diallel
Delag07 Debor Lagos F1 progeny  Forest diallel
Alag07 Agric Lagos F1 progeny Forest diallel
Alag26 Agric Lagos F1 progeny Forest diallel
Bnaf01 Bosomnsia  Afisiafi F1 progeny  Savannah diall
Bnaf03 Bosomnsia  Afisiafi F1 progeny  Savannah diall
Bnaf06 Bosomnsia  Afisiafi F1 progeny  Savannah diall
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Table 6.2 CIAT cassava genotypes used for the cldrexperiment

Genotypes Source
Afisiafi [ITA material rebsed in Ghana
AR14-10 CIAT
AR15-5 CIAT
CR41-10 CIAT
CR42-4 CIAT
CR52A-25 CIAT
CR52A-31 CIAT
CR52A-4 CIAT
CR59-4 CIAT

Sisipe Local check

6.2.2 Field studies

Field studies were carried out on-station and t#fisn of the CRI in the forest, coastal
and transitional zones of Ghana. The F1 clones plarged across the various locations
with two checks, Debor and Asifiasi. Meteorologieald soil data were sourced from
the Meteorological Services Department Officesatuvarious locations where the study

was conducted and also from the Soil Researchuts{Chapter 4, Table 4.1).

The field establishment of the trials was donéege different dates for the two locations.
Cassava stem cuttings of 25 cm were planted ifigheé at Fumesua on 1Rine 2009,
Pokuase on 22 June 2009 and Ohawu on 29 June PB@%lots were four rows at 1 m x
1 m spacing and 10 plants per row, 40 plants petr fhe experimental design was a

RCBD with threeeplications.

The second experiment was the evaluation of CIAE ehssava clones in four locations
in the three agro-ecological zones for two seasohs. trials were planted from 2007-
2009. The experiment was planted as a RCBD witbethieplications. Replacement of
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cuttings which did not sprout was done two weekergblanting. The experiment was
planted under rain-fed conditions. Four hand wegglivere done at one, four, seven and
10 MAP.

Harvesting was done at 12 MAP. The pest and disseses were recorded during the

growth cycle. At harvest, yield data was collected.

6.2.3 Disease assessment

Disease assessment was done at 1, 3 and 6 MAP bas#te scale described by a
Reference Manual (IITA 1990). Symptom severity whegermined by inspection of
leaves or stem depending on disease type. Tersplgotesenting the plot were sampled.

Cassava Mosaic Disease (CMD)

Scoring for CMD was done at 1, 3 and 6 MAP using fitllowing scoring system: No
symptoms — 1

Mild chlorotic pattern on entire leaflets — 2

Strong mosaic pattern on entire leaf — 3

Severe mosaic and distortion of two-thirds of letsf 4

Severe mosaic and distortion of four-fifths of letf - 5

6.2.4 Yield and yield components of cassava roots

Fresh weight of storage roots/plot
The weight of the storage roots of 10 plants ahdamrvesting was measured using a
hanging scale.

Harvest Index = Root weight/Total biomass

Where total biomass = tuber weight + top weight
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Dry matter percentage
Dry matter percentage was determined from a ranblalin sample of two to four plants
from the 10 plants harvested per plot. Duplicatm@as of 100 g of fresh roots were
dried at 105C for 48 h in an air-drying oven to estimate thg @eights.
Hence DM (%) = Fresh weight100%
Dry weight

Determination of starch content

Percentage starch content was determined by tlofispgravity method. A sample of 5

kg of each genotype was weighed and weighed agdédmerged in water held in a
receptacle on a balance with gradation for thecbtamalues. The starch amount was

estimated by reading the value when the scale aiasted.

6.2.5 Statistical analysis

The additive main effects and multiplicative inran (AMMI) statistical model
(MATMODEL 2.0, Gauch 1993) was used to analyse yiidd data to obtain AMMI
analysis of variance and mean estimates. Agron@nd biotic constraints data were
analysed using GENSTAT and Least Significant Défere (LSD) was used to separate

the means where significant differences existed.

6.3 Results

6.3.1 Yield performance and stability of F1 genotygs over four locations

Combined analysis of variance using the AMMI Matrloididicated that genotype main
effect was highly significant (P<0.001) for all éraits. Location was highly significant
(P<0.001) for CMD and for harvest index and siguaifit (P<0.05) for root weight (Table
6. 3) but was not significant for dry matter contéable 6.4). Interaction (G x E) effect
was highly significant (P<0.001) for harvest indewot weight and CMD, starch
(P<0.01) and dry matter (P<0.05).
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The relative magnitude of the main effects andrtimeractions (Tables 6.3 and 6.4) for
the five traits measured as proportion of the tetah of squares showed that genotype
main effect impacted more on root weight, CMD amg ihatter than the other effects
and interactions. Interaction effect impacted moneharvest index , CMD and starch

than the main effects.

In the AMMI analysis of stability and adaptabiliiyr the traits, two principal component
axes (IPCA’s) were necessary to explain the wholeEsinteraction. The first IPCA was
significant (P<0.001) for harvest index, root wejgBMD and (P<0.01) for dry matter
and starch and explained 76.6%, 66.2%, 89.4%, 83## 76.5% of variation
respectively. On the other hand, the second IPCA wsignificant (P<0.05) for only
harvest index and root weight (P<0.01). For thesefigures, IPC1 was plotted against

IPC2 and not against the main effect as for theratharacteristics.
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Table 6.3 AMMI analysis of CMD score, root weight ad harvest index of F1

genotypes

Sourct Df S¢ MS % Total % Interaction
SS SS

CMD score

Total 167 93.7C 0.561

Treatment 41 76.65 1.869*

Genotype 13 52.2¢ 1.022* 55.¢

Environment 2 1.7C 0.85(** 1.¢

Block 9 0.8¢ 0.09:

Interacticn 26 22.6¢ 0.871* 24.2

IPCA 1 14 20.28 1.44¢* 89.4

IPCA 2 12 2.41 0.201 10.€

Error 117 16.22: 0.13¢

Root weight

Total 167 31671 189.¢

Treatment 41 2039( 497.3*

Genotype 13 11891 914.7%**

Environment 2 1491 745.¢¢

Block 9 122C 135.0*

Interacticn 26 700¢& 269.0*

IPCA 1 14 464; 331.¢**

IPCA 2 12 2368 197.7* 66.2

Error 117 1006: 8¢€

Harvest index

Total 167 1.233: 0.0073¢

Treatment 41 0.771¢ 0.0188:**

Genotype 13 0.350¢ 0.0269%* 28.4

Environment 2 0.064: 0.0321** 5.2

Block 9 0.043¢ 0.0048t

Interactin 26 0.357: 0.0137* 29

IPCA 1 14 0.273¢ 0.0195#* 76.€

IPCAZ 12 0.083¢ 0.0069* 23.L

Error 117 0.0035" 0.0035

**P<0.001 *P<0.05
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Table 6.4 AMMI analysis of dry matter content and sarch content of F1 genotypes

Sourct Df S¢S MS % Total % Interactiol
SS SS

Dry matter content

Total 167 1668.: 9.9¢

Treatment 41 1121.C 27.32*

Genotype 13 941.1 72.47* 56.4

Environment 2 9.€ 4.7¢ 0.€

Block 9 87.2 9.7C*

Interactin 26 170.1 6.5¢4* 10.Z

IPCA 1 14 142.7 10.1¢* 83.C

IPCAZ 12 27.4 2.2¢ 16.1

Error 117 459.¢ 3.9:

Starch content

Total 167 2263.c 13.5¢

Treatment 41 1070.. 26.10C*

Genotype 13 487.¢ 37.4* 21.t

Environment 2 84.€ 42.3% 3.7

Block 9 98.1 10.9(

Interactin 26 498.1 19.1€** 22

IPCA 1 14 381.C 27.22* 76.5

IPCAZ 12 117.1 9.7¢ 23.t

Error 117 1095.; 9.3¢

**P<0.001 *P<0.05

The AMMI biplot graphically represents the relabips between the means of the main
effects and the first principal component axis #Gcores of the G x E interaction of
both genotypes and environment for root weight, mgtter, harvest index, CMD and
starch (Fig 6.1-6.5). The treatment sum of squesgs partitioned into two components;
88.4%, 97.5%, 89.2%, 96.8% and 89.0% due to patmain effects and IPCA) and
11.6%, 2.5%, 10.8%, 3.2% and 11% as residue fdarwe@ht, dry matter, harvest index,

CMD and starch respectively.

Dad02, an F1 progeny of the forest diallel and Debdandrace and a progenitor were
identified as the highest yielding genotypes fastraveight, with Debor being the most
stable genotype. Alag26 was adapted to Envl an@ Brymesua and Ohawu) fig 6.1.
Two of the F1 genotypes Alag07 and Delag06 good wight and were moderately
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stable (Figure 6.1). Most of the genotypes shoviablilty and an appreciable content of
dry matter but Delag07 was identified the most Istdbr the trait (Figure 6.2). Two
environments Env 2 and 3 (Ohawu and Pokuase botheircoastal savannah ecology
were similar and showed no difference (Figure @&ba01, Alag07, and Delag07 were
more adapted to Envl (Fumesua) Figure 6.3. Alag26 eonsidered as the most stable
genotype for harvest index, with Dabu0Ol1 and Dadf@wsng high and fairly stable
performance (Figure 6.3). Afisiafi had the high€WD score. Delag05 and Delag06
were the most stable genotypes for CMD but Dad@Ptha lowest score for the disease
(Figure 6.4). The most stable genotypes for staxmftent were Delag07, Bnaf03 and
DabuO1 but they recorded low starch values. Dalba@llthe highest starch content with
moderate stability (Figure 6.5).
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Figure 6.1 Biplot of the first AMMI interaction (IP CA) scores (Y-axis) plotted
against main effects (X-axis) of root weight for 14cassava genotypes in three
environments

ENV1 = Fumesua, ENV 2 = Ohawu, ENV 3 = Pokuase
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Figure 6.2 Biplot of the first AMMI interaction (IP CA) scores (Y-axis) plotted
against main effects (X-axis) of dry matter for 14cassava genotypes in three
environments

ENV1 = Fumesua, ENV 2 = Ohawu, ENV 3 = Pokuase
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Figure 6.3 Biplot of the first AMMI interaction (IP CA) scores (Y-axis) plotted
against main effects (X-axis) of harvest index foll4 cassava genotypes in three
environments

ENV1 = Fumesua, ENV 2 = Ohawu, ENV 3 = Pokuase
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Figure 6.4 Biplot of the first AMMI interaction (IP CA) scores (Y-axis) plotted

against main effects (X-axis) of CMD score for 14 assava genotypes in three

environments
ENV1 = Fumesua, ENV 2 = Ohawu, ENV 3 = Pokuase
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Figure 6.5 Biplot of the first AMMI interaction (IP CA) scores (Y-axis) plotted
against main effects (X-axis) of starch content fol4 cassava genotypes in three
environments

ENV1 = Fumesua, ENV 2 = Ohawu, ENV 3 = Pokuase
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The results showed that one check and one of thprédenies (Bnaf0l1) and Afisiafi
recorded high scores for CMD and Dad02 was idewtifis the most stable genotype for
the five traits studied

6.3.2 Yield performance and stability of elite CIATgenotypes across three locations

for two seasons

The clones showed mild symptoms in response to @llDss the three locations. All the
elite genotypes showed milder symptoms to the des¢han the checks (Table 6.5).
There were significant differences among the clanethe combined analysis. All the

elite clones had average root yield of 35 t/ha orarexcept CR59-4 (27.20 t/ha) but this
genotype recorded the least response to CMD. Alggnotypes from the CR52A family

recorded the highest starch content and root wéigdtile 6.5).

Table 6.5 Mean root weight, harvest index, starchCMD and dry matter of 10 CIAT

elite cassava clones across three locations for tyyoowing seasons

Genotype Root yielct/he CMD score HI DM Starcl

Afisiafi 53.6¢ 2.2¢ 0.50z 28.2( 18.2¢
AR14-1C 35.7( 1.52 0.38: 30.0¢ 17.7¢
AR15-5 43.4: 1.17 0.55¢ 29.4] 16.1¢
CR41-10 36.9¢ 1.2¢ 0.36¢ 29.2¢ 20.57
CR4z4 41.1] 1.4« 0.45¢ 31.0¢ 19.97
CR52A-25 57.4¢ 1.6¢ 0.52¢ 29.9:¢ 21.42
CR52A-31 56.4¢ 1.7¢ 0.491 29.5¢ 22.1
CR52A-4 55.3¢ 1.8 0.55¢ 29.81 22.52
CR5¢4 27.2( 1.17 0.32¢ 29.1: 20.0¢
Sisipe 63.3¢ 2.2¢ 0.53¢ 30.9¢ 19.0(
LSD (0.05) 10.31 0.20 0.055 2.44 2.60

The AMMI biplot (Figure 6.6) showed that environnheexplained 40.62%, genotype
32.86% and the IPCAL 19.8% reflecting 93.3% of rihet weight variation. The biplot
showed Sisipe, Afisiafi, Cr52a-4 and Cr52a-31land 6RA-31 as high yielding
genotypes. Genotypes Cr42-4 and Cr59-4 were thd stable but their yields were

below the average yield. Cr52a-25 also had a highd ybut was the most unstable
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genotype. Afisiafi was identified as the most prcitiee variety in terms of stability and
root weight. It supports the fact that it is a asled variety and has been tested across
locations in Ghana, therefore can be used in adbrgepropramme to develop
populations. AR15-5 was more adapted to Env4 (FumeSeason 2) and CR52A-25 was

adapted to Envl (Fumesua: Season 1), Env 2 (Oh&eason 1) and Env 3 (Pokuase:

Season 1).
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Figure 6.6 Biplot of the first AMMI interaction (IP CA) scores (Y-axis) plotted
against main effects (X-axis) of root weight for CAT cassava genotypes in three
environments and two seasons

ENV1 = Fumesua year 1, ENV 2 = Ohawu year 1, EN¥ Bokuase year 1, ENV4 =
Fumesua, year 2, ENV 5 = Ohawu year 2, ENV 6 =uBek year 2

The AMMI biplot for the mean root yield and statyiliof the genotypes studied (Figure
6.7) is based on the distance of the genotypes ttendouble arrow line, Cr52a-4,
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Afisiafi and Sisipel66 had the highest mean rooigite Afisiafi, Cr59-4 and Cr42-4

which were close to the single arrow line were tdexd as being stable. Afisiafi was
selected as the most productive genotype becausglofyield and stability as Cr52a-25
was identified as the most unstable genotype. Shigports the result of Figure 6.6

above.
PC1=T45% PCZ=145% Sum=89%  ____
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Figure 6.7 Biplot of the first AMMI interaction (IP C1l) scores (X-axis) plotted
against the second interaction (IPC2) scores (Y-a)i for root yield for CIAT
genotypes for three locations and two seasons

ENV1 = Fumesua year 1, ENV 2 = Ohawu year 1, EN¥ Bokuase year 1, ENV4 =
Fumesua year 2, ENV 5 = Ohawu year 2, ENV 6 = Bs&wyear 2
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Dry matter was highest in genotype Cr42-4 as showrFigure 6.8. Cr41-10 was the
most stable but with average dry matter. Cr52a-@idgd 57 t/ha and was a stable
genotype for root yield, thus the most productive.
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Figure 6.8 Biplot of the first AMMI interaction (IP CA) scores (Y-axis) plotted
against main effects (X-axis) of dry matter contenfor CIAT cassava genotypes in
three environments and two seasons

ENV1 = Fumesua year 1, ENV 2 = Ohawu year 1, EN¥ Bokuase year 1, ENV4 =
Fumesua year 2 , ENV 5 = Ohawu year 2, ENV 6 = Bekwear 2
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Cr42-4 and Cr59-4 were identified as the most stét harvest index but in terms of
productivity and stability, Cr42-4 and Cr52a-4 werdected because of their moderate
yield and stability (Figure 6.8).

PC1 =75%, PC2Z = 13.1“.-&f5i.|’m =88.1%
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Figure 6.9 Biplot of the first AMMI interaction (IP C1l) scores (Y-axis) plotted
against the second interaction (IPC2) scores (X-a)i for harvest index for CIAT
genotypes for three locations and two seasons

ENV1 = Fumesua year 1, ENV 2 = Ohawu year 1, EN¥ Bokuase year 1 ENV4 =
Fumesua year 2 = ENV 5 = Ohawu year 2 ENV 6 = Bs&wyear 2

Afisiafi and Cr52a-31 were considered to be thetraffected genotypes by CMD based
on their projection to the X-axis (Figure 6.10).i9Indicates high susceptibility to the
disease. The genotypes demonstrated variable CME2 stability across environments,
indicating environmental specificity for the incitee of the disease. Genotype Crl14-10
had the lowest CMD score. Cr42-4 and Cr52a-25 wesemost stable compared to the
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other genotypes, but Cr42-4 was selected becautseloiv CMD score. This can be used

in a cassava breeding programme.
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Figure 6.10 Biplot of the first AMMI interaction (I PC1) scores (Y-axis) plotted
against the second interaction (IPC2) scores (X-a8)i for CMD score for CIAT
genotypes for three locations and two seasons

ENV1 = Fumesua year 1, ENV 2 = Ohawu year 1, EN¥ Bokuase year 1, ENV4 =
Fumesua year 2, ENV 5 = Ohawu year 2, ENV 6 = Pekyaar 2

Combined analysis of variance indicated that adl sources of variance were highly
significant for harvest index (Table 6.6). Genotypain effect and Genotype x Year (G
xY) were highly significant (P<0.001) for all fiveraits studied except dry matter.
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Location main effect was not significant for rooeight and dry matter. Genotype X
Location x Year (G x L x Y) was highly significa(®<0.001) for harvest index, (P<0.05)
for starch and CMD (Table 6.6), (P<0.01) for hatveslex, (P<0.05) for root weight
(Table 6.6). The relative magnitude of the maireet$ and their interaction (Tables 6.6)
for the five traits measured as proportion of tbéalt sum of squares showed that
genotype main effect impacted more on root yiellBCand harvest index than the other
effects and interaction. G x L and G x Y effectpanted more on dry matter and starch
respectively than the main effects.

Table 6.6 Mean squares for five traits in 10 elitecassava genotypes evaluated in

three locations for two seasons

Sourct DF Root yielc  Starct DM HI CMD

Genotype (C 9 2506.47**  72.30** 13.1¢  0.128* 2.8

Location (L 2 178.3: 321.37** 7.0t 0.10F**  1.5C**
Reg 6 890.3: 5.0t 10.6¢  0.047** 0.0¢
G*L 18 464.04* 25.9% 11.7¢ 0.02% 0.1&
Year (Y] 1 10178.66*** 168.0%* 3.04 0.037**  17.3¢**
L*Y 2 3290.02**  114.5¢* 3.04 0.27F** 0.2¢
G*Y 9 1458.50***  87.20** 8.5¢ 0.06&**  0.5€**
G*L*Y 18 384.2¢ 29.6¢& 8.5¢ 0.01¢** 0.1¢*

*** P<0.001, ** P<0.01, * P<0.05, DM = dry matteontent, HI = harvest index, CMD =
cassava mosaic disease
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Table 6.7 Sum of squares for 10 elite cassava geyy¢s evaluated in three locations

for two seasons

Sourct DE SE< % Total SS

Root vielc

Genotype (C 9 22558.2: 22.2¢
Location (L’ 2 356.6¢ 0.3t
Rep(L 6 5341.8¢ 5.27
G*L 18 8352.7¢ 8.2¢
Year (Y 1 10178.6! 10.0:
L*Y 2 6580.0! 6.4¢
G*Y 9 13126.5! 12.9¢
G*L*Y 18 6916.5¢ 6.82
Total 17¢ 101442.8

CMD

Genotype (C 9 25.8910:! 37.1¢
Location (L’ 2 3.17677. 4.5¢
Rep(L 6 0.5073: 0.7:
G*L 18 3.1832¢ 4.57
Year (Y 1 17.3640: 24.9¢
L*Y 2 0.52492 0.7t
G*Y 9 5.00561. 7.1¢
G*L*Y 18 3.38736! 4.8¢
Total 17¢ 69.63:

HI

Genotype (C 9 1.1234¢ 26.0¢
Location (L’ 2 0.20228:! 4.6¢
Rep(L 6 0.24718: 5.7¢
G*L 18 0.41594. 9.6¢
Year (Y 1 0.03096: 0.7
L*Y 2 0.54129: 12.57
G*Y 9 0.61277! 14.2¢
G*L*Y 18 0.34871! 8.11
Total 17¢ 4.30¢

DM

Genotype (C 9 118.404: 5.37
Location (L’ 2 14.0976: 0.64
Rep(L 6 63.924: 2.C
G*L 18 211.691. 9.5¢
Year (Y 1 3.04354 0.1¢4
L*Y 2 6.08359! 0.2¢
G*Y 9 77.0703. 3.4¢
G*L*Y 18 154.074: 6.9¢
Total 17¢ 2206.8¢

Starcl

Genotype (C 9 651.482! 12.3¢
Location (L’ 2 642.626! 12.17
Rep(L 6 30.3037 0.57
G*L 18 466.764 8.8¢
Year (Y’ 1 168.03¢ 3.1¢
L*Y 2 229.121. 4.3
G*Y 9 784.785. 14.8
G*L*Y 18 534.29° 10.12
Total 17¢ 5279.20.
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6.4 Discussion

For the F1 progenies, the high genotype but snmaikrenment effects and relatively low
G x E interaction for dry matter content may indécavaluation over fewer environments

to distinguish genotypes with high and stable perénce.

The high impact of genotype on root weight indisdteat evaluation and selection can be
done in fewer environments to distinguish genotywéh high and stable performance
but this is contrary to work done by Ssemakuld.e807) when working on stability of
total carotenoid concentration and fresh vyield elested yellow-fleshed cassava
genotypes. The genotype Debor was identified ddestdhis is an ancient variety that
farmers have kept for years and it is grown in npasts of the country, hence its stability.
The low starch levels observed may be due to ploygical changes that starch
undergoes during the growth cycle, a comprehersivedy would have to factor in time
of harvesting, climatic changes and it may requesting in diverse and multiple
environments to identify genotypes with broad apdc#ic adaptation due to the high
impact of location and interaction. The F1 prog&ad02 with its performance can be
tested on farmers’ field for release, it can alsoused in a breeding programme to
pyramid other sources of CMD resistance to addaedistance to CMD and higher root

yield.

Cassava genotypes with high dry matter, root weayid resistance to CMD can be
identified easily and selection for the traits irsiagle environment can be done. This
multivariate analysis is useful especially where tbcation impacted very little on the
performance of the genotypes. However, G x E ictera on three traits (root weight,

dry matter and CMD) indicates that some genotypag mot respond positively.

In the CIAT trial, Afisiafi was identified as the ost productive variety in terms of
stability and fresh root yield. It supports thetfdmat it is an IITA improved variety (TMS
30572) which had been tested extensively beforelease as a variety. The name given

means ‘every where’ though Afisiafi has CMD as allgnge it can be improved for this
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trait. The mechanised cassava farmers use thisetyaliecause of its stable yield
(personal communication Chris Quarshie, CALTECHaf). Afisiafi has been tested
across locations in Ghana. The study also idedtdienotype Cr59-4 as a CMD resistant
genotype. Although the fresh root yield was pobrgan be used in cassava breeding
programmes. Among the CIAT elite materials genotgp&2A-31 and Cr52A-5 were
high yielding genotypes.

6.5 Conclusions

High variability existed among all the cassava e®CIAT material and F1's) for the

traits studied. The AMMI biplots presented excdllgraphical presentation of the data in
terms of mean yields and stability. The genotypeb@R showed remarkable resistance
to CMD but had low yields. Afisiafi, Cr52a-4, Cr5s31 and Sisipe recorded the highest
yields. Cr52A-25 was found to be the highest ymadiF1 clone, but it was very unstable.
The relative magnitude of the main effects andrtlhetieractions for the five traits

measured as a proportion of the total sum of sgusinewed that genotype main effect
impacted more on root yield, CMD and dry mattemthiae other effects, indicating that

the traits can be improved by direct selection.
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CHAPTER 7

IMPROVING GHANAIAN CASSAVA LANDRACES FOR CMD RESIST ANCE
USING CIAT ELITE GENOTYPES AND MARKER ASSISTED SELECTION

Abstract

CassavaManihot esculent&rantz, is a major staple and food security cropfrica. It
produces large amounts of energy per unit land areker uncertain rainfall and low
fertility conditions compared to other crops. Howgvit suffers from several pests and
diseases that reduce yield by nearly 48 million yearly in Africa, about 50% of its
current production, valued at US$1.4 billion. Thé@2 resistance gene is being
deployed in Africa for breeding in national progmaes. A total of eight CMD resistant
genotypes from CIAT were selected and used forse®svith three cassava landraces
and one IITA breeding genotype. CMD evaluation daise on the 12 parental genotypes
and 525 F progenies comprising individuals pre-selected@MD resistance based on
average severity scores of 1 and 2. Multiple madelysis was used to screen for the
CMD2 gene in this material. Of the tested genotyg§#% showed at least a marker allele
for the CMD2 gene. Two CIAT genotypes (CR52A-31 &mil4-10) had all four marker
alleles associated with CMD?2 indicating that ithe probable source of CMD resistance
in these genotypes. Only two of the local progesittbabodabo and TME11) were
phenotypically identified as resistant. TME11l hdulee alleles (RME-1, 158, 169)
associated with CMD2 while Dabodabo had one maakele (SSRY?28) associated with
the gene. This suggests that Dababo may have ematitve gene or genes than CMD2
for CMD resistance, but this needs to be confirfidte F families showed segregation
for the CMD2 gene. A total of 88 individuals (17%jpd the four marker alleles
associated with the CMD2 gene. A total of 179 imtirals had between one to three
marker alleles each associated with CMD2. A toffaP1 individuals had no marker

allele associated with the CMD2 gene.
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7.1 Introduction

Despite the low average yields of 9 t/ha, over %%e world’s production of cassava is
in Africa. Africa produced nearly 121 million metrion of the total world production of
242 million metric ton in 2008, with Nigeria as tleading producer and Ghana the third
(FAO 2009). Cassava production is seasonless amzkhg used as a food reserve against
famine and plays a major role in reducing food &ges (Egesi et al. 2007). Cassava is
used in different parts of the world. However, gvdloping countries, especially in sub
Saharan Africa, cassava serves as a major foodarrefaple. Its importance to many in
Africa is epitomised in the Ewe (a language spake@hana, Togo and Benin) name for
the plant, “Agbele” meaning ‘there is life’ (Maniduening 2005). Cassava accounts for
a daily calorie intake of 30% in Ghana and it ificated by nearly every farming family
or household (FAO 2006)Over 60% of cassava production in Ghana depends on
landraces, though a number of improved varietie® leeen released since 1993 (Nweke
et al. 1999; Manu-Aduening 2005). The landracedaweyielding and stressed by biotic
factors. Yield losses due to CMD range between 23%-9n susceptible genotypes
(Muimba-Kankolongo and Phuti 1987; Moses 2008)Ghmana, for example, genotypes
susceptible to CMD yield below 10 t/ha in most fargacommunities compared to yields
of 30 t/ha or more that can be obtained from impdgenotypes resistant to CMD
(Moses 2008)In a survey by the collaborative study of cassavaiirica (COSCA),
covering 80% of the cassava cultivated in Africawas found that farmers would
continually abandon some old cassava cultivarsiattdduce new ones (Nweke et al.

1994) indicating a need for better varieties.

A number of diseases affect production of cassav&hana, but the most common is
CMD. The disease is caused by viruses of the gdéwgomivirusin the family
Geminiviridae and transmitted Bemisia tabacithe whitefly, and disseminated in the
stem cuttings used routinely for propagation (Bttal. 2001; Thottappily et al. 2006). It
is the most important disease of cassava and sciassd with national or regional
epidemics flaring up every few decades. Epidemresparticularly ravaging, with root

losses as high as 100% (Jennings 1994; Thresh @0@F¥). Even in the absence of a
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serious outbreak, yield losses of 20% to 90% arangon in farmers’ fields (Muimba-
Kankolongo and Phuti 1987; Moses 2008). Estimabéal trop yield losses due to CMD

on the continent amounts to about US $440 millionually (Thresh et al. 1997).

High disease incidence (disease occurrence in > 80%e plants) in various parts of
Africa, have been attributed to high inoculums fronfected fields, population outburst
of the vector and cultural practices of the farn{€eauquet and Fargette 1990). However,
it is unclear whether the low incidence (diseasgdence < 50%) of disease recorded in
some areas is due to the inherent resistance aftiesr or to the lack of inoculums
(Thresh and Mbwana 1998). The virus can infect alltivars although disease

susceptibility varies greatly (Fauquet and Farge®@0).

The most appropriate and only strategy to overctimaevirus in cassava, is by breeding
for resistance to CMD (Thresh et al. 1997; Lokkale005). CMD resistance should be
introgressed into farmer preferred genotypes. Larel have been considered as a
valuable source for useful genes in breeding progras, including resistance to CMD,
because they contain co-adapted gene complexesoMtiance and adaptation to disease
and specific ecological conditions (Harlan 1975,vete 1998; Akano et al. 2002;
Okogbenin et al. 2007). New sources of CMD resttagenes would be useful for
pyramiding into farmer preferred genotypes.

The conventional breeder has the challenge of surgdor large numbers of progenies
and difficulty in screening at the seedling stadeere most genotypes look vigorous and
healthy until a later stage. There are severalesyof selection (preliminary, advanced
and uniform yield trials) before the multi-locatigield trials, a process that takes not less
than eight years. The number of years requirethimevaluation of promising genotypes,
approximately 10 years, is prohibitive and is atlbaeck to increased productivity.
Hence an effective means to speed up identificadfagenotypes with high performance
is clearly required for effective breeding. Biotaology offers this opportunity with tools
such as Marker Assisted Selection (MAS).
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MAS is the use of DNA markers for selection of widuals with desired traits within a
population, by linking molecular markers to a deditrait. To be of utmost benefit, the
markers should be closely linked to one or mor¢heftarget loci, which may often be
QTLs (Goff and Salmeron 2004). In the past decadamymresearch institutes and
breeding companies have started applying MAS toease the effectiveness of selection
in breeding to shorten the time required developiageties (Ribaut and Hoisington
1998). This has been applied effectively in mamprovement, thus reducing the number
of generations needed for recovery of the recugenome in a shorter time (from eight
to three generations, Frisch et 8899). In maize breeding it has been used to teansf
quality protein maize (QPM) genes, controlled bymatant allele of a gene called
opaque?2 from one elite maize inbred line to anof@@MMYT 1999). In rice, MAS has
centered on pyramiding disease resistance geneScutaly for blight and blast
(Koebner 2003). In cassava, the application of MR&S been developed more recently
compared to other major crops, with the constraatibgenetic linkage maps. Despite the
low saturation of loci in the genetic maps of cassahe marker loci are randomly
distributed over linkage groups and the informatitom these maps has been used in
cassava genetics. The genes for resistance to G leen mapped, including a major
one (CMD2) (Akano et al. 2002). MAS for breeding DMesistance has successfully
been applied for introducing resistance into efene pools at CIAT (CIAT 2003;
Fregene and Mba 2004;Fregene et al. 2007) andi@lsdrogress resistance to cassava
green mite (CGM) and CMD in local Tanzanian vaegt{Kullaya et al. 2004). Precise
identification of genotypes without the confoundieffect of the environment is made
possible (Meuwissen et.&001). The environmental effect or interaction anbjective
nature of characterising using morphological masledone are reduced.

The potential use of the identified genes in cassal be in pyramiding the disease
resistance genes together with those for agrontraiis into one genotype. Several other
factors will also influence the efficiency of theseu of MAS in the future: new
developments and improvements in marker technodogyr as the use of SNPs (Collard
et al. 2005), high density maps and the integratibriunctional genomics with QTL
mapping such as microarray analysis and ESTs (Megand Olivieri 1993; Anderson
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et al. 2004). To enhance the efficiency of MAS, Wiezlge of DNA sequences of the
genes allows the development of the ‘perfect maskbich is actually located within the
interested gene sequence (Collard et al. 2005). afgpdication of knowledge of gene

sequences for useful traits, especially in cassaill a new area.

The objectives of this study were:
1. Tointrogress CMD resistance into farmer prefegedotypes
2. To use MAS to improve selection of cassava intreged with CMD from CIAT
genotypes

3. To search for potential new sources of CMD reststgdrom landraces

7.2 Material and methods

The CIAT genotypes were introduced to Ghana todenahe narrow genetic base of the
germplasm and were first evaluated on station atet bn farmers’ fields (Chapter 5). A

total of eight CMD resistant genotypes from CIATreveselected and used for crosses
with three cassava landraces and one IITA breegiemptype at the CSIR-CRI, Fumesua,
near Kumasi. The number of crosses carried ouwtdoh family and seeds generated are

shown in Table 7.1.

The station is located in the forest zone and & SMD high pressure zone or hot-spot.
The progenitors were planted in single rows in cletgy randomised plots. The CIAT
materials were used as male parents and the threlraces and one IITA breeding
genotype as females. Controlled genetic crosses warrried out between 6-8 MAP.
Fertilized flowers were covered with mesh pollioati bags to prevent pollen
contamination. The F1 seeds of the crosses werestad after eight weeks, and then
dried and tested for viability by floating in wat@eeds that floated were considered not
viable) and planted as F1 progenies. In 2009 Fdlisgs were planted for evaluation at

two locations, Ohawu and Fumesua in high diseassspre zones or hot-spots for CMD.
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Table 7.1 Crosses of progenitors or parental gengtgs and number of F1 progenies

Femalcparen Male paren Number of progenie
Afek CR52A-4 46
CR52A-25 41
CR41-1C 1
TMEII CR52A-31 47
AR15-5 32
CR52A-25 47
CR41-1C 37
CR1z7 9
AR12-5C 14
AR14-12 2
Dalkodab CR52A-4 40
CR52A-31 25
CR52A-25 48
CR41-1C 12
A514-1C 17
AR15-5 17
Tuake CR52A-4 45
CR52A-31 34
AR15-5 32
CR52A-25 28
CR41-1C 5

Figure 7.1c Cassava white fly and mealy bug
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The best progenies were selected for multiplicatiad clonal evaluation in 2010 (data

not given). Climatic conditions for the locatiorre @iven in Table 4.1 in Chapter 4.

7.2.1 Plant materials

The evaluation was done on 12 parental genotypds5a@b kK progenies comprising
individuals pre-selected for CMD resistance basedwerage severity score of 1 and 2
(where 1 is no symptoms on the leaves, and 2 is1wdaves show slight mosaic pattern
symptoms) (Figures 7.la-b). The parental linesuhetl three landraces, one IITA
breeding genotype and eight CIAT developed genatygmreloped for improved CMD

resistance using the CMD2 gene.

Rec st Marker
Frac. ch Id MName

- (5) RME-2
(10.2%) 104 —

{4) RME-1

(4.5 %) 4.5 (1)
(7.1 %) Tl —

- {2) MNS158
(59 %) B0 —

- (3) SSRYZ8

Figure 7.2. Markers and their distances from theD2\jene (Fregene et al. 2001)

7.2.2  Phenotyping

A total of 525 F1 individuals and their parents &vevaluated for CMD in one season.
Two locations (Fumesa and Ohawu) were used fostheening of the CMD reaction of
the genotypes. At Fumesa, 399 genotypes were dgdluahile the remaining 126
genotypes were evaluated for the disease at Ohahai.splitting was done for each
family to have representation in both locationse plrpose for splitting was to assess the

disease reaction in the two major cassava produeigigns so that assessing the F1 with
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end-users and farmers in the location would be éeg®nsive and cost effective. The
effect of the two locations on the performance loé t+1s selected for the clonal
evaluation in the following season has not beenrteg in this study. The virus symptom
severity scores were assessed on a scale of 1dggwvihindicates no symptoms and 5

indicates severe mosaic with distortion of entaf I(IITA 1990).

7.2.3 Marker Assisted Selection

DNA isolation

Fresh young tender leaf samples of the 12 progsndad all the F1 progenies were
isolated using the Qaigen kit. Methodology is agegiin Chapter 3 for the genetic
diversity study.

Marker analysis

Four DNA based markers associated with the CMD2 gemch confers CMD resistance
were used for molecular analysis. They included 86AR marker (RME1) and three
SSR markers (SSRY28, 158 and 169). The genetiargist of the markers from the
CMD2 gene and their sizes is given in Figure 7.Be Pprimer sequence for the four
markers associated with the CMD2 gene is showrainlel 7.2. Two genotypes were also
included as controls for the marker analysis. TheseTME3 which is the source of the
CMD2 gene which was used as the positive controlpfesence of the CMD2 genes
while Nga2 was used as the negative control andralesfor the band (marker allele) for
the CMD2 gene

SSR PCR reaction profile and cocktail mixtures

The PCR amplification reactions were performedGnulvolumes for the three markers
The reaction mixture composition was 50 ng tempiA, 1X PCR buffer, 1.5 Mm
MgCl,, 0.2 mM dNTP, 250 nM each of forward and reverdgengxrs and0.25U Taq
polymerase, 0.5 ul was used for the 10 ul PCR i@acPCR amplification was carried
out in an M&J Thermal cycler. The three SSR mai#&8, 169 and 22RY28) profiles
programmed temperature involved an initial denditomastep of 98C for 2 minutes

followed by 29 cycles at 9 for 30 seconds, annealing at°65for 1 minute and
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extension at 7Z for 1 minute; a final elongation cycle of @ for 5 minutes was
included. Amplification products were left afG4 prior to electrophoresis. The SCAR
marker profile had an initial denaturation of°@5or 2 minutes followed by 34 cycles at
94°C for 30 seconds, annealing afGdor 1 minute and extension at®@for 1 minute, a
final elongation of 72 for 5 minutes. DNA loading dye was added to tf@RP
amplification products and separated by electroggier on 1.5% agarose and 6%

polyacrylamide gels to compile marker profiles tioe SSR reaction.

Table 7.2 Primer sequences for DNA analysis

Name Type of repee Left primel Right prime Product  Ann. MgCl
Position size TempfC) (mM)
SSRY2¢{ SSF TTGACATGAG GCTGCGTGCA# 18C 55 1.t
13.0cM  CT(26)AT(3) TGATATTTTC AACTAAAAT
AC AT(2) TTGAG

15¢ SSF GTGCGAAAT TGAAATAGTGA 16¢ 55 2.5
7.1cM GGAAATCAA TACATGCAAAA

TG GGA
16¢ SSF GTGCGAAAT GCCTTCTCAGC 31¢ 55 2.5
70cM GGAAATCAA ATATGGAGC

TG
RMEI SCAR ATGTTAATGT AGAAGAGGGTA 70C 5C 2.5
4.5cM AATGAAAGA GGAGTTATGT

GC
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Table 7.3 Marker profiles for progenitors or parental genotypes used for crosses

Genotype Parent Source  AvScore SCAR SSRYM;E;keI158 169
1 TME11 ITA 2 1 0 1 1
2 DABO LOCAL 2 0 1 0 0
3 TUAKA LOCAL 3 1 0 0 0
4 AFEB LOCAL 3 0 0 0 1
S AR15-5 CIAT 1 1 0 1 1
6 CR52A-4 CIAT 2 1 0 0 1
7 CR5ZA-25 CIAT 2 0 0 0 1
8 CR4z-4 CIAT 3 1 0 0 0
9 CR5¢%4 CIAT 2 1 0 0 1
1C AR14-1C CIAT 1 1 1 1 1
11 CR41-1C CIAT 1 1 1 0 0
12 CR52A-31 CIAT 1 1 1 1 1
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7.3 Results

7.3.1 CMD reaction for progenitors

With the exception of CR42-4, the other seven CEAie lines were CMD resistant. The
elite lines were developed at CIAT having CMD2 doparents in their pedigree and
resistance is based on CMD2. The landraces frorm&higed in these crosses had a
different reaction to CMD, with landraces Dabodairal 1ITA genotype TME11 being
resistant with an average score of 2 while landrakkeb and Tuaka were moderately

tolerant to the disease with an average score(taBle 7.3).
7.3.2 SSR marker analysis

Multiple marker analysis was used to screen for @dD2 gene in the progenitors

(landraces, IITA genotype and CIAT elite genotypm®) progenies.
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Figure 7.3 Silver stained PAGE (1A, B and C) and agose stained gel (1D) of PCR amplificatio of Ghanaassava genotypes
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Table 7.4 Evaluation of progenies showing values df and 2 in CMD average score using four markers asciated with
CMD2 and resistance to CMD

Genotype | Father | Mother Bite AY_SCO Marker Genotype | Father | Mother Bite AY¥_SCOD Marker
SCAR | 33RY 28 | NS 158 | NS 163 SCAR| 33RY 28| NS 158 | NE 163
a5 AFEE | CR524-25 [ FUMESUA 1 1 1 1 1 147 DABD | CR 254-25 | FUMESUA 2 1 1 1 1
36 AFEE | CR 52A4-25 | FUMESUA 1 1 1] 1 1 144 DABD | CR524-25 | FUMESUA 2 1 0 1 0
a7 AFEE | CR524-25 | FUMESUA 2 1 1 1 1 146 DABO | CR254-25 | FUMESUA, 2 1} x 1 0
a5 AFEE | CR524-25 | FUMESUA 1 1 a 1 x 147 DABO | CR524-25 | FUMESUA 2 1 a 1 a
33 AFEE | CR52A-25 | FUMESUA 1 1 a 1 x 150 DABD |CR41-10  [FUMESUA 2 1 a 1 0
100 AFEE | CR52A-25 | FUMESUA 1 1 1] 1 1 151 DABO  |CR 4110 [FUMESUA 2 1 X 1 0
101 AFEE | CR524-25 | FUMESUA 2 ] 1 0 1 152 DABO |CR41-10  [FURMESUA 1 1 0 1 0
104 AFEE | CR52A4-25 | FUMESUA 1 ] 1] 0 0 153 DABO  |CR&1-10  [FUMESUA 1 1 0 1 0
105 AFEE | CR 52A-25 | FUMESUA 1 0 o 1 1 154 DABD |CR 4110 [FUMESUA 1 1 0 1 0
106 AFEE | CR524-25 | FUMESUA 2 1 a 1 1 155 DABD  |CR41-10 | FURMESUA 1 1] 1} 1 a
107 TU&KA | CR524-25 | FUMESUA 2 ] a 0 0 156 DABD  |CR41-10  [FURMESUA 1 1 1} 1 1
105 TUAKA |CR52A-25 | FUMESLA 2 1] 1] 0 0 157 DABO  |CR 4110 [FUMESUA 2 0 x 1 1
11 TU&KA |CR524-25 | FURMESLA 2 1 1] 1 1 155 DABO |CR 4110 [FUMESUA 2 1 0 1 1
13 TU&KA |CR524-25 | FUMESLA 2 ] 1 0 0 153 DABO |CR41-10  [FURMESUA 2 0 0 1 1
15 TUAKA | CR524-25 | FURMESUA 2 0 o 1 1 160 TMEN [CR41-10  |FURMESUA 2 1 0 1 1
16 TU&KA | CR524-25 | FUMESUA 1 1 a 1 1 162 TMEN [CR41-10  |FUMESUA 1 1 0 1 1
17 TUAKA |CR524-25 | FUMESLA 1 ] a 1 1 163 TMEN [CR41-10  |FUMESUA 2 1 1} 1 1
15 TUAKA |CR52A-25 | FUMESA 2 u] a 1 1 164 TMEN1 [CR41-10  |FUMESUA 2 a a 1 1
13 TUAKA |CR52A-25 | FUMESLA 1 1 1] 1 1 165 TMEN [CRA41-10  |FURMESUA 2 1 1 1 1
120 DABO | CR524-31 | FUMESUA 2 1 1] 1 X 166 TMEN [CR41-10  |FURMESUA 2 1 0 1 0
122 DABO | CR524-31 | FUMESUA 1 ] 1] 0 0 163 TMEN [CR&1-10  |FUMESUA 2 1 0 0 1
123 DABD | CR524-31 | FUMESUA 2 1 o 1 1 170 TMEN [CR41-10  |FURMESUA 2 0 1 1 1
124 DABO | CR524-31 | FUMESUA 2 1 a 1 1 174 TMEN [CR41-10  |FUMESUA 2 0 1 1 i}
127 DABD | CR52A-31 | FUMESUA 1 ] a 1 1 175 TMEN1 [CR41-10  |FURMESUA 2 0 a a 0
125 DABO | CR52A-31 [ FUMESUA 1 1 1] 1 0 173 TMEN [CRA41-10 | FURMESUA 2 0 0 1 0
123 DABO | CR524-31 | FUMESUA 1 1 1 1 0 152 TMEN [CRA41-10 | FURMESUA 2 0 0 1 0
132 DABO | CR524-31 | FUMESUA 2 ] 1 1 0 183 TMEN [CR41-10  |FURMESUA 2 0 1 1 0
134 DABD | CR52A4-25 | FUMESUA 1 1 1 1 1 154 TMEN [CR41-10  |FURMESUA 1 0 0 1 1
137 DABO | CR524-25 | FUMESUA 2 ] a 1 1 155 TMEN [AR14-10 | FUMESUA 2 Q 1} 1 0
133 DABO | CR254-25 | FUMESUA 2 1 1 1 1 156 TMEN [AR14-10 | FURMESUA 1 1 0 0 [t}
141 DABD | CR52A-25 | FUMESUA 2 1 a 1 1 157 AFEE CR 41-10  |FUMESUA 2 0 1 1 0
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Genotype | Father | Mother Fite AY_SCO Marker Genotype | Father | Mother Bite A¥Y_ZCO Marker
SCAR | 33RY 28 | NS 158 | NS 163 SCAR| S3RY 28| NS 158 | NE 163
185 DABO | AR14-10 [ FURMESUA 1 1 o 1 0 243 DABD | CR524-25 | FUMESLUA 1 X 1 1 0
183 DAEO | AR14-10  [FURMESUA 1 1 1 1 1 244 DAEBD | CR52A-25 | FUMESUA 1 0 0 1 0
130 DABO | AR14-10  [FURMESUA 1 1 1 1 1 247 DABD | CR52A-25 | FUMESUA 1 0 1 1 0
132 DABD | AR14-10 [ FURMESUA 1 1 o 1 1 245 DABD | CR524-25 [ FUMESUA 2 b 0 1 0
133 DABD | AR 14-10 [ FUMESUA 1 1 o 1 1 250 DAED | CR524-25 | FUMESUA 2 0 0 1 1
136 DABD | AR14-10 [ FURMESUA 1 1 1 1 1 251 DAED | R 52A-25 | FUMESUA 2 0 0 1 0
137 DAED | AR 14-10 [ FUREZUA 2 1 ] 1 0 254 DAED | CR52A-25 | FUMESUA 1 X 1 1 0
135 DABO | AR14-10  [FURMESUA 1 1 1 1 1 255 DABD | CR524-25 | FUMESUA 1 0 0 1 1
133 DABO | AR14-10 [ FURMESUA 1 1 1 1 1 256 DABD | CR524-25 | FUMESLUA 1 X 1 1 1
20 DAEO | AR14-10  [FURMESUA 1 1 o 1 1 257 DAEBD | CR52A-25 | FUMESUA 2 0 0 1 0
202 DABO | AR14-10  [FURMESUA 1 0 o 1 0 255 DABD | CR52A-25 | FUMESUA 2 1 1 1 0
203 DABD | AR14-10 [ FURMESUA 1 0 o 1 1 253 DABD | CR524-25 [ FUMESUA 2 1 0 1 0
206 TMEN [CR15-7 FUMEZLLA, 1 0 o 0 0 260 DAED | CR524-25 | FUMESUA 1 0 1 1 1
207 TMEN [CR15-7 FUREZLA, 2 0 o 0 0 261 DAED | CR52A-25 | FUMESUA 1 0 0 1 0
205 TMEN [CR15-7 FUREZLA, 1 0 ] 1 0 263 TMEN | CR52A-25 | FUMESUA 2 1 1 1 0
215 TMEN |A&R12-50 | FURESUA 2 0 o 0 0 264 TMEN | CR524-25 | FUMESUA 1 X 1 1 0
216 TMEN |A&R12-50 | FURMESUA 2 1 o 1 1 265 TMEN | CR524-25 | FUMESUA 2 1 1 1 0
217 TMEN |AR12-50 | FURMESUA 2 1 o 1 1 266 TMEN | CR52A-25 | FUMESUA 1 0 1 1 1
220 TMEN [AR12-50 | FURESUA 1 0 o 0 0 267 TMEN | CR52A-25 | FUMEEUA 2 0 1 1 1
222 TMEN [AR12-50 | FURESLUA 2 1 o 0 1 265 TMEN | CR524-25 | FUMEEUA 1 1 1 1 1
223 TMEN [AR12-530 | FUREZUA 1 0 o 1 0 263 TMEN | CR524-25 | FUMEEUA 2 0 1 1 1
224 TMEN [ AR 12-50 | FURESUA 1 0 o 1 0 270 TMEN | CR 52A-25 | FUMEEUA 1 0 1 1 1
225 TUAKA | SR 524-25 | FURESUA 2 0 ] 1 1 27 TMEN | CR52A-25 | FUMESUA 2 1 1 1 1
221 TUAKA | CR524-25 | FURMESUA 1 1 o 1 0 273 TMEN | CR524-25 | FUMESUA 2 1 0 1 1
235 DABQ | CR52A-25 | FUMESUA 1 0 o 1 1 274 TMEN |CR52A-25 | FUMESUA 2 1 0 1 1
236 DABO | CR52A-25 | FUMESUA 1 X 1 1 1 275 TMEN | CR52A-25 | FUMEEUA 1 1 1 1 1
237 DABO | CR52A4-25 [ FUMESUA, 1 1 o 1 1 277 TMEN | CR524-25 | FUMEEUA 1 0 1 1 1
235 DABED | CR52A4-25 | FUMESUA 2 0 o 1 1 274 TMEN | CR524-25 | FUMEEUA 2 1 0 1 1
233 DABD | CR 52A4-25 | FUMESUA 1 0 1 1 1 274 TMEN | CR 52A-25 | FUMEEUA 2 0 1 1 0
240 DAED | CR52A4-25 | FUMESUA 2 1 ] 1 1 2&0 TMEN | CR52A-25 | FUMESUA 1 1 0 1 0
241 DABO | CR52A-25 | FUMESLUA, 1 X 1 0 282 TMEN |CR52A-25 | FUMESUA 1 1 1 1 0
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The presence of the CMD2 gemethe CMD resistant parental genotypes requires th
presence of an allele associated with CMD2 anatthgegregation with CMD resistance
in the progeny. Four markers were used to analgz¢hE CMD2 gene. The presence of
alleles associated with CMDA the four markers in a genotype is an indicatiuat the

most probable source of CMD resistance is CMD2. Wkss than four markers (i.e. one
to three) show presence of alleles associated théhCMD2 gene, then CMD2 gene
resistance cannot be determined with certaintyuchggenotypes due to recombination.

The gel profile of all the markers is given in Figr.3.

7.3.3 Marker screening for the CMD2 gene in parenfagenotypes

Susceptible landraces Afeb and Tuaka

In each of these landraces only one of the fourkararhad alleles associated with the
CMD2 gene. Therefore, CMD2 gene resistance canaatonfirmed in these landraces

based on the genotypic data. However, the phermotygia available suggest that these
two landraces are susceptible to the CMD diseadétamnefore cannot have the dominant
CMD2 gene.

Resistant parental genotypes Dabodabo and TME11

In the genotype TMEL11, three of the four markenseaded alleles associated with the
CMD2 gene; however, only one marker had an allsgoeiated with the CMD2 gene in
Dabodabo. Since not all alleles of the four markeese found in these two genotypes,
(landrace and IITA material), CMD2 resistance cdanm® confirmed with certainty in
these genotypes. Nonetheless, both landraces weretypically classified as resistant.
Further study will be needed to confirm the souwteesistance to CMD in this parent.
Further crosses involving these landraces with stequtible parent will be required to
verify this. If results are consistent with the dmg patterns as observed, then CMD2
gene resistance will be inferred. If results aré cansistent, then both genotypes may

represent a new source of CMD resistance in thesetgpes.
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CIAT progenitors or parental genotypes

Two CIAT genotypes (CR52A-31 and AR14-10) had alirf marker alleles associated
with CMD2 indicating that it is the probable souroé CMD resistance in these
genotypes. Phenotypic data showed no symptom$iéodisease in these two genotypes.
Each of the other six CIAT lines had one to thresrkar alleles associated with CMD2
(three marker alleles in AR15-5; two marker allele€R52A-4, CR 41-10, CR59-4; and
one marker allele in CR52A-25 and AR42-4 (Table).A8ith the exception of AR42-4
which is susceptible, the other five genotypes vpdrenotypically resistant to the disease.
The five genotypes were developed in CIAT for CM#3istance using the CMD2 gene
through MAS and therefore, CMD2 is the probable reeuof resistance in these
genotypes. The phenotypic results confirmed CMDistasce in these five lines.
Generally, CIAT has been deploying CMD2 donor pteexs the source of resistance in
Latin American cassava germplasm and this has redaihe main source of CMD
resistance in the AR and CR series of cassava ge®ias used in this study Although
AR42-4 was developed using the CMD2 donor pareitsipedigree, its susceptibility to
CMD indicates that the RME-1 marker allele for t88D2 gene as found in this
genotype from marker analysis was a false positd@ch could occur through

recombination.

7.3.4 F1 progeny disease reaction

The R families showed segregation for the CMD2 gene. OGuthe total of 684
genotypes initially planted, phenotypic data intkchthat 525 individuals were resistant
with 159 individuals being susceptible. The progsrscored with CMD severity of 1 and

2 thus showing resistance were used in the moleaunkysis.

Results indicated that 83% of the genotypes shoatekkbast a marker allele for the
CMD2 gene (Table 7.4). If CMD2 was responsible dbhrthe resistance observed in the
F; families, it would imply that the markers assoethtvith the gene was 83% successful
in identifying resistant genotypes in the phenatgfly selected resistant individuals
analyzed with molecular markers. A total of 88 wnduals (17%) had the four marker

alleles associated with the CMD2 gene. A total 9 Individuals had between one to
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three marker alleles each associated with CMD2ot& of 91 individuals had no marker
allele associated with the CMD2 gene.

7.4 Discussion

The CIAT genotypes, in addition to other importématits which they possess, such as
high dry matter content and yield, also served @sod parent for the CMD2 gene in
these crosses. The families were therefore expected to show segregdtar the CMD2
gene. Although 684 individuals were initially pladt phenotypic data indicated that 525
individuals were resistant with 159 individuals fxgisusceptible. The progenies used in
the molecular analysis were those selected for Ci§lstance based on phenotypic
scoring and should be expected to express marlaesabr corresponding bands for the
CMD2 gene.

Results indicated that 83% of the genotypes shoatelbast a marker allele for the
CMD2 gene. If CMD2 was responsible for all the sémince observed in the families,

it would imply that the markers associated with tpene was 83% successful in
identifying resistant lines in the phenotypicallglected resistant individuals analyzed
with molecular markers. Generally, CMD2 markerseneen found to be 68% effective

in MAS, but this is in populations that were no¢{selected phenotypically.

A total of 88 individuals (17%) had the four marladleles associated with the CMD2
gene. In these individuals, the most probable soafcCMD resistance is CMD2. A total
of 179 individuals had between one to three maalletes each associated with CMD?2.
The results in Table 7.3 showed that the progenidabodabo and TME11l were
phenotypically resistant. TME11 appeared consisteth the CMD2 gene resistance
(showing bands present for alleles of this genéhiee markers). However, Dabodabo
was less consistent, showing presence of bandhéocorresponding allele for CMD2
gene resistance in only one of the four markersraag represent a new possible source
of CMD resistance gene(s). The further use of Dabodin crosses with susceptible
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CMD parent(s) to test for new CMD resistance genthis landrace would confirm the

observation.

The 179 genotypes with between one and three matlaes for the CMD2 gene were
phenotypically shown to be resistant to the dise&sece they resulted mainly from

crosses between CMD2 donor parents (from seven QiAds) and landraces (with

TME11 and Dabodabo being CMD resistant), resistandbese genotypes may result
from the CMD2 source alone or from both the CMDA@rse and any other new source of
CMD resistance if we assume that the CMD resistamirace progenitors (Dabodabo
and TME11) represent a new source of CMD resistgeoes.

A total of 91 individuals had no marker alleles asated with the CMD2 gene. This
would imply that either these individuals have se&snce different from the CMD2 gene
or that they are false resistant genotypes (Tabfg. The former could apply to
individuals which are progenies of Dabodabaw TME11 if CMD resistance in the two
genotypes is different from CMD2 resistance. Furtstedy is still required to confirm
resistance in these two genotypes. The latter Ipdgsifalse resistant genotypes) would
be most probable in individuals with no marker lalleor CMD2 derived from crosses
between CIAT genotypes and the susceptible landr@&feb and Tuaka). The expected
source of CMD resistance for such individuals stidaé the CMD2 gene from the CIAT
donor parents and since the individuals do not leaeallele of the four markers used
for CMD2 selection, then CMD2 resistance is mosbbpbly not present in these
individuals and they may therefore be false restsggenotypes. MAS has been used
successfully in common bean and cassava (Fregemd @007) and in cassava for
studying CMD resistance (Okogbenin et al. 20073hiduld be noted that these materials
were phenotypically evaluated in one season. Urdgih CMD infestation, disease
evaluation in one season (one year) is very efficiBrevious studies (Okogbenin et al.
2007) have indicated that under high disease presshere is a highly significant
correlation in disease expression between one sekda and two-season data. However,
at locations where disease pressure is not vety, ligme susceptible individuals may

escape and could be misclassified, although thieléively unusual even in moderate
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CMD pressure zones. Disease pressure levels foreswemand Ohawu are extremely
high as compared to areas like Damongo in the eéérsavannah zone with very low
CMD pressure (Cudjoe pers comm.). Hence, the chofcéhese two locations was
appropriate for classification of CMD reaction. Theeatest impact from MAS will be

realized when breeding systems use high througieghhiques for large populations for
genotyping for multiple target traits. The advametagould be to achieve the same
breeding progress in a much shorter time than tiraonventional breeding alone and
from pyramiding genes of several traits that coudtl be readily combined through other

means.

7.5 Conclusions

Only two of the local and IITA progenitors (Dabodadnd TME11) were phenotypically
identified as resistant. TME11 had three alleleBIERL, 158, 169) associated with the
CMD2 gene while Dabodabo had one marker allele {&BR associated with the gene.
The IITA genotype TME11 has been known to be CM§lstant and has been tested as a
CMD donor parent in a back cross in a researchysttidhe Crops CRI. The genotype
Dabodabo, a landrace, would need to be evaluatedefuin new crosses with CMD
susceptible parents to determine if there is ctarsty with CMD2 resistance. Where
results indicate that there is no consistency theéew source of CMD resistance genes
may be implied in these genotypes and Bulk Segtefyaalysis may be used to identify
the new gene(s). Selected progenies with resistandenhigh yields have been identified
for yield trials in three agro ecological zones gadticipatory evaluation with farmers

and end-users.
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CHAPTER 8

GENERAL CONCLUSIONS AND RECOMMENDATIONS

This study constitutes the first detailed breedegparch on cassava landraces in Ghana.
It has generated useful information that would seas relevant guide to plan cassava
and other root and tuber crop improvement prograsnmeGhana. The experiences,
skills developed and knowlegde acquired will berstiaamong the communities
involved in cassava improvement and production wherowledge sharing is of great

importance.

The genetic diversity study revealed high overaliehozygosity. The 33 SSR markers
used for the analysis detected 63 duplicates cettaelated genotypes. A loose genetic
structure was observed overall but a unique sulztstre was seen in the landraces from
the upper regions of Ghana, the arid and semi-ar&hs, thus suggesting possible
heterotic pools in the population. The heterotiougings were distinct for the savannah
and the forest ecological zones. The selectionhef grogenitors was guided by the
clusters and agronomic performance of the genotypes

The phenotypic correlation among diseases and giettlyield components for cassava
showed that there was a strong correlation betweehnumber per plant, plant height
and height at first branching. There was a stravgjtiwe correlation between CMD and
CBB in the forest zone, hence CMD evaluation insasa breeding must be done with

molecular tools that allows better precision oredaon.

To assess the combining ability for the progenigetected from the genetic pools and
to predict heterosis, two sets of cassava progsngelected from the landraces were
included in a diallel experiment. Selection of fire@genitors was based on location or
source of parent in the collection, agronomic pantance, preference by farmers and
the cluster it fell into from the molecular chaex@zation. The progenitors were crossed

in a diallel experiment in the forest and the sangdmecological zones of Ghana. The
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progenitors and progenies were assessed for disgabeyield components for two
seasons. The analysis of variance and the GCA:&@ésrindicated that the GCA was
larger than SCA for average root number, CBB anandthm levels, indicating the
presence of additive gene effects and a possiliityimprovement of the characters
through selection. The GCA:SCA ratio indicated tteet SCA was larger than GCA for
harvest index and fresh root yield indicating eonmental effects on the traits and it

confirms the non additive effects mainly in inhanite of root yield.

The amount of heterosis expressed in some crogte®dn parents selected from the
genetic diversity study showed some good poten#dahong the progenitors and

progenies for the forest diallel experiment, albsses showed positive significant
heterosis, both MPH and BPH, for fresh yield in theest second season experiment.
Four crosses in the forest ecology study showenstaese to CMD. Dabodabo was
identified as a progenitor that combined very vietl CMD resistance. Kwasea showed
the highest GCA for dry matter. Traits with high &SCA ratio indicate high

heritability and additive gene effects, indicatithgat they will show good response to

selection.

Clonal evaluation of selected F1 progenies from dradlel for the forest zone was
carried out in three ecological zones and four tiooa in the 2010 season. Yield
performance, disease resistance, and stability lkawise assessed for two seasons for
introduced CIAT genotypes on station. Farmers amtusers preferred genotypes for
culinary suitability, high yields and high dry mett At the end of the study CR25-31A,
CR25-5 and CR25-4 from the CIAT genotypes werecsete as the most preferred
genotypes. Each ecological zone preferred parti@itabutes that guided their choice.
CMD has been identified as a major constraint tesaea production in all cassava
growing areas. Debor had the best GCA effect fasaaa mosaic severity reaction;
while the genotype Tuaka had the best GCA effectrish root weight. However, the
combination of Afebankye x Kwasea had reduced yiBlebor x Kwasea was the best
F1 cross for CMD resistance development. Highlyitable traits such as disease

resistance can be selected for in routine breealtigities. CIAT elite clones evaluated
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on station and with farmers showed that farmersraesested in genotypes that are high
yielding and suitable for different types of food.

Participatory breeding at an early stage of thedirey cycle reduces the several years of
multilocation evaluation. The clonal evaluation asthbility studies for the CIAT
genotypes and the F1s revealed that Debor, anrdiamdrace, was stable in most of
the environments. Afisiafi an [ITA improved genogypTMS 30572) was found to be
extremely stable and this is an important findifigpis confirms its name in Ghana
meaning “everywhere”. It was tested extensivelythis study and was found to be
extremely stable. The recommendation is to useidfis crosses to improve its CMD
resistance. The stability in the yield performaesglains why farmers would treasure

varieties such as Debor (meaning “it still yieldsaacient treasure”).

MAS has become a routine technique to speed umeadseeding. CIAT introduced

genotypes were used to introgress the CMD2 gewelacal material and look for new

sources of resistance genes for CMD. F1 progengeeldped from crosses between
CIAT elite materials and three land races and @A enotype were assessed for CMD
resistance using four markers linked to the CMDRegéSCAR and SSR markers). The
landrace Dabodabo was seen as a putative soutttéCMD resistance not conferred by
the CMD2 gene. This putative new source of CMDstesice needs to be confirmed by
crossing Dabodabo to CMD susceptible genotypeshéustudies could be carried out
to tag the gene and together with the other knawmces, the genes could be pyramided

into a unique genotype.

From this study progenitors that combine very vietl certain traits could be used in
crosses to develop mapping populations to look genes controlling the traits. A
systematic national programme of germplasm cobtecevery 10-15 years will help

broaden the genetic base.
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CHAPTER 9

SUMMARY
Key words: Cassava, diversity, combining abilitgtdrosis, heritability, clonal, hybridization,

crosses, participatory breeding, Ghana

The aim of this study was to assess genetic diyexmbining ability, heterosis, heritability of
traits, stability and farmer preference of cassg@anplasm in Ghana in order to structure an
effective breeding programme. The assessment oétigediversity in a collection of local
cassava genotypes using 33 SSR markers revealeghaoterall heterozygosity. The SSR
markers identified 63 duplicates in the collectidrhne heterotic pools were distinct for the
savannah and the forest ecological zones and thsstine basis for the selection of progenitors
for the rest of the study. Seven and five cassavgemitors were crossed in a diallel design
without reciprocals in the forest and savannah aggies respectively. The progenitors and
progenies were evaluated for CMD, CBB, yield amsdcbmponents in two seasons in the forest
and one season in the savannah zone. The GCA:SiRAimdicated that the GCA was larger
than SCA for average root number, indicating adeditpene effects and a possibility for
improvement by selection. SCA was larger than GOGAHarvest index and fresh root yield,
indicating environmental effects on the trait anshfoms the non-additive effects mainly
determining expression of root yield. The paremg@hotypes were selected from a particular
region where CMD is the main economic constrairgb@r had the best GCA effect for cassava
mosaic severity reaction; while Tuaka had the IBSA effect for fresh root weight. Debor x
Kwasea was the best combination for CMD resistaDedor and Kwasea were the best parents
for resistance breeding to CMD. The predictabiidatio varied between 0.58 and 0.84. CMD and
root number had a ratio close to one for the saafaramd forest zones, showing that these traits
were highly heritable and influenced by additive@ection. Marker assisted selection was used
to search for new sources of CMD resistance inpttogienies and progenitors. Crosses among
CIAT elite genotypes and landraces revealed progebiabodabo as a putative source of new

genes to CMD resistance.
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OPSOMMING

Sleutelwoorde: Cassava, diversiteit, kombineervérmdeterose, oorerflikheid, klone,

hibridisasie, kruisings, deelnemende teling, Ghana

Die doel van hierdie studie was om genetiese diedtrs kombineervermoé, heterose,
oorerflikheid van eienskappe, stabiliteit en dieef@ose voorkeur vir cassava kiemplasma in
Ghana te evalueer sodat ‘n effektiewe teelprograstrgktureer kan word. Die evaluasie vir
genetiese diversiteit met 33 SSR merkers in ‘naraeing van plaaslike cassava genotipes het
baie heterosigose getoon. Die SSR merkers het pBkdte in die versameling uitgewys. Die
heterotiese groepe was duidelik verskillend virghgannah en die woud ekologiese sones en dit
was die basis van seleksie van ouers in hierd@iest®ewe en vyf cassava ouers onderskeidelik
is gekruis in ‘n dialleel ontwerp sonder resiprokegie woud en savannah ekologiese sones. Die
ouers en die nageslag is geévalueer vir CMD, CB®rengs en die opbrengs komponente in
twee seisoene in die woud en een seisoen in daneat sone. Die GCA:SCA verhouding het
gewys dat die GCA groter was as SCA vir die aantatels, wat additiewe geenaksie wys, dus
is verbetering moontlik met seleksie. SCA waardas Woér as GCA vir oesindeks en vir vars
wortel opbrengs wat wys dat daar groot omgewing&édf op opbrengs is en dat nie-additiewe
geeneffekte ‘n groot rol speel. Die ouers is gddets uit ‘n spesifieke gebied waar CMD die
grootste ekonomiese beperking is. Debor het digeb@€A effekte vir CMD reaksie gehad;
terwyl Tuaka die beste GCA effekte vir vars wordgbrengs gehad het. Debor x Kwasea was
die beste kombinasie vir CMD weerstand. Debor eras@a was die beste ouers vir CMD
weerstandsteling. Die voorspelbaarheidsverhoudetggbvarieer tussen 0.58 en 0.84. CMD en
aantal wortels het ‘n verhouding van na aan eeradjefr die woud en savannah sones, wat
getoon het dat hierdie eienskappe hoogs ooredlilem deur additiewe geenaksie bepaal word.
Merker ondersteunde teling en soeke na nuwe breaneCMD weerstand in die ouers en
nageslag is gedoen in kruisings tussen CIAT ekteogjpes en landrasse. Die ouer Dabodabo is

as moontlike bron van nuwe CMD weerstandsgene witge
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APPENDIX Climatic data for experimental sites

Climatic data for Fumesua and Ejura in the foresiez

U7

SO ™

Fumesua | rainfall
Total Jan Feb Mar April May June July Aug sep Oct ovN Dec Year
1,159.80 | 111.1 98.4 112.8 66.9 187.3 145.4 66.7 265.| 1114 158.4 325 3.7 2006
1,794.40 | 0.2 16.4 56.2 310.9 164.2 176 192.9 117.7534.5 153.9 51.7 19.8 2007
1,452.00 | O 53.7 97.4 132 239.6 286.7 131.1 192.6 0.717 | 75.1 18.3 54.8 2008
1,530.70 | TR 131.4 110.6 139.8 164.6 376.7 2735 617.| 99.3 138.6 45.2 334 2009
1,392.40 | 4.2 56.7 41.3 129.4 132.6 203.3 166.8 9134, 201.8 163.3 111.1 47 2010
Ejura rainfall
1470.7 32.7 23.9 66.4 54(8 383.7 167.9 79.4 8.7 .2p1 366.8 34.5 ( 200
1487.5 3.9 0 91.7 209.8 188 155.9 165 23.1 311.8 7.723 47.6 53 2007
1287.8 0 2.4 136.2 138J1 201.5 248.1 159.2 77.9 @2P5 944 13.2 10.9 200
1319 0 48.6 102.4 1627 102.6 289.4 235.6 60 8.7 28.91 97.2 12.9 200
1572 0 38.2 61.5 127.6 222\5 166.1 16[.3 248.3 2198. 221.3 127 201
Max and min temp for Fumesua
Jan Feb Mar April May June July Aug Sep Oct Nov Dec | Year
Min 22.6 23.1 22.5 23.3 22.9 225 21.8 21.3 31 215 21.8 20.7 2006
19.9 22.5 23.5 217 22.2 22,6 22.2 22 2.1 21.9 2p2. 222 2007
19.2 21.9 22.6 22.9 22.8 22\5 22.3 22 22.3 22.6 4 P3. 23 2008
21.8 23.2 23 22.9 22.9 22|1 21.5 21.9 2.1 22.1 2p2. 231 2009
22.7 23.3 23.4 23.4 234 22,8 215 21.8 21.9 22 5p2. 221 2010
32.1 32.6 32.5 33.8 315 31 29.5 29 2P.8 314 B2.6 33 2006
33.8 34.5 35 32.9 32.1 30{7 29.4 28.9 20.7 31.1 8381. 321 2007
32.2 35.1 34.2 32.6 321 306 29.3 29 20.8 315 8 82. 30.5 2008
33.4 33.6 33.4 32.6 323 30.7 29.1 28 20.8 30.9 32 32.7 2009
33.4 35.5 34.5 32.4 331 312 29.7 29 20.7 31 2.5 32.4 2010
20.9 23.5 22.3 23.8 22.9 22\5 p2 21.9 20.8 23.3 5 P3. 24 2006
19.5 23 23.9 23.1 23.b 22{7 22.3 22.3 2.1 22.2 2p1. 226 2007
17.2 22.4 23.9 23.1 2B 22{7 22.5 22.4 2.7 22.6 1p3. 227 2008
20.7 23.7 23.9 23.6 23.8 22,6 22.1 22.9 22.8 23 22 22.8 2009
22.7 24.3 24.9 24.5 244 23,8 22.5 2.6 23.1 245 34Pp 22.4 201Q
Max 34.8 36.5 36 35.6 335 32,6 31.9 30 30.6 32 383. 34.8 2006
34.6 36 36.5 34.5 33.9 32{3 31.8 30.8 314 32.3 782. 33.6 2007
33.2 36 36 34.6 33.9 3244 30.8 30.9 3L.4 324 B3.7 34.4 2008
35 36.1 354 35.1 34.4 32{8 31.1 30.3 31.6 324 8 82. 33.7 2009
35.6 36.7 36 35.7 33.9 32{1 30.8 30.4 30.5 32 33.1 34 2010
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Climatic data for Pokuase

Pokuase

Month 2007| 2008| 2009 2010

Jan 27.4 0 0 39.2

Feb 45.6 0 5 14.7

March 50.1 48 91.6 105.9

April 81.3| 105.5| 127.7 67.5

May 189.1| 54.6| 256.9 90.9

June 81.4 103| 122.2 204.7

July 455| 101.5| 88.3 67.5

August 9.9 97.2| 115.7 44.3

Sep 126.24 58.6 20 12.6

Oct 89| 160.2| 44.9 40.3

Nov 85.9| 47.8| 52.2 87.8

Dec 61 17| 421 26.7

Total 892.6| 793.4| 966.6 802.1

Max and min | Templ Pokuase

2007 2008 2009 2010

Month Max | min Max Min Max| Min| Max| Min
Jan 33.1 23.4| 339 19.2| 34.4| 17.6| 335|215
Feb 341 23.3 34 23.7| 34.8| 22.7| 33.8| 23.6
March 33.8| 23.1| 34.2 23.7| 34.3| 23.2| 34.2| 23.7
April 34.3| 23.7| 33.7 23.8| 33.8| 23.1| 33.2| 23.6
May 325 23.1| 329 23.6 33| 229 33| 23.3
June 32.3 23| 31.8 23.6| 32.8| 23.3| 30.6| 23.5
July 31.5| 23.4| 29.7 23| 32.3| 23.1| 28.7| 23
August 29.6) 23.1 31 23.1| 32.1| 22.8| 28.8| 23.2
Sep 30.4 23.3 32 23.2| 31.5| 23.5| 30.6| 23.6
Oct 32| 235 325 22.8| 32.8| 23.3| 32.6| 23.7
Nov 33.3| 23.3| 327 22.6| 32.7| 22.9| 32.9| 22.9
Dec 33.5| 22.7| 33.7 22.7| 33.2| 23.2| 33.6| 23.1
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Climatic data for Ohawu

Ohawu

Month 2007| 2008| 2009 2010

Jan 0| 14.3 0 37.3

Feb 2.8 24| 31.6 35.1

March 50| 64.8| 28.6 109.3

April 189.7| 58.7| 131.7 118.3

May 101.7| 191.6| 144.6 56.5

June 178.3 161.9| 305.8 130

July 165.4| 36.7| 35.9 15.2

August 81.7 56.4| 34.6 71.1

Sep 0| 114.4| 194 98

Oct 0| 137.9| 714 158.3

Nov 80| 54.9 7.3 78.7

Dec 65.9| 144 4.8 10.8

Total 915.5| 908.4| 815.7 918.6

Max and min Temp, Ohawu

2007 2008 2009 2010

Month Max | min Max Min Max| Min| Max| Min
Jan 33.7 23.4| 33.9 19.8| 34.7| 19.6| 33.9| 22.7
Feb 349 23.3| 345 23.9| 34.8| 21.7| 34.8| 22.9
March 33.00 23.1| 34.6 23.7| 345| 23.4| 345| 23.9
April 347| 23.7| 34.7 23.8| 33.8| 22.4| 33.9| 23.8
May 329| 23.1| 33.9 23.7| 33.5| 22.7 34| 23.7
June 32.4 23| 33.8 23.8| 32.9| 23.5| 31.6| 235
July 30.5| 23.4| 31.7 23.3| 32.4| 22.3| 29.7| 23.1
August 29.60 23.1| 328 23.1| 32.2| 22.8| 29.8| 22.9
Sep 31.4 23.3| 334 23.5| 33.5| 23.5| 31.9| 235
Oct 32.5| 23.5| 335 21.8| 34.8| 23.3| 33.7| 23.8
Nov 33.7| 23.3| 34.7 22.7| 33.7| 22.9| 32.9| 21.9
Dec 33.5] 22.7| 33.8 22.9| 33.8| 23.2| 34.7| 23.3
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