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CHAPTER 1

GENERAL INTRODUCTION

As part of national, regional and internationabe§ to reduce poverty and food security
problems prevalent in sub-Saharan Africa (SSA)reased crop productivity is being

advocated. A strong justification for this approatéms from the benefits of the “Green
Revolution” that were driven by science-led initias, which resulted in a dramatic

increase in crop yields in the Asian and meso-Acagericountries during the 1960s and
1970s. These interventions consequently resulteduistantial reduction in famine,

increased calorie intake and stimulation of ru@r®mic growth. Wheat and rice were
specifically targeted for improvement, as they wesenxmonly grown in the developing

world (IFPRI, 2002). In SSA, cassawddnihot esculenta Crantz) is a popular and widely

grown crop (Nweke et al., 2002), suggesting thiruentions to increase its productivity
and/or utilisation will make a significant contriion towards the improvement of the
quality of life of rural communities that primarilepend on it.

Studies conducted in cereals between 1960 and ifBfated that over 50% of the
increase in crop production resulted from improeeap cultivars and that technologies
generated through plant breeding played an impbrtaa in providing food, feed and
fibore to the ever increasing human population (Fré992). Compared to this,
interventions to increase cassava productivitydatisern, eastern and central Africa in
order to mitigate hunger and poverty have not besty successful. Key limitations
towards attainment of this goal are the array ofst@ints presented by several biotic
(insect pests and diseases) and abiotic (drougbt;harvest deterioration and hydrogen
cyanide) stresses. These stresses cut across gegidnpose a huge challenge towards
increased cassava productivity and utilisation gHahal., 1979; IITA, 1990; Nweke et
al., 2002). National policies and funding to suppoaissava research have also been

limited.



Clearly, to achieve the goal of increased income sustained food security in the SSA
region, efforts must be made to address key pramucbnstraints through modern crop
improvement programmes, especially via the adoptbmew breeding methods and
techniques (Ceballos et al., 2004; Ojulong et28108).

In the last decades, considerable research has dmeied towards addressing key
cassava production constraints in Africa, but wislnying levels of success (Hahn et al.,
1980; IITA, 1990; Mahungu et al., 1994; Alicai ét, 007; Hershey, 2010). A case in
point is the devastating cassava mosaic diseaseDjCiMat is endemic in Africa.
Although considerable progress was made to depl{ Cesistance genes from both
wild relatives (Jennings, 1957; 1994) and dome&daarieties (Akano et al., 2002;
Hershey, 2010), CMD incidences are still high insincassava growing communities in
eastern and southern Africa, primarily due to galibn of CMD susceptible varieties
(Hershey, 2010).

Indeed, both formal and informal interactions wilrmers indicate that farmers are
reverting back to CMD susceptible local varietibgetly because most of the deployed
CMD resistant varieties have inferior culinary rgoilities. Chang et al. (1979) observed
that promising sources of genes will continue tasberced from local varieties, as they
have adaptive gene complexes that they have acateduthrough long-term selection.
Local varieties have, over generations, been salefttr farmer-preferred characteristics

and if new varieties are to be adopted they mudtesss farmer preferences.

The systematic characterisation of farmer variefaeditates their enhanced utilisation
through: 1) knowledge of the range of existing atoin, 2) knowledge of geographical
distribution of adaptive gene complexes and 3) tifleation of individuals with

preferred characteristics. Some breeding programanesincorporating local varieties
into their hybridisation programmes to identify, @my the resulting progeny, improved

clones with agronomic traits that match those efltital varieties (Hershey, 2010).



An equally challenging objective in cassava bregds the improvement of starch
quality, as this will spur the industrial utilisati of cassava. Efforts to change starch
characteristics have been limited. The enthusiaBat was placed on the genetic
improvement of other key agronomic cassava trataw@no, 2003) can also be
reciprocated in starch quality traits. Work on sttaquality has began (Raemakers et al.,
2005; Ceballos et al.,, 2007) and needs to be furteeelerated to increase the
competitiveness of cassava in the booming stardtstny. Ceballos et al. (2004) noted
that development of cassava varieties with higHityustarch will provide an alternative

to the expensive carbohydrate sources from thedeatgregions.

Genetic progress requires that: 1) genetic vartgdor the trait of interest exists, 2) the
trait is heritable and 3) the trait can be acclyaselected for using phenotypic data,
and/or molecular markers, where possible (Hers2&10). Evidently, the ability to
develop cassava varieties that meet specificatbbrggowers, processors and consumers
will largely depend on the availability of sufficieand useful genetic diversity. However,
to be of benefit, this genetic variation shoulduseful in attaining higher yields under
favourable productions systems and/or extendingivation to unfavourable regions
characterised by low input technologies. Maund®&92) observed that the maximum
potential to be attained via breeding rests on ahof germplasm and that the actual
breeding approach will determine how much of theeptal can be realised. Selection
and optimal utilisation of germplasm will requirkat it is well characterised and/or
evaluated with efficient techniques. If this is mmine, the crop’s potential will never be

realised.

Smale (1998) documented that in traditional, resemoor farming communities located
in marginal, variable environments, the crop popaoites that endure are those that meet
production and consumption standards. These popusapossess the genetic variability
to respond to continual changes in farmers’ needisgrowing environments. Cassava
farmers have for several decades cultivated thp arml have accumulated knowledge

that needs to be incorporated in genetic divestiigies.



Classic examples of the advantages of evaluatind/oancharacterising cassava

germplasm are illustrated by the identification I9f CMD resistance genes in local

cassava varieties (Akano et al., 2002), 2) waxgaas through expression of a naturally
occurring mutation through inbreeding (Ceballosakt 2007) and 3) sugary cassava
(Carvalho et al., 2004). Evaluation of large gelamm sets has furthermore provided

valuable information as demonstrated by recentlydooted cassava studies (Chavez et
al., 2005; Sanchez et al., 2009).

Genetic diversity in most domesticated crops hasnbghaped by pre-domestication
evolutionary forces involving wild species progenit and/or by post-domestication
influences, particularly by human and natural gedec (Vavilov, 1951). Since the
introduction of cassava to the east African coaghe eighteenth century (Jones, 1959),
cassava varieties have evolved and adapted in nmespto selection for human
preferences and adaptation to local environmeritesd evolutionary forces can result in
changes in one of a few genes or whole genomeskl@uand Thornsberry, 2002).
Whether there are individual gene or whole genorhanges, the resulting genetic
variation presents itself in various forms (ecotadiiadaptation traits, agronomic and
consumer related traits, morphological traits, alwsomal morphology and behaviour
and biosynthetic pathways), which can be exploitedcassava improvement (Hershey,
2010).

Tools available for dissecting diversity includethbomolecular and morphological
markers. The earliest markers for cassava were hotogical and were identified on
leaves, stems and roots. These markers are ggnenalér genetic control with little or
no environmental influence (Hershey and Ocampo9)L3able morphological traits are
recommended for studying genetic diversity (Guletkal., 1983). However, for genetic
gains in plant breeding, it is important to undenst variation in key quantitative traits
(those of moderate to high heritability) that aeéevant to cassava improvement and/or
commercialisation. Examples of such phenotypic ttaive traits include root dry

matter content, harvest index, leaf retention @ud cortex thickness.



Simple sequence repeats (SSRs), which are dengehgpersed in eukaryotic genomes
(Tautz and Renz, 1984) are a classic example oéecntdr markers that have proved to
be effective in studying genetic variation bothhintand between populations (Matsuoka
et al., 2002; Maccaferri et al., 2003; Toro et 2009). Specifically, SSRs can be used to
infer allele frequencies distribution, allelic rrodss and population structure in cassava
germplasm available within the different nationaksava breeding programmes in the
region. Another class of molecular markers, simgleleotide polymorphism (SNPs), are
one of the new generation markers reported to bentbst frequent form of naturally
occurring genetic variation in populations (Krudgtyd997). SNPs may hence provide

sufficient variation to discriminate between clgsedlated individuals.

Cassava is widely grown in SSA by the rural poangunities. Thus, efforts aimed at
increasing cassava productivity will positively iagph on these communities that
primarily depend on cassava. Because of the beraf#ociated with cassava inbreeding,
particularly the identification of novel starcheswitnessed by the waxy &assava clone
(Ceballos et al., 2007), it is important that thesev breeding approaches (like cassava
inbreeding) be initiated by national cassava breggirogrammes whose mandate is to
serve cassava communities. Further, it is importaréxamine the diversity of cassava
germplasm (local and improved genotypes) availablthin the national cassava
breeding programmes. Evaluation and/or charactemsaf this germplasm should give

consideration for some farmer preferred traits.

Taken together, all this information helps elucgdathether or not the genetic variation
has a hierarchical organisation. For instanceheés dassava germplasm differentiated
among the national breeding programmes? Are loadkties genetically differentiated
from improved cassava varieties? This informati@uld be important in designing

germplasm conservation schemes and/or in defimegding objectives.



Therefore this thesis presents results from foseaech objectives. The first objective
presents analysis of cassava germplasm from sirtdes (Uganda, Kenya, Tanzania,
Rwanda, Democratic Republic of Congo (DRC) and Madaar) using 29 qualitative
traits. Germplasm from these countries was furthamtified for root dry matter content,
harvest index, leaf retention and root cortex théds. The second objective presents
analysis of allele frequency distribution in cassagermplasm from Uganda, Kenya,
Tanzania, Rwanda, Democratic Republic of Congo, aMdzique and Madagascar using
26 highly polymorphic SSR markers. The third ohjecttharacterises and examines the
utility of SNPs in cassava and compared them tonsonly used SSRs. And finally, the
fourth objective quantifies variation in root dryatter content, harvest index and amylose

content in $cassava inbreds.
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CHAPTER 2

LITERATURE REVIEW

2.1  The cassava plant: its domestication and genetiniqueness

Cassava, also known tfferent parts of the worlds yuca, manioc and mandioca, is a
widely distributed crop in the tropics. Cassaveohgb to the family Euphorbiaceae and
is the agriculturally most productive plant amohg ©8 species of the geniknihot
(Rogers and Appan, 1973). After several years tlatie on its origin (Allem, 1994),
molecular markers have provided strong evidence dassava was likely domesticated
from a single wildManihot speciesN. esculenta spp flabellifolia Pohl) and that the crop
originated from the southern Amazon basin (Ols&942. That study involved analysis
of 212 individuals collected from wildManihot populations and 20 cassava varieties
representative of the crop’s diversity, using b8iINPs and SSRs. Earlier studies had
however pointed to cassava being a hybrid, withild species as a progenitor (Allem,
1999; Olserand Schaal, 1999) and that cassava is a recewniygdid crop (Olsen and
Schaal, 2001).

Cassava cytogenetics has been another contradicaspect of the crop. Cytogenetic
studies have provided conflicting results with somdicating that it is a segmental
allotetraploid (Magoon et al., 1969), while othémslicated that it is an allopolyploid
(Umannah and Hartman, 1973). Other studies havewemindicated that it is a diploid
species (Chavarriaga-Aguirre et al.,, 1998) with 2n 36 (Nasser, 2005). This
contradiction in cassava cytogenetics needs toebelved. It is likely that accurate

answers to this discrepancy will be provided byifer molecular studies.
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It is estimated that cassava domestication beg@®@-3000 years BC in the Amazon

region (Gibbons, 1990). It was from this regionttbassava was exported to other parts
of the world. Cassava was one of the first crogsoebed to Africa from the east coast of

Brazil. In Africa, the crop was first introducedwest Africa some time during the 1700s
(Jones, 1959; Carter et al., 1992). Thereafterai$ wuickly adopted and rapidly spread
within the west African region (Hershey, 2010). Sedpent introduction of cassava to
Africa was via the east African coastline in the5Q3, when the French introduced

cassava from Brazil to Mauritius (Jones, 1959).r&ater the crop was introduced to

Madagascar and then inland from where it spreadatoous countries in the eastern,

central and southern African region (Jones, 19%®&iglands, 1966).

It is therefore rational to suggest that Africaaiged a portion of the genetic diversity
present in the crop’s centre of origin and thad thas achieved through two major routes,
namely west and east Africa. It should also be dhdteat during the early breeding
activities in the east African region during the3@8, extensive hybridisation between
cassava and its wild relatives occurred. Thesaainés too, generated new and
broadened genetic variability in the region. Exaaspbf these hybridisation schemes
included: 1) utilisation of two speciedl. melanobasis Mueller von Argau. andV.
saxicola Lang., for protein enhancement (Jennings, 1958318nd 2M. dichotoma Ule
andM. glaziovii Mueller von Argau., for resistance gene sourcesvéver, it was only
M. glaziovii that contributed valuable genes (Storey and NghbP38; Hahn et al.,
1980). Today, cassava is a major crop in most veestiral and east African countries.
From Africa, cassava was introduced to Asia, whirés currently a major crop,
particularly in Indonesia, Thailand, India, ChirRhilippines and Vietham (Hershey,
2010).

For several thousand years, farmers have beeingltdre genetic makeup of crops they
grow, a process which has considerably changed stocated plants compared to their
wild relatives. A case in point is the sharp cosittaetween maize and teosinte (Lauter
and Doebley, 2002).
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For cassava, studies have established that aisagtifportion of genetic variation ®A.
esculenta spp flabellifolia exists within varieties (Olsen, 2004). This vadatexists in
the form of root, leaf and stem qualitative andrgiative traits on which selection has
been done (Hershey, 2010). Cassava, also consideradvoody shrub, can grow erect
up to 4 m in height. The plant is monoecious witthomale and female flowers found on
the same plant. However, female flowers open befoede flowers (protogyny), a
mechanism that enhances out-crossing (IITA, 198¢ause male and female flowers on
different branches or on different plants of theneagenotype can open simultaneously,

self-pollination can occur (Kawano et al., 1978b@léos et al., 2004).

Flowering in cassava depends on the genotype, timglanting and environment
(Jennings and Iglesias, 2002). Based on the flogdrabit, varieties can be grouped into
non-flowering, poor flowering, moderate floweringrofuse flowering with poor fruit
setting or profuse flowering with high fruit sendira et al., 1977). On average, one to
two seeds are obtained per pollination (Ceballad.e2004), which results in a low seed
rate. Cassava seeds display dormancy periods ofitatteo months and require
temperatures in the range of°&5°C for germination (Ellis et al., 1982; IITA, 1990).
Fruit maturation can take up to three months gitdélination (IITA, 1990) and the female

parent is more important in determining genetigpess (Jennings, 1963).

Cassava may be propagated either vegetatively (stetimgs) or sexually (true seed).
Vegetative propagation permanently conserves a tgeep whatever the level of
heterozygosity. This has the obvious advantagedtsatperior plant, if identified at any
evaluation stage, can be cloned indefinitely, naammg genotypic integrity through
successive generations. This fixation of the ggmmtiprms the basis of all commercial
plantings, while propagation by seed is largelyitih to formal breeding purposes.
However, some farmers are known to make selectimms volunteer seedlings if their
properties are deemed desirable (Balyejusa Ki206).
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The out-crossing nature of the crop ensures thgh Iévels of heterozygosity are
maintained (Kawano et al., 1978; Meireles da Séval., 2003). The wide segregation
observed in progeny from any cross combination (&zavet al., 1978) is evidence for
the highly heterozygous nature of cassava. Thegh lavels of heterozygosity are
however, a major hindrance to sustainable cassapaovement, for example in the
implementation of a successful backcrossing scheme identification of useful
recessive traits. It is partly for these reasorad thbreeding and production of double
haploids in cassava has been advocated (Cebakbs 2004).

2.2 Cassava utilisation and products

Cassava is characterised by high rates of starchnmadation and inherently high
adaptability to drought prone and/or marginal tcapareas. Cassava owes its popularity
in the tropics to the diversity of uses of its skgrroots (Hershey, 2010). As early as six
weeks after planting, some of the fibrous rootsirbeég thicken rapidly, laying down
large quantities of xylem parenchyma that are péackeh starch granules and by 12
months after planting (MAP) most roots are satarateh starch (Howeler and Cadavid,
1983; Hershey, 2010).

Starch-based products fall into three main categorl) native or unmodified starch, 2)
modified starch, which is manuplated by physicaknaical or biological means and 3)
sweeteners, including high fructose syrup and gacéccordingly, cassava starch has
diversified uses in the food, papermaking and kextidustries and in the production of
alcohol (Hershey, 2010). However, a major limitatef alcohol production from cassava
is the limited energy balance as compared to cligpssugarcane because the sugars in
cane stems can easily be converted into fuel, vlseoassava stems are needed for
propagation of subsequent crops and the starchassawa roots needs to be initially
degraded (Ceballos et al., 2008).
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Cassava utilisation patterns vary with the regidn tlee world. In Africa, food
consumption (fresh or processed) predominates (Bveelal., 2002). Cassava utilisation
as feed and/or as a raw material in the starchsinglus far more progressed in some
Asian and Latin American countries (Chang, 2000)e Tecent identification in Latin
America of amylose-free cassava starch (Ceballoal.et2007), high-amylose starch
(Ceballos et al., 2008), sugary cassava (Carvditab.,e2004) and yellow cassava roots
with high levels of carotenes (Hershey, 2010), spap new vistas for industrial and
nutritional utilisation of cassava. In addition thetential for cassava to produce biomass

for renewable energy has been recognised (Sinh&waadiinathan, 1984).

Besides the starchy roots, cassava leaves arepamtant vegetable in some communities
(Lutaladio and Ezumah, 1981). Leaves are high atgom, vitamin C, iron and calcium

and are used both as human food and in animal .fedtdeen used for human

consumption, leaves are, however, cooked (Hers@6y0). Traditional processing

methods that include cooking, pounding, gratingjirdy and fermentation result in the
liberation of poisonous hydrogen cyanide from cessand hence making it safe for
human consumption. It does suffice to note thasaas hugely appeals to low income
households because it can be “banked” in the sod eeserve food. This, coupled with
flexible and low input requirements, make it poputawomen in the rural communities

(Nweke et al., 2002).

2.3  Challenges to optimal cassava productivity in fhica

After the introduction of cassava in Africa, it rdly spread within the farming systems
(Jones, 1959; Carter et al., 1992; Hershey, 20d0)ianow a well established crop over
vast agro-ecologies on the continent. Just likeerotintroduced crops, increased
cultivation resulted into the onset of producti@mstraints. Attacks by insects, mites and
pathogens often increase especially when natunatralosystems have been disrupted
(Odongo and Otim-Nape, 1984).
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In Latin America, where cassava has had a longiyisthere has been a co-evolution of
the crop and its pests over a long period of tihosv to intermediate levels of resistance
to prevalent pests are common there. However, iicd&find Asia there have been more
serious new encounters of the crop with pests {+#$1r2010). The long growth period of
cassava that can extend up to 12 months in the flETA, 1990), inevitably leaves it

vulnerable to overlapping attack by pathogens asddts.

Cassava production in Africa is constrained by miper of biotic (insects pests, diseases,
weeds and nematodes) and abiotic stresses (stlityfeproblems, drought and post-
harvest deterioration), with their distribution amdpact varying across the continent
(IITA, 1990; Hershey, 2010). Viruses are among rinest devastating pests of cassava.
CMD, first reported in Africa in 1884, is one ofetimajor biotic constraints that has been
associated with the crop for a long time (Legg &adiquet, 2004). To date, distinct
species of these viruses are reported to infedawasin Africa and India, where the
species can interact synergistically, making iteitem difficult. Nonetheless, use of
resistant varieties is the mainstay in defencersg&MD (IITA, 1990; Hershey, 2010).

The recent emergence and spread of another vsahsie, cassava brown streak disease
(CBSD) is causing significant yield losses in tihepc(Hillocks et al., 2001; Alicai et al.,
2007). The disease causes a dry necrotic rot instbeage roots leading either to
complete spoilage or significant reductions in gualCBSD, first described in east
Africa close to 60 years ago (Nichols, 1950), wasught to be restricted to coastal areas
of Kenya, Tanzania and Mozambique. However, CBSEzap to mid altitude areas
including Uganda (Alicai et al., 2007) and is now aminent threat to cassava
productivity in the region. Although some cassawenajypes with high levels of
tolerance to CBSD have been identified in Tanza(fmward Kanju, personal
communication), tolerance/resistance to CBSD istgdie detected in germplasm from
other countries where CBSD is increasingly becomagproblem. Several other
significantly important biotic constraints, partiaty insect pests, bacterial and fungal

pathogens have been noted in several African cesr(iTA, 1990; Hershey, 2010).
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Cassava roots, the principle economic part of thetphave a short shelf life. Within one
or two days after harvesting, there is rapid itibia of post-harvest physiological
deterioration (PPD), which is associated with tlyatlsesis of phenolic compounds
(Beeching et al., 1998). PPD remains a huge clgdlean the commercialisation of
cassava. Most research on PPD has been conducteatimn America, where genetic
variability has been reported in populations inglgd some inter-specific hybrids
(Hershey, 2010). Stem storability, which is broadsfined as the capacity of stems to
withstand long storage periods (that can extendoufwo months after harvesting) is
another major challenge to cassava productivitstiquaarly in areas with relatively long

dry spells or erratic rainfall (Ceballos et al.02).

Though cassava is considered a drought tolerapt aoresilience to weather extremes
in the current face of global warming, will increagly become a major abiotic constraint
in the not too far distant future. All productioronstraints of cassava can not be
highlighted here. The above narration presents swinlee major constraints to optimal

cassava productivity. Of hope however, is the psemhat solutions to some of these

challenges can be addressed through breeding emtons.

2.4  Genetic variation: a tool for cassava improvenrd

The array of cassava challenges highlighted abeeegssitate that concerted efforts be
made to address them with the overall goal of eiregy cassava productivity in Africa.
However, the success of any breeding programmethe@heustomised towards hybrid or
variety development, will require that maximum dsity of parental lines exists to either
exploit heterosis or provide variability for adsii variance for selection (Wricke and
Weber, 1986; Maunder, 1992). Heterogeneous popuktare a useful buffer against
biotic and/or abiotic extremes. The increase ofanthian 50% cereal yield production
between the periods 1960-1990 that was ascribaddption of better crop cultivars, is a

testimony to this fact (Frey, 1992).
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However, genetic variation alone is practically thtess in germplasm unless it harbours
genes that are useful either singly or in combamativith other previously evaluated
germplasm (Smith and Duvick, 1989). In cassavas ftisi strongly illustrated by
international breeding efforts conducted by theernmational Centre for Tropical
Agriculture (CIAT) in Latin America and Asia thategan with the collection and
evaluation of over 2000 cassava varieties, mairdgnffarmer’s fields in Latin America.
Selected varieties were hybridised to generate gmpdor further advancement from
which outstanding commercial genotypes were officieeleased and widely adopted
(Kawano, 2003). In Africa, the classic example bé tuse of genetic variation is
illustrated by the germplasm derived from the és&sican breeding programme in the
1930s (Nichols, 1947; Jennings, 1957; Hershey, ROIBis programme searched for
CMD resistant clones and selections with higheelewf resistance were intercrossed to
get highly resistant hybrids that were distribuitedhe region to reduce ravages of CMD
(Jennings, 1957).

Chang (1992) noted that a complete array of gersnpli@ a crop will consist of: 1) wild
relatives, 2) unimproved cultivars or local vamstiand 3) improved germplasm already
in production. In cassava, this broad categorisatioes exist and has been used in
hybridisation programmes to generate new geneti@abitity (Jennings 1959; Hahn et
al., 1980; Jennings and lIglesias, 2002; Kawano32@julong et al., 2008). Naturally
occurring genetic variation in key agronomic andtrquality traits of unimproved local
cassava genotypes from Latin America has beentexp(Chavez et al., 2005; Sanchez et
al., 2009). The contribution of formal breedingtietives by the International Institute of
Tropical Agriculture (IITA), CIAT and the Nationahgricultural Research Systems
(NARS), combined with the heterozygous nature ef ¢hop and the inherently natural
variation in cassava, inevitably resulted in braetkgenetic variation in cassava, some
of which is represented in the eastern, centralsmdhern African regions. This genetic
variation needs to be systematically quantifieddiptimal utilisation.
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2.5 Quantification of genetic variation

Within the realms of genetics, quantification ofrigdon is specifically important to
obtain insights into evolutionary forces (mutati@®lection, migration, recombination
and random genetic drift) that shape today’s pdpmrastructure (Hartl, 2000; Klug et
al., 2005). Genetic variation manifests itself atious levels of biological organisation
and/or expression including ecological adaptataimpmosome structure and behaviour,
biochemical pathways, morphological traits (quéi®), agronomic and consumer
related traits (quantitative) and molecular vaoati (Hershey, 2010). Ecological
adaptation largely describes the distribution oécsps within the genus (Rogers and
Appan, 1973). Chromosome structure and behaviatr tfainly involves utilisation of
cytogenetics to infer the organisation of geneiveikity has provided conflicting results
(Magoon et al., 1969; Umannah and Hartman, 197 Z&v@&fmiaga-Aguirre et al., 1998).
Because of their limitations, both ecological adéiph and cytogenetics have not been
used in examining genetic diversity in cassava. dderhereafter quantification of
variation using biochemical, morphological, agromorand molecular approaches is

discussed.

2.5.1 Biochemical variation

Principally, biochemical variation relies on preotgiolymorphisms and was first used to
study populations ofDrosophila in the 1960s (Klug et al.,, 2005). Considering a
structured gene, if a nucleotide change resultsarsubstitution of a charged amino acid,
such as glutamic acid, for an uncharged amino aeidh as glycine, the net electrical

charge on the protein will be altered (Klug et aD05). This difference in charge and

size is used to separate protein molecules thrangtlectric field. Isozyme proteins have

been used to study genetic diversity in cassavan(fea et al., 1987) with phenomenal

findings. For instance, the isozyme techniques \abte to detect intermediate genotypes
betweenM. esculenta andM. glaziovii, which can be attributed to evidence of gene flow
between species. Seed storage proteins in the déanisot were used to compare 19

Manihot species of Brazilian origin (Grattapaglia et 24987).
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There are a limited number of enzymes that can tbeiexl and because many
substitutions do not change the net electric changne molecule, only about 30% of the
variation is detected (Klug et al., 2005). Thisesely limits the utility of protein-based

polymorphisms in diversity assessment. Besidesteprosynthesis depends on a
particular gene being active, which is a functidrplant age, origin and environmental
factors. These extraneous factors either singly @ombination, if not well attended to,
can lead to largely biased results. This couldlypastplain the limited utility of protein

polymorphisms in current diversity assessment.
2.5.2 Morphological variation

The phenotype of a plant is of great agriculturald aeconomic importance.
Morphological traits, which are largely qualitativeare frequent in nature and
considerable variation exists in them (Chawla, 200Rese traits, that display distinct
phenotypes, were the earliest genetic markers teseé in cassava (Graner, 1942). These
markers and/or descriptors are largely under mamoggene control, with limited
environmental influences and are often used in dbdification of new varieties.
However, under some exceptional cases modifiergerey cause some slight variation
in the phenotype (Graner, 1942).

The International Plant Genetic Resources Insti{lR&RI) defined a set of relatively
stable morphological traits useful for cassava attarisation (Gulick et al., 1983). This
set comprised of 11 traits: apical leaf colourpcolof the petiole, stem epidermis colour,
root flesh colour, root peduncle, shape of cengaf lobes, apical pubescence, stem
periderm colour, root surface colour, flowering ambt cortex colour, with distinct
classifications within each. Another comprehensigscriptor list developed by Empresa
Brasileira de Pesquisa Agropecuaria (EMBRAPA), temitin Portuguese (Documentos —
CNPMF No. 78, ISSN 0101-5171-JUNHO/1998), has dlsen used to characterise

cassava.
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Genetics of a few morphological traits in cassaaaehbeen documented (Granar, 1942;
Hershey and Ocampo, 1989). The authors came tdolleving conclusions about
cassava traits: 1) leaf shape - narrow is domioaet broad, 2) stem periderm - light
green is dominant over dark green, 3) stem grovehith- straight is dominant over
zigzag, 4) root periderm - dark is dominant overniteshS) leaf margin - pandurate is
dominant over entire and 6) parenchyma colour loyels dominant over white. Partial

dominance has also been reported for parenchynoarcol

Some of the qualitative traits are of major agromoimportance. For example, root
shape is a valuable indicator for maturity, as sahert-rooted varieties will produce
roots of commercial value within a shorter time pamed to long-rooted varieties
(Hershey, 2010). The cassava variety CMC-40 is higeown in southern Brazil owing
to its short roots that thicken quickly. Canopy rettéers also have agronomic relevance
as they significantly influence the quality of plissy material. For example, clones with
limited branching produce more uniform stakes thiaose that are highly branched
(Hershey, 2010).

Other morphological traits like leaf-vein colourveabeen used to establish whether or
not progeny have resulted from cross-pollinationsetf-pollination (Kawano et al.,

1978), but some are probably evolutionary neugal.(stem periderm colour and colour
of petiole). Ceballos et al. (2004) observed tlatcgcooking quality is usually associated
with other morphological traits such as colour lo¢ fpeel and that farmers frequently
reject changes in morphological traits. In othepst, three morphological markers were
used in addition to molecular markers for geneitkdge mapping of diploid wheat

Triticum monococcum (Link) Thell.) (Dubcovsky et al., 1996).

Various studies have employed cassava morpholodredts with the objective of

elucidating patterns of genetic variation (Ben2605; Balyejusa Kizito, 2006; Zacarias,
2008). A deficiency of most of these studies waat they largely focused on above-
ground qualitative traits (e.g. leaf pubescencef Ehape, leaf colour, stem growth,

branching habit etc.), with a few root traits.
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However, to obtain the most from diversity assesgmié is necessary to broaden the
traits for characterisation and provide for incogimn of indigenous technical

knowledge. A thorough understanding of monogeraddrin cassava is desirable, as it
can indirectly help the selection process, whereeters handle several highly

heterozygous individuals at a given time in theeddieg scheme.
2.5.3 Quantitative variation

Just like for other plants, most useful agronomats of cassava exhibit quantitative
inheritance (IITA, 1990; Ceballos et al., 2004; stexy, 2010). These traits have been
manipulated in cultivated species for their adagptiand/or commercial value.
Quantitative genetic variation is the basis of picitve and reproductive traits and
monitoring it may therefore reveal variation clgseklated to fitness. In order to
understand variation, efforts should be made tainb&ccurate phenotypic records, as
this is pivotal in obtaining true genetic progrelSsen with the availability of molecular
techniques, visible trait expression still rematims most practical means of evaluating a

phenotype (Hershey, 2010).

Quantitative traits are well known to be influenceg genotype by environment
interactions (Wricke and Weber, 1986). In cassatveg extent of environmental
influences varies among agronomic traits (Kawai@®32 Ojulong, 2006; Ssemakula and
Dixon, 2007). For example, in the analysis of 1T&es at two locations, significant
genotype by environment interactions were only olegkfor roots per plant and not for
storage root weight, harvest index (HI), root dratter content (DMC), fresh root yield
and dry root yield (Ojulong, 2006). However, gempaydifferences were observed for all
traits evaluated. In carotenoid-rich cassava cl@weduated at five locations in Nigeria,
genotypic effects had the highest impact on DMCalimn effects had highest impact on
dry root yield, while genotype x location effecten significant for DMC and all other
traits analysed (Ssemakula and Dixon, 2007). Kaw@A87) observed that heritabilities
of agronomically important traits including DMC a#itl are sufficiently high to warrant

predictable performance of hybrids.

22



Key agronomic traits that have frequently been istligh cassava include plant height,
storage roots per plant, HI, DMC, PPD, hydrogenn@@ content and several plant
health and quality-related traits (Ceballos et2004; Chavez et al., 2005; Sanchez et al.,
2009; Hershey, 2010). Plant height in cassava bas bxamined for various objectives
including compatibility with intercropping systenigke-Okoro et al., 2008), drought
response (Aina et al., 2007), mapping quantitatragt loci (QTL) (Okogbenin and
Fregene, 2003) and for understanding its genetidsvariation in populations (Calle et
al., 2005; Cach et al., 2006; Rojas et al., 2088yeral other quantitative traits including
storage roots per plant, root weight, fresh shaeldyand fresh root yield have been
examined with the aim of understanding various etspef cassava productivity (Pinho et
al., 1995; Okogbenin et al., 2003; Ojulong, 2006).

Cassava, being a starchy crop, suggests that gsammestication, both human and
natural evolutionary selections forces have plagegignificant role in determining the
root DMC. For instance, in Colombia, high DMC véies are more often associated with
communities where cassava is processed, whilemeigiate to high DMC varieties are
associated with regions where the roots are dyirecthsumed (Hershey, 2010). DMC has
been extensively studied in cassava for quantifylljgthe extent of genetic variation
(Kawano, 2003; Chavez et al., 2005), 2) genotypawronment effects (Kawano et al.,
1987; Tan and Mak, 1995; Benesi, 2005; Ojulong,62@3emakula and Dixon, 2007), 3)
nature of its inheritance (Jaramillo et al., 20@&ch et al., 2006), 4) extent of gene
transfer from wild relatives to cassava (Ojulongakf 2008), 5) quantitative trait loci
(Okogbenin and Fregene, 2003; Kizito et al., 2G0W 6) response of cassava to drought
stress (Okogbenin et al., 2003). With the exceptibno-workers of Kawano as well as
Chavez, most of the abovementioned studies largggmined DMC in a few elite
genotypes and/or breeding populations with limitedsideration of local varieties. Most

of these studies involved analysis of cassava dgasnpfrom Latin America and/or Asia.
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The distribution of biomass to economically usgfiaint parts is measured by the HI and
in cassava, this is defined as the ratio of storageé weight to the total weight of the
plant on a fresh weight basis (Kawano, 1990). Hirnie of the agronomical traits that can
substantially increase cassava productivity. Anothmportant finding from these
breeding experiments was the fact that in single taals, indirect selection for yield

through HI was more effective than direct selecfmmyield (Kawano, 2003).

Several studies examined HI in cassava with thesablbp of: 1) mapping QTL
(Okogbenin et al., 2008), 2) understanding hovs iaffected by the soil tillage systems
(Otsubo et al., 2008), 3) establishing relationshggmong cassava clones (Nick et al.,
2008), 4) quantifying its variation among genoty@esl in making early selections
(Ramanujam et al., 1989; Tan, 1992), 5) quantifygnvironmental influences (Asadu et
al., 2002; Egesi et al.,, 2007; Vidigal et al., 208) quantifying its heritability at
different selection stages (Kawano et al., 1998)juantifying fertiliser response (Pellet
and El-Shakawy, 1993) and 8) determining its irtaade (Calle et al., 2005; Jaramillo et
al., 2005; Cach et al., 2006). These studies lgrgehmined HI in a few elite genotypes
and/or breeding populations, with limited considieraof local genotypes. As for DMC,
no systematic evaluation has been done for Hl #sa&a germplasm available within the

NARS of eastern and southern Africa.

Compared to other staple crops in SSA, cassavarpesfrelatively better on marginal
soils characterised by uncertain rainfall pattefirise ability of cassava to tolerate these
harsh conditions is purported to be an inter-plagaveral physiological traits (Hershey,
2010). The crop experiences simultaneous growthdawelopment of the roots and the
photosynthetic machinery, the leaves. Some stutlige suggested that increased
longevity of leaves and/or improved leaf retentamuld be important in attaining high
yields in cassava (Cock and El-Sharkawy, 1988; 4 enial., 2006) and that a simple
visual evaluation of leaf retention can be appiredhe field (Lenis et al., 2006). The
attainment of stable cassava yields in marginahsaneill require that physiological

related traits like leaf retention be included dgrthe selection process.
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Lenis et al. (2006) evaluated 1350 clones undesstconditions and observed that clones
containing the leaf retention trait produced martalt fresh biomass and yielded 33%
more root DMC than clones without the trait. Unforately, no systematic evaluation has
been made for leaf retention in cassava germplasmhaale within the NARS of eastern

and southern Africa.
2.5.4 Molecular variation

Molecular variation reflects naturally occurring BNpolymorphisms, which can be
detected using several techniques. Irrespectivethef technique used, information
generated on DNA polymorphisms can be used to idiiéerences and/or similarities
among individuals (Burr, 1994). DNA polymorphismse anore frequent than charge
changes in proteins and/or phenotypic differendeside range of molecular techniques
are available that enable detection of DNA polynhisms. This detected variation has
found diverse applications in genetic diversity lgsig, construction of genetic maps,
diagnostics, detection of linkage disequilibriumeng cloning and whole genome
scanning (Gut, 2001; Buckler and Thornsberry, 2@0#alski, 2002).

In practice, most DNA-based marker systems empliblyere the polymerase chain
reaction (PCR) technique (Mullis, 1990) or the DIRANA hybridisation technique,
which was adopted following the construction ofemetic linkage map in humans using
the restriction fragment length polymorphism (RFLt&¢hnique (Botstein et al., 1980).
SNP markers (Raflaski, 2002; Flint-Garcia et ab02, Shastry, 2003) and microarray
platforms (Wenzl et al., 2004; Hurtado et al., 2088 recent additions to the array of
molecular marker systems used in studying populatiariations. These DNA-based
markers can either have dominant or co-dominardritdnce and are able to detect single

locus and/or multiple locus differences (Chawla)20
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2.5.4.1 Molecular variation at genotype level

Genotype, referring to the combination of allelefuaged on corresponding
chromosomes, can be used to infer differences anmatigduals based on information
generated from genetic markers (Hartl, 2000). S#vaplecular marker techniques have
been developed and utilised to meet various obgestibut with the bulk of the work
skewed towards quantification of genetic variation.

In the past three decades, most commonly used msykeems have included: 1) RFLPs;
Botstein et al., 1980; Tanksley et al., 1989; Livet al., 1992), 2) random amplified

polymorphic DNA (RAPD; Williams et al., 1990; Stojset al., 1996; Sun et al., 2001),
3) amplified fragment length polymorphism (AFLP; &/et al., 1995; Lin et al., 1996),

SSRs (Litt and Lutty, 1989; Morgante and Olividr§93; Powell et al., 1996) and DNA

sequencing (Kreitman, 1983; Burr, 1994). Severaivdves of these marker systems
including non-PCR based, PCR-based and targeted te€fiques have emerged and
continue to evolve (Burr, 1994; Hartl, 2000; Chava@02).

Beeching et al. (1993) used cloned cassava gemelvad in the cyanogensis pathway as
RFLP markers to obtain genetic relationships betweagssava and its wild relatives.
From that study three distinct clusters that depidhreeManihot species¥l. esculenta,

M. glaziovii and M. caerulescens Pohl) were revealed, with inter-specific hybrids
clustering in intermediate positions between theepaspecies. Other studies employing
RFLPs have focussed on phylogeny (Haysom et a®4;16olombo et al., 2000) and in
the construction of a cassava linkage map (Fregeaé, 1997). RAPDs have been used
to study the genetic diversity of cassava in L&merica (Colombo et al., 2000), Africa
(Marmey et al., 1994; Tonukari et al., 1997; Zaasart al., 2004) and in the construction
of a cassava linkage map (Fregene et al.,, 1997).PAFhave been used to establish
genetic relationships amomganihot species (Second et al., 1997), to provide evidehce
introgression between cassava and wild relativesri{ld et al., 2001) and in genetic
diversity assessment among cassava varieties (8amtlal., 1999; Fregene et al., 2000;
Benesi, 2005).
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SSR makers that comprise of tandem repeats of gBeBt base pairs (bp)] DNA

sequences are abundant in the genome, co-dominahdsited, highly polymorphic and

reproducible (Morgante and Olivieri, 1993; Powell &., 1996). This high level of

polymorphism arising from site-specific length adion of the repeat units (Morgante
and Olivieri, 1993) makes them ideal for studyirapplations. Moreover, a comparison
of RFLP, RAPD, AFLP and SSR marker systems for gdgiem analysis has confirmed
the superiority of SSR markers (Powell et al., 1996

Because of their informativeness, SSRs have hawusmpplications in cassava: 1)
assessment of genetic diversity (Chavarriaga-Agutral., 1998; Balyejusa Kizito et al.,
2005; Moyib et al., 2007; Hurtado et al., 2008;Ugiga et al., 2009), 2) construction of
linkage maps (Fregene et al., 1997; Mba et al.120&ogbenin et al., 2006), 3) mapping
of QTL (Akano et al., 2002; Okogbenin and Freg&tt€)3; Ojulong, 2006; Kizito et al.,
2007; Okogbenin et al., 2008) and 4) tracing thgimrof cassava (Olsen, 2004). From
these studies it was established that: 1) cassavaghly diverse and native to the
southern Amazon basin and 2) with more fine-mapp8§Rs have the potential to be
used in the selection of agronomically importaramfitative traits. DNA sequencing that
enables identification of SNPs and/or haplotypes &lao been used in cassava (Olsen,
2004; Lopez et al., 2005; Kawuki et al., 2009).devitly, these molecular markers have
contributed immensely to the understanding of cassvolution and genetics and still

offer tremendous scope to the understanding owasgenetics and its improvement.

2.5.4.2 Molecular variation at sequence level

The development of cloning and DNA sequencing tephes provided opportunities for
direct analysis of sequence variations of individua a population (Klug et al., 2005).
Nuclear sequence variations in the form of SNPs/ideo excellent opportunities for
studying phenotypes in populations, as they arentest common form of genetic

variation (Brookes, 1999).
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SNP polymorphisms can either be in the form of diteans (purine to purine or
pyrimidine to pyrimidine) or in the form of trangeen (i.e. a purine to a pyrimidine), a
scenario which has been reported both in plants @taal., 2005) and humans (Wang et
al., 1998). This kind of genetic variation providas opportunity for direct analysis of
sequence differences (both in genic and regulatgions) between many individuals at

a large number of loci, providing more insightsipbpulation diversity (Rafalski, 2002).

Considerable progress in SNP technology has bdaawad within the realms of human
genetics (Davignon et al., 1988; Fullerton et 2000; Gut, 2001; Collins et al., 2004;
Klug et al., 2005). Key findings in some of thesedses that could be of relevance to
plants were that SNPs: 1) occur at a high frequémdiie human genome (one in every
1000 bp), 2) provide the basis of understanding ly@nmetic differences influence a
phenotype, i.e. an individual's susceptibility isedse and response to drugs, 3) do not
necessary cause disease, but can act as markegrepolations at risk of developing a
disease, 4) found particularly in the untranslaigions and/or non-coding regions, do
not necessarily associate with a phenotype ance§uéncy varies greatly among genes.

In plants, the most practical utilisation of SNP# wrimarily be in understanding crop
genetics for eventual crop improvement through rmappf traits, construction of high
resolution genetic maps, genetic diagnostics, arslyof population structure,
phylogenetic analysis and association mapping (Bucknd Thornsberry, 2002; Flint-
Garcia et al., 2003; Neale and Savolainen, 20049reblver, DNA sequence-based
diversity will provide insights into plant seleatiomigration, recombination and mating
systems (Buckler and Thormsberry, 2002). For examptudies of gene sequence
diversity have established that some species lik&zenare more polymorphic, while
others like melon are less polymorphic (ShattuatteBs et al., 1990). Related studies
involving analysis of single genes were able tanidg polymorphic sites undergoing
selection and even relate polymorphisms to usejubreomic phenotypes (Buckler and
Thornsberry, 2002).
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SNPs have further been utilised in the estimatiord a&xamination of linkage
disequilibrium (LD) i.e. the non-random associatiafi alleles at different loci
(Remington et al., 2001). In that study, intrageamd genome wide LD between SNPs in
a diverse set ofnaize inbred lines across six genes establishegid decay fr< 0.1;
within 1500 bp). However, there were loci e.g. shgaryl where decay in LD extended
over 12 kb. These findings have practical relevanaards the implementation of SNPs
for association mapping i.e. whether to select al&/lyenome scan or a candidate gene
approach (Buckler and Thornsberry, 2002).

SNPs have been used in a few crops to assessitligrapevine, Salmaso et al., 2004;
rice, Bao et al., 2006 and maize, Hamblin et aDp7) and haplotype structure
(grapevine, Salmaso et al., 2004 and sugar bekhe®ter et al., 2001). SNPs have been
applied in phylogeographic analyses (Brumfieldlgt2003; Olsen, 2004). Other studies
have characaterised the frequency of SNPs in gesdimeexample one SNP per 78 bp
for grapevine (Salmaso et al., 2004), one SNP fdpdin non-coding regions and one
SNP per 124 bp in the coding regions for maize rGtat al., 2002), one SNP per 2038
bp in the coding sequence and one SNP per 191 thyeinon-coding regions in soybean
(Van et al., 2005). A key distinction between SN&®l other DNA-based marker
systems, particularly AFLPs and genomic SSRs, & the latter marker systems are
limited to indirect analysis of DNA sequence vadas. SNPs offer a direct way to
sequence variation analysis, which to a large extesips to explain observed
phenotypes. Moreover, SSR markers are subjectrtmplasy, which is the occurrence of

SSR alleles of identical size, but of different kenionary origin (Viard et al., 1998).

SNPs associated with an agronomic phenotype wilkickerably boost plant breeding
efficiency, similar to what has been achieved inrmho diagnostics and therapy
recommendations. However, SNP information is lichite cassava (Olsen, 2004; Lopez
et al., 2005). Given the heterozygous nature antptexity associated with selection for
some of the traits like CBSD, initiation of SNP bdsesearch will make a significant

contribution to cassava improvement.
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2.6  Cassava breeding

Plant breeding, defined as the art and sciencehahging heredity of plants, has
immensely contributed towards human welfare. Teldgies generated through plant
breeding have played a significant role in providifood, feed and fibre to the
continuously increasing human population (Frey, 209%Regardless of the crop, plant
breeding progress will largely depend on the selectind utilisation of the most
appropriate germplasm and the particular breedireghods which can be applied
(Wricke and Weber, 1986; Baenziger and Peterso@2;18lallauer, 1992; Maunder,
1992).

In cassava, the domestication process, which ihipaolved selections by subsistence
farmers, began the era of cassava breeding. Howéweradvent of Mendelian and
guantitative genetics, where more systematic dele@dnd genetic progress could be
attained, motivated the initiation of formal bresglin cassava. Involvement of trained
plant breeders in cassava improvement began irednlg twentieth century, with the

breeding programmes that were established in InBrazil, Madagascar, Tanzania,
Nigeria and Indonesia (Hershey, 2010). Subsequesdding activities in Africa were

introduced by the French and Belgians in SenegdlC@nd Cote d’lvoir. Although the

Madagascar breeding programme was based on high agmditions and involved a

wide range of germplasm and large numbers of seggllbeing tested each year, it
terminated before any major impact could be madhe Most successful early breeding
in Africa was that based at Amani in Tanzania urttierguidance of Drs. H.H. Storey
and R.F.W. Nichols (Hershey, 2010).

This regional programme in Tanzania, establishethenmid 1930s, involved breeding
for CMD and CBSD resistance, with outstanding ctomheing distributed among the
neighbouring countries (Storey and Nichols, 193&hhnls, 1947). In 1956, one year
before the Amani station was closed, segregatiqilptions were distributed to several

African countries.
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Later, in the 1960s, two international centers,Alland CIAT were established and
furthered cassava breeding in partnership with NWRS of Africa, Asia and Latin
America (Kawano, 2003; Ceballos et al., 2004; Heyst2010). The principal output of
most cassava breeding programmes has been informanhd genetically improved
germplasm. Most of the information generated isnded for use by breeders and other
scientists, while improved germplasm, usually ie thrm of new varieties, provides a

measurable benefit to producers and consumerslieper2010).

The success of a developed cassava variety carapeireed in two ways. Firstly, when
the variety is predominantly grown over a largetgprous area. And secondly, when the
variety may not predominate in any one area, buhdaslerately successful in several
countries, i.e. have wide geographical adaptatr@hadoption (Hershey, 2010). In Latin
America, the varietMantiqueira (syn. CMC 40), bred by the Instituto Agronémico de
Campinas (IAC), Sao Paulo, Brazil, has been moedrauccessful in southern Brazil,

Cuba, Colombia, Dominican Republic, Haiti and tlindippines.

In Africa, the IITA bred variety TMS 30572 that cbmes both CMD resistance and
desirable agronomic quality was successfully adbpteNigeria and in several other
African countries to mitigate the effects of CMDorRthe Asian continent, the Thai
national programme selected Rayong | from amongllearieties and released it in
1975. For a period of over 20 years, nearly alliléhd's cassava acreage was planted
with this variety (Hershey, 2010). Currently, thbal variety KU50 is grown on more
than one million hectares in Asia and is the mastely grown variety in Thailand. At a
national level, NARS have developed and releasedrak varieties. In Africa alone,
more than 200 varieties have been released byiffleeethit NARS. However, because of
limited documentation on area planted to specifideties, it is extremely difficult to
classify the degree of success enjoyed by moshedet released varieties in Africa
(Hershey, 2010).
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2.6.1 Breeding objectives

Breeding objectives across countries appear tellaively similar as documented by the
several workshops and symposia that bring togesb@mtists from IITA, CIAT and
NARS (Hershey, 2010). Nearly all programmes inclaheong their objectives high
yield, high DMC, early maturity, tolerance/resistanto local pests and diseases and
adaptation to local environmental conditions. Hoarevhe relevance of other quality-
related cassava traits (i.e. PPD, hydrogen cyanleleels, beta-carotene and
amylose/amylopectin content) vary greatly accordiagprocessing requirements and
end-user needs (Ceballos et al., 2004). Becauseciopping is practised in many rural
communities, varieties compatible with intercrogpaiso constitute a breeding objective
in some communities (Ceballos et al., 2004). Itsdagffice to note that specific growing,
processing and marketing situations require custedhiobjectives for individual
countries and/or regions. Principally, attainmenthese breeding objectives will require
that sufficient genetic variation exists and thgprapriate breeding techniques be applied
(Frey, 1992; Maunder, 1992).

2.6.2 The selection process

Breeding methods developed for cross-pollinatedosroan practically be applied to
cassava (Ceballos et al., 2004; Hershey, 2010).breeding methodology in cassava
involves selection of parents (based on complinmgrttaits), crossing (via controlled or
open pollinations) and simple phenotypic selectimn individual clones based on
performance across years and locations. The végetaature allows maintenance of
heterozygotes throughout the selection process. edery selection of parents for
hybridisation should not be based solely on tpeirse performance, but rather on their
combining ability, whose estimation will requireiligation of specific mating designs
(Ceballos et al., 2004; Ojulong, 2006).
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A modified cassava selection scheme that compasemajor steps, with each activity
lasting a year, has been suggested (Ceballos @084). Year one involves generation of
crosses to produce about 100000 genotypes. Yeainvalves evaluation of the;B
(17500-100000 genotypes) on a single plant basisnD year three unreplicated clonal
evaluation trials (1800-3000 genotypes) are estbtl. Replicated and/or unreplicated
single-row plots in a preliminary yield trial (1BD0 genotypes) are established during
year four. Year five involves the establishmentafeplicated advanced yield trial (18-
100 genotypes) and year six the establishment plicegded regional trials (5-30
genotypes).

Only with the initiation of replicated trials do&se emphasis shift from high heritability
traits to those of low heritability, such as yiel@eballos et al. (2004) further discussed
the utilisation of selection indices and estimaidmparental combining abilities from the
collected data. One particular feature of cassagading is that it requires considerable
time, resources and logistics. It is partly fordbeeasons that marker-assisted selection
(MAS) in cassava is being strongly advocated tonarg the efficiency of the cassava
selection process (Fregene et al., 2001; SetteFeegkne, 2007).

The relative efficiency of MAS compared to phendatyipased selection is high when the
trait of interest has low narrow sense heritabfli§) under field conditions and when the
ratio variance explained by the molecular markemgared to total additive genetic
variance is high (Setter and Fregene, 2007; Her@\0). MAS can be justified for: 1)
evaluations based on a single plant, 2) screenisgpse resistance when the pathogen
pressure is absent or low, as is the case with @Mie Neo-Tropics, 3) using highly
variable experimental fields like the case of lagde drought trials and 4) traits that are
affected by the plant's growth stage, like DMC a@8SD. Besides enhancind,h
markers considerably reduce the size of breedimylptions by eliminating undesirable
genotypes at seedling stage (Hershey, 2010). Ehestson considerably reduces the field

establishment and evaluation logistics.
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An example of the utility of MAS in cassava wastthasociated with the discovery of a
single dominant gene, designatedGMD2 (Akano et al., 2002). The authors identified
three markers of which RME1 and NS158 at respeclis&nces of 2 cM (centiMorgan)
and 5 cM, were more strongly associated with@WD2 gene. These findings inspired
CIAT and IITA to verify the utility of MAS for CMDresistance screening using the SSR
marker NS158. This was done using six families witbgeny sizes ranging from 36-840.
[ITA evaluated a total of 2490 genotypes in unmegikd field trials for resistance to
CMD, while CIAT assayed the genotypes with NS158gipolyacrylamide gel analysis
(Hershey, 2010). Results of the marker analysisprahotypic evaluations revealed that
NS158 offered excellent prediction for CMD resistamn some crosses, but not in others
(Hershey, 2010). Further scrutiny of the markeela#i for the parents revealed that an
allele from the susceptible parent had the saneeasizhe allele associated wWiMD?2 in

the resistant parent. Though these findings demeatestthe potential of MAS in cassava,
they also illustrated the need to develop many erarlaround a gene of interest to
increase the precision of MAS. Another study emptbyAS to transfer useful genes
from wild relatives to cassava (Hershey, 2010).

Several other related studies have identified QTtassava. Jorge et al. (2000) identified
eight QTL for resistance to cassava bacterial bliigease. In another study, two QTL on
two different linkage groups controlling cyanogemitcosides and six QTL on four
different linkage groups controlling DMC, were idigéed (Kizito et al., 2007). Genetic
mapping of QTL affecting productivity and plant kitecture have been examined and 30
primary QTL and 84 secondary QTL were detected ¢Bkoin and Fregene, 2003).

2.6.3 New approaches to cassava breeding

Since the inception of cassava breeding, utilisatb heterozygous parents to generate
Fi's for onward evaluation and selection has beetirreuLimitations on attainment of
sustainable genetic progress due to the inherémgly heterozygosity in cassava have
been highlighted including: 1) masking allelic difénces in segregating populations, 2)
permitting a sizeable genetic load of deleteriollles to persist in populations and 3)

limiting the transfer of desirable traits from ogenotype to another.
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In response to these challenges, introduction abtiohaploids and/or inbreeding were
proposed as solutions (Ceballos et al., 2004). dhes approaches, both of which result
in increased homozygosity, comprise part of the @@proaches to cassava breeding.
Complete or partial homozygosity have several athges including: 1) elimination of
deleterious recessive genes, 2) fixation of dontiadleles for future recurrent selection
breeding, 3) precise production of hybrids, 4) emguconsistent cumulative genetic
progress, 5) expression of useful recessive tréitanaking the backcrossing scheme
possible as a breeding method, 7) enhanced faichtéor germplasm exchange and 8)

containment of viral pathogens (Ceballos et al040

Maize, a heterozygous crop, stands out as a tesyifoe the commercial use of inbreds.
Historical developments in maize breeding havednyoferridden the initial discouraging
results of introducing inbreeding in maize. Beg§59) highlighted that at the inception
of inbreeding in maize, of the original hand pdlied plants, only four lines survived by
1912, some of which yielded only two bushels pee &t25.4 kg/ha). This is by far less
as compared to today’s hybrids which yield up td77Xg/ha (Fabijanac et al., 2006).
This commitment to promote inbreeding in maize dege earlier discouraging results

is needed for cassava.

Some scientists expected that cassava, being higitrozygous, will be sensitive to
inbreeding (Hershey, 2010). However, current quaiite evidence suggests that
inbreeding depression (ID), general loss in fitresd/or vigour amongst inbred progeny,
is not uniform across cassava traits and famikeggs et al., 2009) and hence can still be
considered. From that study, average estimate® ofidre 63.9% for fresh root yield,
37.9% for fresh foliage yield, 26.5% for HI, 10.1f plant height and 5.3% for root
DMC. To date, the principal outputs from cassavaerding have been the discovery of
an amylose-free starch mutant (Ceballos et al.,7R@Mhd identification of induced
mutants (Ceballos et al., 2008).
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Increasing homozygosity through undertaking coneeal inbreeding provides an
opportunity for selection. However, it will requideetween six to seven years for
acceptable levels of homozygosity to be achievdte double haploid option which
theoretically can lead to attainment of homozygosgitthin one generation is another

option which is being considered for cassava (HersR010).

2.7 Conclusions

It is apparent from the literature review that sirbe introduction of cassava into Africa
in the early 1700s, various research activitiesehbgen conducted on the continent.
These studies have attempted to address sevemrddtiobg including breeding for pest
and disease resistance, understanding epidemi@odypopulation dynamics of pests,
socio-economic issues within the cassava pipeling genetic relations in cassava
populations. Despite this progress that has sutisligrincreased cassava productivity as
compared to wild relatives, some research gapsdg, either due to limited attention by
previous studies or due to new interventions. Thgmes form the basis of the four

research objectives in this thesis.
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CHAPTER 3

VARIATION IN QUALITATIVE AND QUANTITATIVE TRAITS OF CASSAVA
GERMPLASM FROM SELECTED NATIONAL BREEDING PROGRAMME S IN
AFRICA

3.1 Introduction

The phenotype of a plant is of great agriculturatl &economic importance, as it
represents the coordinated set of traits that ameifested by an individual over a range
of environments (Sultan, 2003). Phenotypic traiteero show large variability, with

ecological significance of certain phenotypes beapgarent and easily correlated with
environmental conditions (Sinha and SwaminathaB841®artl and Clarke, 1989). This
phenotypic variation plays a key role in definingdaattainment of breeding objectives
(Baenziger and Peterson, 1992; Hallauer, 1992) ianglant species differentiation

(Linhart and Grant, 1996). Since the advent of agpre, humans have applied
directional selection on a series of plant tragsutting in varieties adapted to specific
agricultural environments, with disparate phenosypehibiting symptomatic patterns of

quantitative variation in response to environmestahuli (Alonso-Blanco et al., 2005).

In practice, this variation is made possible beeaofsthe existence of many extreme
minor variants in the base population and/or fredlyearising mutations of either small
or large effects that can potentially affect diffier phenotypes (Barton and Keightley,
2002; Klug et al., 2005). Whether created by humand/or by natural evolutionary
forces, this variation provides for heterogeneoogutations, which have great capacity
to stabilise productivity over a range of changsmyironments (Chang et al., 1979).
Chang (1992) observed that with the unrelenting dunpopulation growth and
environmental extremes, phenotypic variation innggasm needs to be thoroughly

exploited to meet the inevitable expansion in fetiaod, feed and fibre needs.
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Cassava is a monoecius, naturally out-crossing ispebelieved to have been
domesticated several years ago in the Amazon re@dsen and Schaal, 1999; 2001).
The starchy roots are the principal economic proditithe cassava plant. Cassava shares
a significant portion of its genome with its wildogenitors (Olsen and Schaal, 1999;
Olsen, 2004), with genetic variation exhibited ime tform of root, leaf and stem
characteristics that display either qualitativeqaantitative variation. It does suffice to
note that phenotypic variation is expected to redwuith domestication of the crop,
particularly under monoculture. From the Amazorsseaa was introduced to the east,
central and southern African regions through twatee; through the west African
coastline in the 1700s and through the east Afrazastline in the 1750s (Jones, 1959).

This position therefore invites a view that thegemet day cassava phenotypes in the east,
central and southern African regions are a prodofictevolutionary forces. The
evolutionary process is dependant on rare mutatiostscreate novel morphologies and
stabilising selection, which acts on the phenotydag et al., 2005). Moreover, since
the introduction of cassava, farmers have for sgwsrars been undertaking individual
plant selections (i.e. for shorter stature, higluet DMC, early maturity and preferred
culinary qualities), which could further be restiring the genetic make-up of cassava in

the region.

In parallel, cassava breeding teams in the regmmably by IITA, have also been
actively developing and disseminating cassava geest (IITA, 1990). With this in

mind, the general picture is that cassava in tlggore comprises of a spectrum of
phenotypes including cultivars released throughm&dr breeding and local farmer
selections, whose genetic structure and functianiity needs to be examined. The
functional utility will however require systemataharacterisation and/or evaluation of

the agronomically useful traits of cassava.
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Phenotypic characterisation and evaluation iscality important, because upon defining
breeding goals and selection of evaluation envimmis) true genetic gain will only be
achieved if substantial genetic diversity of theep#al material exists to provide for
additive improvement (Maunder, 1992). Besides, euthsystematic evaluation of
existing germplasm, its potential utilisation canhe realised to the full. For example, in
the selection of parents for crossing without eafihg progeny, it was observed that the
multivariate method, which requires comprehensikienotypic data on each genotype,
provided the best results for identifying wheatsses with transgressive segregants
(Bhatt, 1973). Furthermore, in the Americas, coubised phenotypic evaluation of all
maize collections in ten countries provided infotiveadata and establishment of freely
available databases (Smith and Duvick, 1989). Redply, most national cassava
breeding programmes in the east, central and southigica region have limited or no

phenotypic information on their germplasm collesto

An equally important justification for phenotyping to obtain insight into cassava
plasticity. Phenotypic plasticity involving the nptological or physiological response of
organisms to the environment (Schlichting, 1989)| ke particularly important in the

current face of rapidly changing agricultural egisyns resulting from climate change.
These plastic responses can manifest themselvesaking shifts in resource allocation
and morphological patterns. Indeed, extensive amghgseful phenotypic evaluations
have been undertaken for some major starchy cropsraize (Smith and Duvick, 1989)
and wheat (Fischbeck, 1989), with phenomenal figsliand establishment of phenotypic

databases.

In cassava, phenotypic variation has been measxgerimentally for some qualitative
traits (Benesi, 2005; Balyejusa Kizito, 2006) buthwlimited efforts devoted towards
ecologically-adaptive and/or consumer-relatpgantitative traits, particularly in local
cassava varieties. Grando et al. (2000) illustrdated landraces are not only genetic
resources to be conserved for future needs, bubraexing material to be used today,

particularly in breeding for stressful environments
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It is against this backdrop that this study examhittee phenotypic diversity of cassava
germplasm (both local varieties and elite genotypgailable within the national cassava
breeding programmes of Tanzania, Uganda, Kenya,nBayaDRC and Madagascar.
Specifically, phenotypic variation was quantified four quantitative traits including Hl,

root DMC, leaf retention (LR) and root cortex thmelss as well as for 29 qualitative

traits.

3.2 Materials and methods

3.2.1 Cassava germplasm

The germplasm included in this study representggeatrum of genotypes either released
through formal breeding (hereafter referred to l#e genotypes) or farmer selections
(hereafter referred to as local genotypes) thateweerailable within national breeding
programmes of six countries. Qualitative traits @vecored on cassava germplasm from
Tanzania (130 genotypes), Uganda (317 genotypeslyd (97 genotypes), Rwanda (177
genotypes), DRC (182 genotypes) and Madagascargé@®8types). Genotypes included
for the qualitative analysis had < 10% missing data

Quantitative traits were measured on germplasm fi@nzania (110-148 genotypes),
Uganda (320-326 genotypes), Kenya (76-99 genotypdsanda (117-177 genotypes),
DRC (131-220 genotypes) and Madagascar (143-186tgess). For quantitative traits,
the number of genotypes for which data was colteetaied among traits and hence the
differences in the number of genotypes evaluateédinva country. For example, data on
root DMC were only collected for genotypes that evable to provide 3-5 kg of root
weight as required by the specific gravity methodlicating that genotypes without
DMC data could have LR and/or HI data. The numlbigenotypes included in this study
was selected such that they would be representafittee country’s cassava germplasm
collection. This selection process was jointly denth cassava breeders of the respective
countries. It was therefore inevitable to have #ednt number and set of genotypes

evaluated and/or characterised per country.
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3.2.2 Establishment of trial sites

Trials were established at six sites in the sixntoes: Mwanza (northern Tanzania),
Serere (eastern Uganda), Kakamega (western Kem@ona (southern Rwanda),
Mvuazi (south-western DRC) and Ambohitsilaozanast@a Madagascar).With the
exception of the Rwanda trial that was planted 00& all other trials were planted in
2007. The selected sites are within major cassawaigg regions in the respective
countries. At each site, each genotype was edtalolisn a single-row plot comprising of
10 plants. Plant spacing was 1 m within rows aidni .between rows, to limit inter-plot
interferences. Cuttings of mature woody stakes yéarted in a horizontal orientation.
Because trials were unreplicated, a standard gpadiME 14 was planted at each site
after every 20 entries to enable the estimatiorthef standard error associated with
quantitative trait evaluations. No fertilisers,igation or pesticides were applied to the
crop. The trials were kept weed free by regular uaarweeding. To remove border
effects, all assessments were done on the sixatgriints. These trials were used for

collecting data on both qualitative and quanti@tiraits.

3.2.3 Phenotypic characterisation of qualitative taits

At each site, characterisation was done using redatdised descriptor list. Apparently,
no universally accepted descriptor list exists dassava. The most comprehensive list
was developed by EMBRAPA in Portuguese (DocumertdSNPMF No. 78, ISSN
0101-5171-JUNHO/1998). Although this publication @@mprehensive, it needed
revision to incorporate some of the important faropgalitative traits. On the other hand,
the IPGRI descriptor list encompasses many of tMBEAPA descriptors but lacks
some visual images to aid field work. Thus, befonelertaking characterisation, these
two descriptor lists were compared and a consemkaseriptor list compiled. The
consensus list was largely based on the EMBRAPH Tikis consensus descriptor list
adopted for this study has been submitted for pabbn (Morag Ferguson, personal

communication).
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Characterisation was done on four occasions, aefhgix, nine and 12 MAP. A total of
29 qualitative traits were characterised in 109@oggpes across the six countries. The
first three assessments were primarily devoted ove ground traits, while the
assessments at 12 MAP were for both root and abowaad qualitative traits (Table
3.1).

Table 3.1 A list of qualitative traits used in thecharacterisation of the cassava
germplasm from the six African NARS

Trait Abbreviation = Assessment date  Assessment scale
Colour of apical leaf AL 3 MAP 3,5, 70r 9
Pubescence on apical leaf P 3 MAP Oorl
Shape of central leaf CLS 6 MAP 1-10
Petiole colour PC 6 MAP 1,2,3,5 70r9
Leaf colour LC 6 MAP 3,5, 70r9
Number of leaf lobes LL 6 MAP 3,5,7,90r11
Lobe margins LM 6 MAP 3or7
Colour of leaf vein CLv 6 MAP 3,5, 70r9
Orientation of petiole OoP 6 MAP 1,3, 50r7
Prominence of foliar scars FS 9 MAP 3or5
Colour of stem cortex CsC 9 MAP 1,20r3
Colour of stem epidermis CSE 9 MAP 1,2,30r4
Colour of stem exterior CS 9 MAP 3,4,5,6,7r®o0
Growth habit of stem SG 9 MAP lor2
Colour of end branches CEB 9 MAP 3,50r7
Length of stipule LS 9 MAP 3or5
Stipule margin SM 9 MAP lor2
Levels of branching LB 12 MAP 0-7
Branching habit BH 12 MAP 1,2,3o0r4
Shape of plant PS 12 MAP 1,2,30r4
Extent of root peduncle RP 12 MAP 0,30r5
Root constrictions RC 12 MAP 1,20r3
Root shape RS 12 MAP 1,2,30r4
External colour of root ERC 12 MAP 1,2,30r4
Colour of root pulp CRP 12 MAP 1,2,3,40r5
Colour of root cortex CRC 12 MAP 1,2,30r4
Cortex ease of peeling EP 12 MAP lor2
Texture of root epidermis TRE 12 MAP 3,50r7
Hydrogen cyanide levels HCN 12 MAP 1-9

! Each phenotypic trait had distinct phenotypes whige depicted by the values ranging from 0 to 10.
Images associated with these scale values carubd fao the EMBRAPA and/or the IPGRI descriptor.list
Hydrogen cyanide content (HCN) was determined udimg picric acid test that uses the pictorial
qualitative scale of 1-9. MAP = months after plagti
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3.2.4 Phenotypic evaluation of quantitative traits

Data on the three quantitative traits, including, LIBMC and HI were collected from
single-row unreplicated trials. These traits, daetheir moderate to high heritability,
could be measured using unreplicated trials. Howevats of low heritability i.e., fresh
root yield that require replicated trials, were leded from analysis. A common feature
of most cassava breeding programmes is that thalisiages of evaluation and selection
are usually unreplicated (Kawano, 2003; Ceballoal.et2004). Unreplicated single-row
trials have previously been used to evaluate quaivg traits in over 1500 cassava
clones (Kawano, 2003; Chavez et al., 2005), resdiltghich have directly contributed to
the genetic improvement of cassava. Lack of adeqgadd quality planting material and
the considerable logistical complications are tiification for this tradeoff of having
more genotypes being evaluated in unreplicatedstr@e opposed to having fewer
genotypes evaluated in replicated trials. Oncectieless have been made at single-row
trials, selected clones can be evaluated in replic&rials with bigger plot sizes. Since
this study aimed at exploring the extent of vaoiatin agronomically important traits in
order to define future breeding objectives, a langenber of clones were established in

unreplicated trials in the six countries.

3.2.4.1 Leaf retention evaluation

Cassava experiences simultaneous growth and dewetdpof the economic plant parts
(roots) and the photosynthetic sites, the leavdéss phenomenon could suggest that
greater leaf longevity will result in stable andhagher yields, particularly under drought
stress as observed in previous studies (Lenis,e2@06; Hershey, 2010). To genetically
improve this trait, genetic variation is needednét variation in LR was assessed in
trials established in DRC, Kenya, Madagascar andriRla. LR was assessed at six MAP.
This period normally coincides with drought str@ssnost cassava growing regions in
eastern and southern Africa. Data could not beectd from Tanzania, while

assessments were done later (at seven MAP) in @gdnd for these reasons that LR

data for both Tanzania and Uganda were not inclinidae analysis.
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LR was visually scored on a plot (row) basis usangcale of 1-5, where 1 = very poor
LR; 2 = LR worse than average retention; 3 = aveldg; 4 = LR greater than average; 5
= out standing LR (Lenis et al., 2006).

3.2.4.2 Root dry matter content and harvest indexvaluation

At harvest, which coincided with 12 MAP, six plamsr entry were uprooted and used
for phenotypic assessments. Roots were separatedtfre harvestable biomass (leaves,
stems and original planting stake) and HI, defiaedhe proportion of root weight to total
biomass (on a fresh weight basis), was computeedoh entry following the procedure
outlined by Kawano (1990). Estimation of DMC in thet samples was based on the
specific gravity method (Kawano et al., 1987), whis frequently used in cassava
studies (Cach et al., 2005; Chavez et al., 20058t00¢ et al., 2008b). Approximately 3-5
kg of roots was weighed using a hanging scale twige weight in air (Wa). The same
sample was weighed with the roots submerged in nuageng a Scolft pro-balance
(Ohaus Corporation, USA) to get the weight in wgi#éw). DMC (%) was estimated

using the formulae:

% DMC = Wa  x158.3-142
Wa-Ww

3.2.4.3 Root cortex thickness evaluation

The cassava peel is a composite of the periderntartex. This is usually removed as a
unit from the fresh root (parenchyma) prior to eassutilisation. The implications of
different root peel thickness are not well undesdtoMeasurements on peel thickness
were made using root samples harvested in trialasbkeshed in the DRC, Kenya,
Madagascar, Tanzania and Uganda. Data for root thédness in Rwanda was not
collected.
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For each genotype, a random sample of three roets measured at the proximal (near
the penducle), mid and distal (end of the root} masitions using an absolute digimatic

calliper (Mitutoyo Corporation, Japan) and the nsegatorded.

3.2.5 Data analysis
3.2.5.1 Qualitative traits

Data collected from the six countries across the28litative traits was used to generate
a distance matrix that was used to infer relatigpgsbetween: 1) cassava genotypes on a
country basis and 2) the local and elite genotybedied. Because the dataset contained
categorical data with several unordered modalitetuding 0/1 data, the Rogers and
Tanimoto (1960) distance was used to compute tissindilarity matrix using the
formula: d;j = 2u/(m+2u); whered; is the dissimilarity between individualandj, u the
number of unmatching variables amdhe number of matching variables. Clustering was
performed using the weighted neighbour-joining gt and relationships displayed as
a phenogram. This analysis was done using the DARsuwftware version 5.0.153
(Perrier and Jackquemound-Collet, 2006).

The dimensionality of the 29 qualitative traits wasamined by subjecting the data to
multidimensional scaling (MDS) analysis. The MD®resents a set of units in a few
dimensions on a map using the similarity/distanegrim between them, such that inter-
individual proximities in the map nearly match tbaginal similarities/distances and
hence highlighting units that are similar (Mohammadd Prasanna, 2003). The non-
metric algorithm which considers rank order wasdused this analysis was done using
the number cruncher statistical system (NCSS) so#tfHintze, 2001).
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3.2.5.2 Quantitative traits

Quantitative traits analysed included LR, DMC, Hidaroot cortex thickness. Data
collected across the six countries (DMC and HIurfoountries (LR) and five countries
(root cortex thickness), were combined separatiyefch trait and subjected to general
analysis of variance with no blocking option in Gext statistical software version
7.2.2.222. The countries and groups (local anck elgnotypes) were considered as
treatments. From this analysis, variation in DMQ, ER and root cortex thickness were

statistically tested both at country and group lleve

Additionally, principle component analysis (PCA) svperformed for DMC, HI, root

cortex thickness and LR. The PCA analysis was ruthe correlation matrix because the
variables were of different scales (Mohammadi amds&na, 2003). From the pre-
analysis of data, the Gleason-Staelin redundan@sure (Phi = 0.311) and the Bartlett’s
sphericity test (138.61; Prob = 0.00) were indigatof interrelationships among the
variables and hence PCA was appropriate for the amtrequired by the NCSS statistical
software (Hintze, 2001). Phenotypic correlation®agvariables were done to establish

their respective relationships.

3.3 Results
3.3.1 Qualitative traits

Genetic relationships based on qualitative datthefcassava germplasm from the six
different countries are presented in Figure 3.hEmajor groupings were observed.
Some of these groupings were, however, heterogerauprising of cassava genotypes
from the different countries, but some consistacharily of germplasm from a single or
two countries. It was evident that: 1) Rwanda gdasip was mainly exclusive in one
group, 2) germplasm from DRC formed two exclusiveups, 3) germplasm from
Tanzania and Madagascar formed a few exclusive pgrand 4) germplasm from

Uganda was the most widespread across the phendgrgume 3.1).
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DRC
Kenya

Rwanda
10.5 Tanzania

Figure 3.1

Uganda

Phenogram generated from 29 cassava ditative morphological
traits displaying genetic relationships between casva germplasm
available within the national breeding programmes 6Uganda (317
genotypes), Kenya (97), Tanzania (130), DRC (18Bwanda (177)
and Madagascar (188).
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The genetic relationship between local and elitengéasm is presented in Figure 3.2.
No apparent pattern was observed in the genetationkhips between local and elite
genotypes based on 29 qualitative morphologicatstrall the major clusters were
heterogeneous comprising of both local and eliteogges.

The dimensionality of the 29 qualitative traitsiwown in Figure 3.3. The goodness-of-fit
measured by the stress value was 0.177 and tHevastation explained was only 26%
when three dimensions were considered. Over 90%eof/ariation could be accounted
for by 22 dimensions which can not be presente@&ihefhis observation suggested

limited relatedness amongst the analysed morphmdbtaits.

For ease of presentation, only two plots were diggad, both of which indicated limited
relatedness amongst the morphological traits (Ei@u8). For example, for dimensions 2
and 1, notably two morphological traits, numberlesf lobes (LL) and colour of root
pulp (CRP) were closely related, while in dimensi@and 1, texture of root epidermis
(TRE) and colour of stem exteriors (CS) were thé atosely related morphological
traits (Figure 3.3). The changes in clustering laseoved in Figures 3.3a and 3.3b are

indicative of limited relatedness of the morphotagitraits.
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Elite genotypes
Local genotypes

Figure 3.2  Phenogram generated from 29 cassava ditative morphological traits
across six countries displaying genetic relatighips between elite (386

genotypes) and local (705 genotypes) germplasm.

68



] o opc A 2 drp
0.101 PS
i CEB o cLv °TRE g
. ° L& csc
' © ERC
0.00-
T op © BH o CSE
- o s
i oSG o M o FS
-O.lO: o HCN 5 ore
© RS ° o o RP
i o
- o cLs
- © RC
'0.20 T T T T T T T T T T T T T T T T T T T 1
-0.20 -0.10 0.00 0.10 0.20
0.20- o BH
i © HCN
i o CRP
1 s
0.101 o oy
] o RC ° EP ° JRE
: © CEB o o CSC © ERC
i © CRC
0.00+ © RS oMo o RP
i o Ps oL
: o CSE
010 °as
1 A L CW oL
e o LM o FS
'0.20 T T T T T T T T T T T T T T T T T T T 1
-0.20 -0.10 0.00 0.10 0.20

Figure 3.3  Dimensions of the 29 qualitative traitsanalysed in 1091 cassava
genotypes: a) dimensions 2 and 1 and b) dimensiords and 1.
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3.3.2 Quantitative traits
3.3.2.1 Leaf retention

Analysis of variance (ANOVA) for LR indicated sidiwant differences among the
countries’ breeding germplasm, groups (local aié glenotypes) and their interactions
(Table 3.2). The standard error (estimated fronneskecorded on the standard genotype
TME 14) associated with LR evaluations in the ddfe countries was 0.104. Among the
elite genotypes, highest average LR was record&thniagascar (4.6) and lowest (2.4) in
the DRC (Table 3.3). For local genotypes, the rsglaerage leaf retention (4.5) was
recorded in Madagascar and lowest (2.9) in Kenygbl@ 3.3). Generally, local varieties
had higher LR than elite genotypes. Results indatathat most (>44.5%) of the
genotypes from Kenya and DRC had an average LRrgsgb 3) (Table 3.3). Most
cassava genotypes from Rwanda had above averagésdd®e of 4), while most
genotypes from Madagascar had outstanding LR (sobrB) (Table 3.3). LR was
negatively correlated with HI (r =-0.288; P < 010)@nd DMC (r = -0.274; P < 0.001).

3.3.2.2 Dry matter content

Significant differences in DMC were observed betwége countries’ national breeding
germplasm, groups and their interactions (Tabl¢. 3.Be standard error (estimated from
values recorded on the standard genotype TME 1hcaded with evaluations in the

different countries was 0.858. DMC varied signifitg between the breeding

programmes for both elite and local cassava geestyfjable 3.4). However, DMC

content of elite genotypes from Madagascar, RwamdaTanzania was not significantly
different. Among the elite genotypes, the highesrage DMC (39.3%) was recorded in
Uganda, while the lowest (31.2%) was recorded inzéaia. On the other hand, highest
average DMC in local genotypes was reported in Ke(88.3%) and lowest (30.1%)

from Tanzania (Table 3.4). In the entire data €&2(genotypes), the lowest DMC

(16.3%) was recorded on an elite genotype “H 7@imfriMadagascar, while the highest
DMC (49.6%) was recoded on an elite genotype “Ndfeom Uganda (Table 3.4).
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Some local genotypes like “Zanzibar” from Madagasaad “Nyantansingizi” from
Tanzania registered the highest DMC of 42.4% an8%5n the respective countries.
Overall, the elite genotypes had a relatively higb®IC content than the local genotypes
(Table 3.4). A graphical display of the DMC acralsferent countries is presented in a
dot plot, which indicated that most of the DMC raddetween 25-40% (Figure 3.4). It is
also apparent that: 1) genotypes from DRC and Kdraé DMC values that tended
towards the upper range, 2) genotypes from RwaadallMC values that were evenly
distributed without apparent clustering, 3) gene/from Tanzania had DMC values that
tended towards the lower range and 4) genotypes figanda had clustering of DMC

values in the upper range (Figure 3.4)

Table 3.2 Mean squares for leaf retention, dry ma#r content and harvest index
of cassava germplasm available within selected natial cassava

breeding programmes

Source of MS LR MS DMC MS HI MS root
variation cortex
Country (C) 84.20* 1405.9* 2.389* 19.795*
Group (G) 6.91* 239.6* 0.823* 6.178*
CxG 14.13* 141.5* 0.160* 1.802*
Residual 0.51 21.5 0.011 0.224

ICountries represent the national cassava breediogrammes; Groups represent the elite and local
cassava genotypes; *$0.05. MS = mean square. LR = leaf retention in DR€nya, Madagascar and
Rwanda. DMC = dry matter content assessed in Kavigalagascar, Rwanda, Tanzania, Uganda and DRC.
HI = harvest index assessed in Kenya, Madagaseazahia, Uganda and DRC.
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Table 3.3 A comparison of leaf retention in cassavgermplasm available within

selected national cassava breeding programnies

Elite genotypes Local Percentage of genotypes described by

Country genotypes 1-5 scalé

2 3 4 5
DRC 2.4 (85) 3.4 (135) 25.0 44.5 30.4 0
Kenya 3.3(63) 2.9 (36) 18.1 50.5 27.2 4.0
Madagascar 4.6 (44) 4.5 (142) 1.0 10.2 20.9 67.7
Rwanda 3.7 (122) 3.5 (55) 8.4 29.9 47 .4 14.1
Mean 34 3.8
CV (%) 20.3 19.2
LSD 0.24 0.26

Figures in parentheses indicate number of genotgpatiated’Leaf retention scored on a scale of 1-5; 1
= very poor retention; 2 = less than average rietenB = average leaf retention; 4 = better thaerage
retention; 5 = outstanding leaf retention (Lenislet 2006). No genotypes scored on the scale G\V1=
coefficient of variation; LSD = Least significanitfdrence at * P< 0.05.

Table 3.4 A comparison of dry matter content (%) in cassava germplasm

available within selected national cassava breedimrogrammes’

Country Elite genotypes Local genotypes Min DMC Max DMC
DRC 37.5 (82) 33.6 (78) 22.4 48.9
Kenya 37.2 (50) 38.3 (26) 27.9 44.8
Madagascar 32.7 (33) 33.0 (110) 16.3 42.4
Rwanda 33.0 (74) 34.7 (43) 20.7 48.1
Tanzania 31.2 (3) 30.1 (133) 24.3 35.5
Uganda 39.3 (78) 37.2 (242) 16.4 49.6
Mean 36.32 34.4

CV (%) 14 12.7

LSD 5.9 1.77

Figures in parentheses indicate the number of gpestevaluated; Min DMC and Max DMC = minimum
and maximum dry matter content recorded respegtiveV = coefficient of variation; LSD = Least
significant difference at 5%.
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Figure 3.4 Dot plot display of dry matter content n cassava germplasm

available within six national cassava breeding praggmmes.

3.3.2.3 Harvest index

HI varied significantly between the different cotie$’ breeding germplasm, groups and
their interactions (Table 3.2). The standard eassociated with HI evaluations in the
different countries was 0.0021. Among the elitenggasm, the highest average HI (0.66)
was recorded in Uganda, while the lowest (0.32) rgasrded in Madagascar (Table 3.5).
For local genotypes, the highest average (0.59) agasn recorded in Uganda and the
lowest (0.26) in Kenya (Table 3.5). Across the rentlata set (1071 genotypes), the
lowest HI (0.04) was recorded on a local genotypakay no 2” from Madagascar, while
the highest (0.90) was also recorded on a locabtgpe “Mwaihwa” from Uganda. A
graphical display of HI across different countrigspresented in a dot plot, which
indicated that most of the genotypes evaluated Hladlues ranging between 0.25-0.75
(Figure 3.5).
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It is apparent from the dot plot that: 1) genotyfresn Kenya and Madagascar tended to
have HI values in the lower range, 2) genotypeshftdgganda tended to have HI values in
the upper range and 3) genotypes from DRC, TanzamdaRwanda had HI values that
were more evenly distributed (Figure 3.5).

Table 3.5 A comparison of harvest index of cassaggermplasm available within

selected national cassava breeding programmies

Country Elite genotypes Local genotypes Min HI Max HlI
DRC 0.57 (89) 0.42 (100) 0.06 0.83
Kenya 0.35 (56) 0.26 (35) 0.06 0.77
Madagascar 0.32 (34) 0.32 (109) 0.04 0.68
Tanzania 0.62 (4) 0.53 (144) 0.14 0.75
Uganda 0.66 (77) 0.59 (249) 0.20 0.90
Rwanda 0.43 (124) 0.46 (50) 0.24 0.71
Mean 0.49 0.48

CV (%) 20.2 23.3

LSD 0.09 0.04

'Figures in parentheses indicate number of genotgpekiated; Min and Max HI indicate minimum and
maximum harvest index recorded. CV = coefficientafiation; LSD = Least significant difference &5
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Figure 3.5 Dot plot display of harvest index of casava genotypes across

the six national cassava breeding programmes.
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3.3.2.4 Root cortex thickness

Root cortex thickness varied significantly betweka cassava germplasm available in
the different countries, between local and eliteaggpes and their interactions (Table
3.2). Elite genotypes had higher root cortex thedsithan the local genotypes (Table
3.6). Among the elite genotypes, highest averageé cortex thickness (2.24 mm) was
recorded in the DRC, while the lowest (1.13 mm) weorded in Tanzania (Table 3.6).
For local genotypes, DRC (1.88 mm) and Tanzan24(inm) had the highest and lowest
root cortex thichness, respectively (Table 3.6).0&86 the entire dataset (825 genotypes),
the lowest root cortex thickness (0.34 mm) was namb on a local genotype “Mangi no
2" from Madagascar, while the highest root corteixkness (4.89 mm) was recorded on
a local genotype “Mayombe” from DRC. The regressainroot cortex thickness on
DMC established that the’Rralue, the proportion of variation in root cortehickness

accounted for by variation in DMC, was 0.0693 (Fe&8.6).

Table 3.6 A comparison of root cortex thickness (minof cassava germplasm

available within selected national cassava breedinrogrammes’

Country Elite genotypes Local genotypes Min cortex Max cortex
DRC 2.24 (46) 1.88 (85) 0.55 4.89
Kenya 2.22 (64) 1.61 (34) 0.83 4.44
Madagascar 1.26 (37) 1.33 (126) 0.34 2.30
Tanzania 1.13 (5) 1.24 (105) 0.62 2.26
Uganda 1.98 (83) 1.84 (240) 0.95 3.87
Mean 1.96 1.62

CV (%) 27.3 27.5

LSD 0.48 0.16

'Figures in parentheses indicate number of genotgpeakiated; Min and Max cortex indicate minimum
and maximum root cortex thickness recorded. CV effadent of variation; LSD = Least significant
difference at * <0.05.
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Principal component analysis revealed that the flsee principal components (PCs)
explained 87.35% of the total variation (Table 3R@sults indicated that PC1 with eigen
value of 1.89 and accounting for 47.34% of theat&on, had LR and peel thickness as
the most important variables. Principal componéwts and three had respective eigen
values of 0.94 and 0.66, indicating that one vdagialvas contributing most of the

variation. Hence, in PC2 and PC3, DMC and HI waspectively the most important

variables. The correlation between DMC and HI veas (r = 0.016; P < 0.001).
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Table 3.7 Principal component coefficients of fouragronomic cassava traits
evaluated in 270 cassava genotypes

Trait PC1 PC2 PC3 PC4
Harvest index -0.427 -0.644 -0.627 0.096
Dry matter content -0.378 0.762 -0.524 0.007
Leaf retention 0.575 -0.028 -0.466 -0.670
Peel thickness -0.585 -0.051 0.337 -0.735
Eigen value 1.89 0.94 0.66 0.50
Individual percentage 47.34 23.50 16.50 12.65
Cumulative percentage 47.34 70.84 87.35 100

3.4 Discussion

The objectives of this research study were two-foldirstly, to establish the genetic
relationship between cassava germplasm availabltinvithe national breeding
programmes based on morphological traits. Secordlgxamine the extent of genetic
variation in some agronomically important traits ander to define future breeding
objectives in the region. Genetic relationshipsenaferred from 29 morphological traits,
which resulted in eight major clusters. Some clssteonsisted of germplasm
overwhelmingly from one or two countries. This icaied some discrimination of

cassava according to country of origin based omphmaogical traits.

The phenogram illustrated that morphologically gelasm from Rwanda had a narrow
genetic base as the majority of germplasm occurreal single cluster. It may thus be
necessary for breeders in Rwanda to increase miogibal diversity in the breeding
programme so that they can make significant gainany of the morphological traits
studied. Germplasm from DRC occurred in two maumstrs. Again, a narrow genetic
base is indicated within these two germplasm grolipgould however be interesting to
examine the cause of this difference. It may beisgdble to increase both genetic
diversity as well as generate crosses among gesmptgoups to increase chances of
facilitating genetic gain.
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A cluster of germplasm from Tanzania also existss possible that this germplasm was
derived from the Amani breeding programme. Ugantth Madagasacar seem to have a
range of germplasm represented from across therregiith a few small clusters. The
factors that define these groups should be invastth

In this study, the different states or classedef29 qualitative traits were represented in
most countries. Observed differences were dueffereinces in frequencies as opposed
to presence or absence differences. For examphsjd=ying a trait like colour of apical
leaves which had four categories: 3 = light gréen;dark green; 7 = purplish green and
9 = purple. All these phenotypes were present engbrmplasm studied in each of the
countries, but at slightly different frequencieshisl indicated limited discriminatory
power of this set of morphological markers in the$ of germplasm. It could also indicate
a lack of diversity among germplasm from the ddéfgrcountries which could be a result
of unrestricted inter-country movement of mateaathe result of a ‘genetic bottleneck’
caused by the introduction of restricted cassawersity. The limited clustering of
morphological traits as depicted by the MDS indidathat traits were not closely related
and/or are unlinked, which is desirable. In an reffo increase discriminatory power, the

germplasm was further examined using SSR marketsssibed in Chapter 4.

In a study conducted in Malawi, 12 morphologicaits did not uniquely classify 93
cassava accessions, which the author attributedlitaited number of traits used in the
analysis (Benesi, 2005). The author noted thatntleephological traits typified many
accessions, a finding which is consistent with phesent study. A major distinction of
the current study from previous studies (Benes)52Balyejusa Kizito, 2006) is the
number of traits and genotypes analysed. The geneead however, is that
morphological traits are limited in discriminatgopwer. Nonetheless, in the absence of
molecular markers, the studied 29 qualitative dra@n still be used to infer a general
picture on the genetic relationship among cassesessions.
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The analysis of variance indicated significant eféhces in LR between 1) the
germplasm from the countries’ breeding programnmes$ 2) local and elite genotypes.
The standard error associated with the evaluatioas modest (0.104) and broad sense
heritability has been reported to be 0.55 in eualdiggermplasm (Lenis et al., 2006),
providing confidence in the generated results. 8zs&xperiences simultaneous growth
and development of the roots and leaves. Thugnfdvity of leaves is increased to
maintain high photosynthetic rates, it could besfae to maintain a given leaf area
index with less distribution of assimilates for fleievelopment and hence more to the
root development (Hershey, 2010). Hence, this trady present an additional

opportunity to increase cassava Yield.

Highest LR in both local and elite genotypes wasorged in Madagascar. Local
genotypes had higher LR than elite genotypes. iBhiise first analysis of LR in cassava
germplasm from these countries, indicating tha ot a trait that has been extensively
selected for in most elite genotypes. This coulglar the relatively high LR in local
compared to elite genotypes. In Madagascar, cadsavas are a major vegetable in
subsistence communities, which could perhaps axjkae higher leaf retention in both

elite and local genotypes.

Assignment of different genotypes to the varying@mdtypes on the 1-5 scale for LR is
indicative of the quantitative nature of this traitd its high frequency in cassava. Lenis
et al. (2006) observed LR in 37 out of 62 cassawailfes evaluated, with some families
having a higher frequency of clones with the LRttilaan others. However, phenotypic
correlations based on 110 cassava clones indigaiaesignificant positive correlation
between LR and HI (0.15) and between LR and DMQ70(Lenis et al., 2006). In the
current study, phenotypic correlations were negatith HI (r = -0.288; P < 0.0001) and
DMC (r = -0.274; P < 0.001). These findings ceftaipresent a discrepancy when
compared to earlier studies, a phenomenon thatsnieetle settled once more detailed

studies are conducted.
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Root DMC varied significantly between 1) the cassaermplasm from the different
countries’ breeding programmes and 2) local arteé gkenotypes. The trial sites were not
under severe biotic stress and only DMC data fooogges that provided 3-5 kg of root
weight, as required by the specific gravity methagre included in the analysis. In
addition, DMC evaluations were done before onsethef rainy seasons, as DMC is
reduced with onset of rains (Tan and Mak, 1995;id et al., 2006). The standard error
associated with the DMC evaluations was relatively (0.858), which further provided

confidence in the obtained results.

The highest DMC was recorded in the elite germplasm Uganda, which comprised of
elite genotypes from IITA and hybrids generated thg Uganda National Cassava
Breeding Programme using elite parental genotypes 1ITA. The breeding scheme at
[ITA largely utilises the recurrent selection prdaee (IITA, 1990) and hence most elite
genotypes from IITA will have high DMC. Previousidies have established significant
general combining ability (GCA) estimates for DMCah et al., 2005; 2006; Jaramillo
et al., 2005), indicating preponderance of additisaance, which can further explain in
part, the relatively high DMC in Ugandan hybridsngeated by hybridising elite 1ITA
lines. Furthermore, in Uganda, direct selectionD®MC is routine, while in most other
countries selection for fresh root yield is routifi@is discrepancy could, in part, explain
the observed differences in DMC among elite geregyp

The presence of relatively high DMC in some locehgtypes i.e. “Zanzibar” from
Madagascar with 42% DMC, further demonstrated thgportance of immediate
exploitation of local genotypes. Local varietideel'Mbundumali” with up to 43% DMC
have been reported in Malawi (Benesi, 2005). Cassaprimarily a starchy crop, hence
the current local varieties could have been paditigelected for by subsistence farmers,
who have cultivated the crop since its introductierplaining the high DMC levels in
some of the local genotypes. In the evaluation @#22genotypes from Latin America,
DMC ranged from 10.72 to 57.23%, with a mean o23% (Chavez et al., 2005).
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However, in a Bg population, DMC ranged from 34.3 to 42.7% (Ojulaial., 2008Db).
When 672 cassava genotypes were evaluated, DM@dangm 20.6 to 41.2% (Ojulong
et al.,, 2008a). DMC recorded in the present sthged from 16.3 to 49.6% and is
comparable with previous studies that mainly evadiadifferent cassava populations
from Latin America. These findings suggest thatugioDMC genetic variability exists
in the region to initiate a breeding scheme, omaenéworks for germplasm exchange
have been finalised. At a national level, hybrid@aschemes involving “elite x local” or
“local x local” can be initiated in countries thhave not yet started breeding for
increased DMC.

HI varied significantly between 1) the germplasonirthe different countries’ breeding
programmes and 2) local and elite genotypes. Relgtihigh broad sense heritability
values for HI of up to 0.8 have been reported (@jgl et al., 2008a). Kawano (2003)
observed that in single row trials, indirect satattfor yield through HI was more
efficient than direct selection for yield itselh this study, the standard error associated
with HI evaluations was low (0.0021), which furthgave confidence in the obtained
results. The highest HI was observed in Ugandda gkrmplasm, which can partly be
explained by the same reasoning purported for DIl poth high HI and DMC are
specific breeding objectives of IITA (lITA, 1990)ocal genotypes from Rwanda had
exceptionally high HI compared to the elite genegpa finding which cannot be
explicitly explained, as positive selection for iHlvolves methodical procedures, which
can hardly be done by subsistence farmers. Howesignjficant specific combining
ability that is indicative of dominance varianceshaeen reported for HI (Cach et al.,
2005; 2006; Calle et al., 2005), which may pariplain this scenario.

In a BG population, HI ranged from 0.17 to 0.55. The atghaoted a reduction of Hi
with backcrossing (Ojulong et al., 2008b). When@§8&notypes were evaluated in single
row trials at CIAT, HI ranged from 0.0 to 0.75 (Kamo, 2003). Recent trials conducted
in Nigeria at three sites indicated that HI ranffedh 0.06 to 0.92 (Egesi et al., 2007).
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Results from the present study indicated that Higeal from 0.04 to 0.90 which is
comparable to previous evaluations done in bothnL&merica and west Africa,
indicating variability in HI. The doubling of frestoot yield in cassava within a short
period since the inception of cassava breedinglAT Gvas largely due to improvement
in HI (Kawano, 2003). This should be a motivationstart utilising HI in the national
breeding programmes of Africa. Ceballos et al. @00oted that HI could have been
over-exploited by now in most Latin American geragsh. This however, is not the case
in most African cassava breeding programmes, wladely make selections based on

fresh root yield and not HlI.

Root peel thickness varied significantly betweentHg germplasm from the different
countries’ breeding germplasm and 2) local ande ejenotypes. The standard error
associated with measurements of root peel thickmass0.085. Peel thickness could be
involved in resistance and/or tolerance to: roedfeg insects, root pathogens and post-
harvest handling damage. Another hypothesis coelthbht a thicker peel will probably
mean a higher proportion of dry matter partitionec non-usable product, or at least a
less valuable product (Hershey, 2010). Most of éhlegpotheses have not been tested.
This is the first quantitative study on this tr@itcassava, from which it was established
that cassava genotypes display naturally varyingléeof root peel thickness ranging
from 0.34 to 4.89 mm. In this study, the phenotygerelation between root cortex and
DMC was 0.263, which indicated that selection focreased DMC will increase root
cortex thickness. However, thé Ralue between root cortex thickness and DMC wes lo
(0.0693). This suggested that more assimilates Wwdl apportioned to the root

parenchyma than to the root cortex.

Sinha and Swaminathan (1984) reviewed parameterspfant breeding for the

developing world, which included finding sources mbmass and renewable energy.
This is because, with the depletion of fossil ftederves, energy is becoming a major
limiting factor in economic development and hentteraatives are needed, which may

include plant residues.
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The cassava root cortex currently has limited ugkeheence can be one alternative to use.
This study has established that genetic variabibtythis trait exists naturally and can

support a breeding scheme devoted to its improvemen

3.5 Conclusions

This is the first comprehensive regional study @assava phenotypic variability. For
countries where initial work has been done, thislgtis a continuation of that pioneering
work. The 29 morphological traits provided limitetiscrimination of the cassava
germplasm. It was therefore important to examireegarmplasm using the more robust
SSR markers to get a better picture of cassavadiliyevithin the NARS. Results based
on SSR analysis are presented in Chapter 4. Sortlee gfhenotypic traits examined in
this study i.e. DMC and LR, are important for fissen the environment. Information on
phenotypic plasticity which is environment depertd€8chlichting, 1989), will be

particularly important in breeding for climatic wertainty and extreme environments.

This study has established that some local casgamatypes have reasonably high
amounts of DMC, HI and LR. One of the most sucadsaternational cassava breeding
programmes coordinated by CIAT began with the ctitbe and evaluation of over 2000
cassava varieties mainly from farmers’ fields irtihaAmerica. The selected varieties
were hybridised to generate progeny for furtheraadement from which outstanding
commercial genotypes were officially released (Kiaaya&003). Results of this study can
therefore be tailored to achieve the same goabiA.S

Upon defining breeding objectives and selectiontasfjet environments, breeders are
tasked to establish if adequate genetic variasaavailable and what breeding scheme to
adopt (Hallauer, 1992; Maunder, 1992). This studs Hound substantial genetic
variation in some of the agronomically importanssava traits. The recurrent selection
scheme as demonstrated by IITA appears to be ablelibreeding scheme to attain

genetic progress in these traits.
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It is therefore strongly recommended that natidma&eding programmes define their
respective breeding objectives and begin undergakiassava breeding to increase
cassava productivity at both national and regioleadel. Selection, if undertaken
appropriately with controls and selection indicg®uld lead to attainment of true genetic
progress. These efforts will certainly redresslitméed utilisation of germplasm by plant

breeders as already observed (Baenziger and Peté&ep).
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CHAPTER 4

PATTERNS OF ALLELE FREQUENCY DISTRIBUTION IN CASSAV A
GERMPLASM AVAILABLE WITHIN SELECTED NATIONAL BREEDI NG
PROGRAMMES IN AFRICA

4.1 Introduction

Studying allele frequencies is particularly impaottdor plant breeding because allelic
variation is the raw material on which true gengin can be attained. Selection limits
largely depend on the initial number of segregattigles in the population rather than
the heterozygosity (Hill and Rasbash, 1986). Examgingenetic variation at
representative marker loci allows genetic clasaiion of populations and more
importantly, provides insights into heritable tsaihat can be used in crop improvement.
Sustaining genetic gains in yield, increased toleeato abiotic and biotic stress and
diversified product utilisation, will depend on sting genetic variation within the
species of interest. Moreover, estimates of gewersity and population differentiation
(Fst) can be used as indirect ways of measuring adaplygenic traits (Toro et al.,
2009).

Studies conducted in barley over several genemtestablished that high grain yield,
high seed numbers per plant and other charactsrigisociated with high reproductive
capacity were always associated with the most #etallele of each polymorphic locus
(Allard, 1988). In wheat, a comparison of the denprofile of three ancient accessions
and 45 modern cultivars indicated no apprecialdleritance of allele signatures from the
ancient germplasm (Maccaferri et al., 2003), aifigdvhich can be used to define future
wheat breeding objectives. The above narrationrlglgaortrays how information on

allele distribution in cassava, if generated, catphdefine and/or set priorities for

national cassava breeding teams in SSA.
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In terms of computation, allele frequencies cacdraputed from alleles detected using a
range of molecular marker techniques. SSRs whieldansely interspersed in eukaryotic
genomes (Tautz and Renz, 1984) have in the paatideand until now, continually been
used to study genetic variation in plants and ahispsecies (Powell et al.,, 1996;
Matsuoka et al., 2002; Morgante et al., 2002; M#aciet al., 2003; Toro et al., 2009).
When these genomic regions are amplified using & p& unique flanking
oligonucleotides primers, they invariably show esige polymorphism (Morgante and
Olivieri, 1993). The resultant high level of allelliversity, coupled with stability and co-
dominant nature of inheritance, make genomic S$Ralifor studying neutral genetic
variation both within and between populations. Mmer, highly significant association
of microsatellite frequency and single copy DNA some plant genomes has been
established (Morgante et al., 2002). This findingtfer makes SSRs attractive for
genetic analysis in orphan crops like cassava, evimethodical analysis of genetic

variation of germplasm available within NARS in S84as been limited.

Most cassava acreage in Africa lies in SSA pardidulin countries of west, central and
east Africa (Nweke et al., 2002; Hershey, 2010)e Thop is popular in this region
because of its high starch yield per unit area émdecently renewed interest as a
potential biofuel crop. The broad genetic composibf cassava in the east, central and
southern African regions comprises of local “unioy@d” varieties and elite varieties
that have undergone intensive selection by eithEA lor the NARS in the region.
Generally, this germplasm collection has an arréyattributes ranging from yield
potential to culinary qualities, which are socialtaral specific, with a loose-fitting

classification as either “sweet” or “bitter” casag¥ershey, 2010).

Vellve (1993) reported that formal breeding significanthduced genetic diversity in
European agriculture. Other studies have strongiynahstrated increased genetic
variability with formal breeding (Maccaferri et aR003). The effect of formal breeding

on the genetic diversity of cassava is not known.
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However, what remains relevant for the future ie tieed for plasticity in cassava to
respond to changes in climate, quality requiremantsalien pests. These factors require

that the genetic structure of cassava be well-known

Cassava genetic diversity assessments in SSA lemredone using a range of molecular
markers (Fregene et al., 2000; Zacarias et al4;2Balyejusa Kizito et al., 2005; Benesi,
2005), which inevitably provided varying outputayolved different analysis methods
and applications. For instance, the Cassava Mdadedbiversity Network (MOLCAS),
whose overall goal is to enhance the dissection @#ilidation of diversity of local
landraces, employed SSR markers to study diveisitymorthern Malawi, southern
Tanzania, Uganda and some selected sites in Latiarida (Anonymous, 2001). Other
key cassava producing countries in the region, biptdhe DRC, the island of
Madagascar and Rwanda, have hardly undertaken agthodical cassava genetic
analysis studies. Detailed knowledge on genetiecire and variability of the cassava
germplasm available within the NARS breeding progrees is critically important for
effective regional and national conservation ptisetion and/or defining of breeding

objectives.

Besides quantifying genetic variability within caga germplasm, this study aimed at
obtaining initial insights into allelic contributioof local varieties to the modern elite
varieties developed by IITA for SSA. Ideally, theefficient of parentage and/or co-
ancestry f) should serve for this purpose because it refldwsdegree of relatedness
between two individuals based on their pedigreaefoldunately, pedigree information in

cassava is scanty. Besidésis an indirect measurement that relies on the arge

proportion of alleles identical by descent in thsence of selection, mutation and drift
(Melchinger et al., 1991), a situation which doe$ necessarily always hold. It is for
these reasons that allelic contribution of locatietees was studied using the genetic
distance based on highly informative and heritaB®Rs. In this research chapter,
genotypic data generated from 1401 cassava gersotgpsayed at 26 SSR loci is

presented.
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The first objective was to understand the natuxterd, distribution and hierarchical
organisation of genetic variation that exists witlthe NARS of seven countries:
Tanzania, Uganda, Kenya, Rwanda, DRC, Madagascdr Mozambique, so as to
develop science-based breeding strategies. Thendeabjective was to quantify the
extent of allelic similarity between selected p@wdbcal varieties grown in each of these
countries and a selection of elite IITA varietibatthave been widely adopted in the east,

central and southern African regions.

4.2 Materials and methods
4.2.1 Cassava germplasm

The germplasm included in this study representesbectrum of cultivars released
through formal breeding (hereafter referred tolas genotypes) and farmer unimproved
varieties (hereafter referred to as local genotyde=af samples were collected from the
field trials that were analysed in Chapter 3: Tanag279), Uganda (270), Kenya (239),
Rwanda (192), DRC (192), Madagascar (189) and Mbmgune (82).

The discrepancy between the number of genotypdgsahin Chapter 3 and Chapter 4
was due to the fact that while leaf samples coakllg be collected at once from most
genotypes, all phenotypic data could not be catean all genotypes and hence less
genotypes were included in the analysis for Chapterhe harvested young fresh leaf
samples were freeze dried in dry ice and total gga®NA extracted using the miniprep
protocol as described by Dellaporta et al. (1988)the 1443 cassava genotypes sampled
originally, a total of 1401 were successfully agshgnd used in the analysis (Table 4.1).
Because these cassava genotypes were collectedséeem different countries, and in
each country both elite and local genotypes wenepad, they constituted hierarchical
levels whose genetic structure was investigatedwds hypothesised that cassava
genotypes in each country had acquired differdali@frequencies and hence formed the
hierarchical groups.
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Table 4.1 Cassava germplasm used for genetic analy/s

Country No. of local varieties  No. of elite variegs Total number
Tanzania 249 21 270
Uganda 203 65 268
Kenya 37 197 234
Rwanda 47 137 184
DRC 104 73 177
Madagascar 134 52 186
Mozambique 73 9 82
Total 847 554 1401

4.2.2 Microsatellite genotyping and allele calls

Cassava genotypes were assayed with 26 highly popmt SSR markers (Appendix 1).
These markers represented 13 linkage groups, witmarkers being unmapped (Morag
Ferguson, personal communication). Map positionthe$e SSRs are available (Mba et
al., 2001; Okogbenin et al., 2006). Twenty foultltdse SSRs had previously been used
in a global diversity assessment of more than 2ti¥¥ava genotypes and found to be
highly informative and provided a similar overatiqulation structure to that provided by
30 SSR loci (Morag Ferguson, personal communicatibhese loci were furthermore
selected based on single-locus amplification, hgggree of polymorphism and

reproducibility.

Amplifications with SSR primers were performed i (1l reactions containing 50 ng of
DNA, 1 pmole of each primer, 1Xaq polymerase buffer, 2 mM Mggl 0.2 mM
deoxynucleotide triphosphates (dNTPs) and 0.379ad polymerase (New England
Biolabs Inc.). The PCR profile was @5for 2 min, followed by 30 cycles of 96 for 30
sec, 55-57C for 1 min and 7 for 1 min and a final extension at°@for 30 min.
Because amplicons were of different sizes and oneard primers were fluorescently
labelled (by manufacturers, Mwg-Biotech), co-logdiof amplicons from the same
individual, but at different loci was therefore pide. Seven co-loading sets were
optimised and used for the entire analysis (Tal##¢ #or each co-loading set 1 to 2 ul of

the different amplicons were mixed and briefly esed.
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Aliquots of 1 pl of the mixture were added to 9qila master-mix containing HiDi
formamideand GeneScan 500 LIZ size standard (1 ml of HiDi2+ul of 500-LIZ).
Amplicons were denatured (85 for 3 min) and subjected to capillary electrosis
using the ABI 3730 DNA sequencer (Applied Biosystgiend allele calls made using the
GENEMAPPER software version 3.7 (Applied Biosystems). All ggrping was done

at the Biosciences Eastern and Central Africa (Bda in Nairobi, Kenya.

Table 4.2 Optimised co-loading sets of 26 SSR primebased on amplicon size
and dye colour
SSRY loci Co-loading set Amplicon size range (bp) Dye label
SSRY21 1 120-230 NED
SSRY38 1 80-140 6-FAM
SSRY59 1 130-180 PET
SSRY69 1 180-270 VIC
SSRY5 2 70-150 6-FAM
SSRY161 2 200-240 NED
SSRY52 2 230-280 PET
NS911 2 90-150 VIC
SSRY155 3 130-180 NED
SSRY151 3 160-240 6-FAM
SSRY110 3 230-260 PET
SSRY9 3 245-285 VIC
SSRY12 4 220-290 NED
SSRY100 4 170-280 PET
SSRY102 4 160-200 6-FAM
SSRY147 4 80-140 VIC
SSRY63 5 240-340 PET
SSRY148 5 90-140 VIC
SSRY182 5 190-260 NED
SSRY181 5 130-230 6-FAM
SSRY135 6 230-265 PET
SSRY171 6 240-330 NED
SSRY169 6 70-130 6-FAM
SSRY19 7 190-250 6-FAM
SSRY51 7 230-330 PET
SSRY64 7 160-230 VIC

95



4.2.3 Data analysis
4.2.3.1 Gene diversity and allelic richness

Genetic variability of a sample can be measuredhigyfrequencies of genotypes and

alleles, proportion of polymorphic loci, observeadaexpected heterozygosity and the

allelic richness (Toro et al., 2009). In this stuelpected heterozygosity (gene diversity;

He), defined by Nei (1973) as the probability thabtalleles chosen at random from a

population are different, was used, was calculated for each locus using the formulae
He = 13 pi® wherep; is the frequency of th&' allele at thd™ locus. TheHe-values were

computed for each locus for the cassava genotymesituting the sample.

In addition, allelic richness (number of allelesgegating in the population) was
examined because: 1) selection limits are deteminyethe initial number of alleles (Hill
and Rasbash, 1986), 2) it is of relevance in caasien programmes and 3) unlikg, it

is sensitive to bottlenecks and gives a betteec&tin on past population fluctuations
(Toro et al., 2009). Because allelic richness igdly dependant on sample size, it was
necessary to compensate for differences in sangss.d-or this purpose, the rarefaction
index as suggested by El Mousadik and Petit (1986) adapted for the computation of
allelic richness. The principle for the rarefraatics: if Nix represents the number of
copies of thé" allele from the sample of populatid@ndN; represents the total number
of genes sampled from that population, the alletbness at one locus is denoted as the
expected number of different alleles that a sammald have had if the sample size had
beeng number of genes (the smallest sample size) ingieBl Computation of allelic
richness and gene diversity were done using theAFSJoftware programme version
2.9.3.2 (Goudet, 2001).

e ™

Allelic richness = Y N; — N

<1 —g— >
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Because movement of genes and individuals coumtergence (Hartl and Clarke,
1989), estimates of gene flow based on variancedleéte frequencies among local and
elite cassava within each NARS were computed. Glene was estimated bjNm, the
number of migrants coming into a population peregation:Nm = 0.25(1 - k7)/ Fst as
described by Nei (1987), wherestF also considered as the Wahlund effect, is the
measure of heterozygote deficit among populatiofiis analysis was done using

Popgene software version 1.31 (Yeh et al., 1999).
4.2.3.2 Genetic relationships and variance

Genetic relationships between: 1) elite and loeadogypes and 2) local genotypes from
the different breeding programmes were obtainedsutyjecting the genotypic data to
phenetic analysis. Phenetic analyses uses distaatex-based methods to construct
trees based on overall similarity (Mohammadi andsBnna, 2003). These analyses are
often assumed to approximate phylogenetic relatipssand thus, phylogenetic analyses
attempt to determine evolutionary pathways, whep@enetic analyses depict present
day differences. The simple matching Euclideanadist (@) was used to compute the
distance matrix and clustering was done using taghted neighbour-joining algorithm
and relationships displayed as a dendrogram. Thasysis was respectively done using
PowerMarker version 3.25 (Liu and Muse, 2005) andRWin software (Perrier and
Jackquemound-Collet, 2006). PowerMarker makes piavi for calculating genetic
distance for groups of individuals, while DARwin lergely limited to genetic distance

among individuals.

The organisation of genetic variation was revealggartitioning the variance among the
hypothesised hierarchical levels. Each cassavaatmh per country was considered a
group; hence seven groups were sampled. The hypstteeconsider cassava from each
country as a group is based on the fact that castamers make different selections
(Balyejusa Kizito, 2006) for a range of attribu@sross the region, depending on the
agro-ecological environment, organoleptic prefeesrand other traits deemed important.

These factors may most likely be shaping the casgaretic structure.
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Moreover, the east and central African regions ha independent cassava
introductions, firstly through the east African sban the 1750s (Jones, 1959) and then
through west Africa via Sudan on its way to nonthelganda in the 1870s (Langlands,
1966). These separate introductions could have edawifferent founder effects
(Ladizinsky, 1985).

It has been observed that populations often disgiffigrences in allele and genotypic
frequencies which vary from one geographic regmariother (Hartl and Clarke, 1989).
In chapter 3, phenotypic differences in quanti&tikaits were observed among cassava
germplasm from different countries. Furthermorethimi a country, cassava genotypes
were classified as either local or elite thus atushtg sub-groups within a group.
Partitioning of variance among hierarchical levpl®vides for an estimation of the
components of genetic variance (Weir, 1990). Accwly, the genotypic data set was
subjected to analysis of molecular variation (AMOMVésing the Arlequin version 3.1

software (Excoffier et al., 2005) to get insight®ithis hierarchical genetic organisation.

4.2.3.3 Genetic differentiation and structure

Quantification of genetic differentiation resultidgpom either genetic sampling and/or
drift was examined using F-statistics (Weir, 1990he Weir and Cockerham (1984) F-
statistics which weighs allele frequencies accaydim sample size were used for this
purpose, as it considers sampling error. F-stasistis, Fs and Fr) also known as
fixation indices, describe the level of heterozytyos a population when compared to
Hardy—-Weinberg expectation. The three hierarchi¢aktatistics are inbreeding
coeficients: 1) Er - inbreeding of individuals in sub-populationsatele to the total
populations to which they belong; 2)F inbreeding in individuals relative to the sub-
population to which they belong and 3} Finbreeding due to combined effects of non-
random mating within sub-populations and randomegerdrift among sub-populations
(Hartl and Clarke, 1989).
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Fst values are always positive and when zero, it mieie that the sub-populations are
identical in allele fregencies and when it is ohéndicates that the sub-populations are
fixed for different alleles. On the other hangs &nd Fr values can either be negative
indicating an excess of heterozygotes or positnvdicating deficit of heterozygotes
(Mohammadi and Prasanna, 2003). F-statistics haegiqulsy been used to study

genetic differentiation in cassava (Balyejusa Kiz2006).

Because of the mutational dynamics of microsagsllicare must be taken in estimating
genetic differentiation using the correct genetiodels (Colson and Goldstein, 1999;
Laval et al., 2002), which can either be the stgpwnutation model (SMM) or infinite
allele model (IAM). Under the SMM, an allele cangii repetitions can mutate to an
allele carryingj =1 £1 repetitions to create allelic states over tifikemura and Crow,
1964). Alleles of similar size are assumed to beenuosely related to each other than
those of different size. For these reasons, SMMxgected to be more accurate for
populations that diverged long ago because curgametic differentiation reflects
mutations accumulated since divergence (GoldstainPallock, 1997).

On the other hand, the IAM model assumes that atmuat generates new alleles not
previously present in the population (Ohta and Kmul973). This model is more

appropriate for recently diverged populations, asefic differentiation among such

populations will reflect more of the sorting of astral variation than mutation

divergence (Goldstein and Pollock, 1997). Hence,Rkstatistics for estimating genetic
differentiation were computed under the IAM moda, cassava is a recently diverged
crop (Olsen and Schaal, 1999; 2001). Jacknifirgy eamples and loci and bootstrapping
over loci were performed for the computation of Rltatistics and all analyses were
done using FSTAT version 2.9.3.2 (Goudet, 2001).
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To assign individuals (cassava genotypes) to ptipangon the basis of their genotypes,
the data set was subjected to structure analysig tise admixture model. This Bayesian
based model assumes that each individual inhesitede portion of its ancestry from
each one of th& populations (Pritchard et al., 2000). Initialliaetlength of the burn-in
period and Markov Chain Monte Carlo (MCMplications were set at 10000 #6r= 1

to 17 (number of putative populations in the mgdills was repeated ten times. Thki¢
statistic, which is based on the rate of changeénlog probability of the data between
successiveK-values, was then used to detect the true numbé& pbpulations in the
dataset (Evanno et al., 2005). The determined ptipalk was re-run at a burn-in period
and MCMC replications of 100000 to verify its castsncy.

4.2.3.4 Allele sharing between popular local andie varieties

In this study allele similarity between popular dbosarieties grown in each of the
selected African countries and a selection of papelite cassava varieties developed and
disseminated by IITA, was done. For this purposeellfe [ITA cassava varieties that
were released between the period 1990 and 200228217, 92/00057, 192/00067,
95/SE00036, MM95/0104, MM96/7688, MH97/2961, MM9619, MM01/0014, MM
02/0993, TMS30572, TME14, NASE 1, NASE 4 and NASE Were selected. The
varieties have been fairly adopted in SSA. For llozassava varieties, Nyaraboke
(Uganda), Liongo Kwimba (Tanzania), Kibandamenony@, Boma (DRC), Gitamisi
(Rwanda), Nakasoga (Madagascar) and Nikwaha (Mozpmapwere selected.

Each of the local varieties was compared to thél LA elite varieties. This comparison
was done by computing Rogers’s genetic distangg @ding allelic frequency data
generated from the 26 loci using PowerMarker vers3a®?5 software (Liu and Muse,
2005). A methodical study illustrated that Rogegénetic distance is linearly related to
the coefficient of co-ancenstry and for this reagas desirable for uncovering pedigree

relationships among operational taxonomic unitsf(&eal., 2005).
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4.3  Results
4.3.1 Gene diversity and allelic richness

Genotypic data generated from 1401 cassava geroipgayed at 26 SSR loci was
analysed. Fourty two genotypes had more than 1086ing data and were excluded from
this analysis. The missing alleles could not beueately scored and/or were due to
repetitive PCR failure. Data on allelic richnesseng diversity and gene flow among the
cassava germplasm available within the NARS of @ai Uganda, Kenya, Rwanda,
DRC, Madagascar and Mozambique is presented ineT4ld. With the exception of

cassava from Tanzania and Rwanda, allelic richmess higher in the elite genotypes
compared to local cassava varieties. Cassava fnenDRC had the highest number of

segregating alleles (local cassava = 93.5; elésaa = 97.5).

Lowest number of segregating alleles in local (Bl@d elite (82.5) genotypes were
respectively observed in Uganda and Tanzania casganmplasm (Table 4.3). Overall,

the lowest average segregating alleles (84.8) wbeerved in Uganda germplasm and
the highest (95.5) in DRC germplasm (Table 4.3kirAilar trend was observed for gene
diversity, with the highest (0.63) being observeckiite cassava from the DRC and the
lowest (0.53) in local varieties of Uganda (Tabl&)4 However, mean gene diversity
between local and elite cassava was similar. CasBam Mozambique had relatively

similar genetic diversity and allelic richness bmth elite and local cassava genotypes.

However, with no correction for varying sample sittee total number of alleles sampled
in the cassava within the NARS presented a diftecartlook (Table 4.4). The data
suggested that local cassava varieties from TaazabDRC, Madagascar and
Mozambique had higher allelic richness than théte eounterparts, with the highest
diversity being reported in cassava from local etsgs from Tanzania and the lowest
from elite varieties from Mozambique (Table 4.4heTdata indicated that the local
genotypes had the highest (125.8) and elite theesbW119.4) number of segregating
alleles (Table 4.4).
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Table 4.3 Trends in allelic richness, gene diversitand gene flow of cassava

germplasm available within the NARS

Country Allelic richness Gene diversity

Loc. Eli. Mean Loc. Eli. Mean Fst Nm
Tanzania 89.58 82.5286.05 0.60 0.55 0.56 0.017 14.14
Uganda 81.94 87.8484.89 0.53 0.57 0.55 0.044 5.36
Kenya 82.24 92.3587.30 0.58 0.61 0.59 0.038 6.21
Rwanda 88.36 85.7187.04 0.59 0.56 0.57 0.040 5.98
DRC 93.51 97.53 95.52 0.61 0.63 0.62 0.024 9.84

Madagascar 84.47 86.935.71 0.58 0.60 0.59 0.010 24.41
Mozambique  85.29 85.68 85.49 0.55 0.55 0.55 0.074 3.10

Mean 86.40  88.30 0.57 0.58

"Allelic richness was computed using the rarefactimthod as described by El Mousadik and Petit (1996
Fstand gene flowNm) estimates compared local and elite cassava gee®tipr each national breeding
programme. Loc. = local genotypes; Eli. = elite gfgpes.

Table 4.4 Trends in total number of alleles sampledacross 26 SSR loci in

cassava germplasm without compensation for varyingample sizes

Country Total number of alleles

Elite Local
Tanzania 106 143
Uganda 125 123
Kenya 134 114
Rwanda 122 117
DRC 138 140
Madagascar 114 123
Mozambique 97 121
Mean 1194 125.8
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Allele frequency distribution in the studied geriagh is presented in Appendix 2 and 3.
Locus SSRY38 had the highest frequency of the majtele across the analysed
germplasm with a value of 0.772 in cassava from &dadcar and 0.9268 in cassava from
Mozambique (Appendix 2). On the other hand, locBR$100 had the frequency of the
major allele ranging from 0.2432 in germplasm fridladagascar to 0.2953 in germplasm
from Kenya (Appendix 2). Generally, alleles witleduencies ranging between 0.02 and
0.09 were most prevalent in all studied cassavanglasm (Appendix 3). Germplasm
from Madagascar had equal distribution of alleleth irequencies ok 0.01 and those
with frequecies ranging between 0.02 and 0.09.Iddlevith frequencies > 0.70 were

generally few (Appendix 3).

A comparison of allele frequencies is illustratedhwdata from eight loci (Figure 4.1).
The comparison was made between four loci (SSRYIE3RY5, SSRY63 and
SSRY110) which had §t > 0.2 and four loci (SSRY64, SSRY100, SSRY161 and
SSRY171) with Er< 0.03. Loci with lower Er values generally had: 1) a relatively more
even distribution of allele frequency than loci lwitigher kt values and 2) a higher

number of alleles with frequency of less than 0(Bgure 4.1).

Highest gene flow, depicting highest number of wdlials moving between local and
elite cassava were observed in Madagascar (24dijhrenlowest in Mozambique (3.1).
Other NARS genotypes generally had low levels e lthan ten individuals migrating
except Tanzania (Table 4.3). However, across itiecedataset low levels of gene flow

(1.97) were observed (data not shown).
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Figure 4.1 A comparison of allele frequency distribtion across cassava germplasm for eight

loci: @) SSRY102, b) SSRY5, ¢) SSRY63 and d) SSRY)Iwith Fsr > 0.2 and e)
SSRY64, f) SSRY100, g) SSRY161 and h) SSRY171) whtky < 0.03.
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4.3.2 Phenetic relationships

A phenetic display of the country specific locatlaglite genotypes is presented in Figure
4.2. The associated genetic distances are presenfggbendix 4. Three major groupings
were noted. Group | comprised of Madagascar eltagdagascar local, Mozambique
local, Tanzania elite and Tanzania local genoty@@sup Il comprised of DRC elite,
Uganda elite, DRC local, Kenya elite, Rwanda eMezambique elite, Uganda local and
Rwanda local genotypes. Group Il comprised exgklgi of Kenyan local genotypes.
Most of the elite genotypes clustered in group Hig(re 4.2). The elite and local
genotypes from Madagascar and Tanzania, assoaiatedelatively higher gene flow
amongst themselves (Table 4.3), clustered togeitale elite and local genotypes from

Mozambique that had the lowest gene flow, werdivaly distinct from each other.

When all elite genotypes from the seven countriesevanalysed as a single group and
analysed together with local genotypes from eaciniry, it was observed that most elite
genotypes clustered together (Figure 4.3). It wes avident that a few local genotypes
from Rwanda, DRC and Uganda clustered together tvélelite genotypes (Figure 4.3).
Phenetic analysis of only local genotypes estabtisthat most local genotypes from a
specific country clustered together (Figure 4.4).abldition, it was evident that some
local genotypes from Tanzania, Uganda and DRCaledtwith local genotypes from the

other countries (Figure 4.4).
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Figure 4.2  Phenetic relationships of elite and lad cassava genotypes from the
NARS of Madagascar, Mozambique, Tanzania, DRC, Ugala,
Rwanda and Kenya based on genotypic data at 26 SSBci using
Roger's genetic distance and neighbour-joining cldsring in

PowerMarker.
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DRC- local
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Figure 4.3

0.2 Rwanda-local
Tanzania-local
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Uganda-local

Elite combined

A comparison of local cassava genotypé®m the seven NARS
(DRC, Kenya, Madagascar, Rwanda, Tanzania, Mozambige
and Uganda) and combined elite genotypes based oengtypic
data at 26 SSR loci using simple matching coefficie and the

neighbour-joining clustering in DARwin.
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Figure 4.4

A comparison of local cassava genotypé®m the NARS of DRC,
Kenya, Madagascar, Rwanda, Tanzania, Mozambique antlganda
based on genotypic data at 26 SSR loci using simpleatching

coefficient and the neighbour-joining clustering inDARwin.
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4.3.3 Genetic variance distribution

Three different AMOVAs were done. The first AMOVAas done with seven main
groups for seven countries, with two subgroups qumtry (elite and local). Genetic
variation varied among the hierarchy that comprisiegroups (country of origin), among
populations within groups (local and elite cassgeaotypes) and within populations
(individual genotypes) (Table 4.5). Most of the gin variation was distributed between
individuals (89.36%), with marginal variation quéied among countries (5.48%) and

among populations within countries (5.15%).

The second AMOVA was done with eight instead ofesegroups. The first seven groups
represented the local genotypes from the seven tesin while the eighth group
contained seven subgroups representing the elitetygges from all seven countries. This
new grouping was done based on the results obtaméagure 4.3, where most elite
varieties tended to group together. Again, moghefvariation was distributed between
individuals (89.33%) followed by among populationghin groups (8.30%; between
elite genotypes from seven different countries) kastly among groups, which was only
2.35% (data not shown). The third AMOVA was donghwonly local genotypes (i.e.
seven subgroups) and this was based on the resutdtsied in Figure 4.4. Again, most of
the variation was between individuals (89.3%) coregato among groups (10.7%;
among countries) (data not shown). It is therefapparent that most of the genetic
variance was distributed within individuals irresfpge of whether elite and/or local

genotypes were analysed.

Table 4.5 Analysis of molecular variation (AMOVA) based on 1401 elite and

local cassava genotypes averaged over 26 SSR loci

Source of variation Sum of Variance Percentage

squares component variation
Among country of origin 1735.400 0.4662 5.48
Among populatiorswithin countries 418.777 0.4379 5.15
Within populations 19755.803 7.5964 89.36
Total 21909.98 8.500

"Populations represent either local or elite genegyithin each country
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4.3.4 F-statistics and genetic differentiation

Data on F-statistics is presented in Table 4.6halgh 11 loci (SSRY100, SSRY12,
SSRY181, SSRY182, SSRY52, SSRY69, SSRY135, SSRY35RY169, SSRY171
and SSRY51) indicated an excess of heterozygositynpopulations as depicted by the
negative s values, the overall estimate was positivg §-0.026). This finding indicated
a slight deficit of heterozygotes within populaoThe overall f value (0.113) also
indicated a slight deficit of heterozygotes in tb&l population.

No appreciable genetic differentiation was obsemedng cassava populations (groups)
as depicted by the overaltFvalue of 0.089 (Table 4.6). However, four loc5E8Y102,
SSRY5, SSRY63 and SSRY110) showed some gene diffatien among cassava
populations with Ervalues > 0.2 (Table 4.6). When analysis was baseth® 10 loci
with Fst values > 0.1 (SSRY102, SSY147, SSRY148, SSRY18RY2%, SSRY5,
SSRY63, SSRY19, SSRY110 and SSRY169), gene difieteon increased slightly
(overall Fst = 0.157) (data not shown). The variance componasgsciated with the F-
statistics indicated that within individual sampigriance was the highest (15.05), with
marginal variances among populations (1.52) andidxst individuals within population
variance (0.41) (Table 4.6).

4.3.5 Population structure

Though cassava does not have true defined popuogatiowas hypothesised that cassava
genotypes in each country had acquired differeleti@lfrequencies and hence formed
hierarchical groups. Results from population stitest analysis indicated that the
genotyped 1401 individuals largely belonged toeghpepulations i.eK = 3 (Figure 4.5).
Assignment of individuals to the three populatidespresented in Table 4.7. Elite
genotypes from DRC, Mozambique, Kenya and Rwandd beer 70% of their
individuals assigned to populatidd = 1. Local cassava varieties from Madagascar,
Tanzania, Mozambique and Kenya had over 70% ofr thnelividuals assigned to
populationK = 2 (Table 4.7).

110



These groupings (with the exception of local véggfrom Kenya) are somewhat similar
to that established in Figure 4.2. The latter mitkd in robustness since it does not

provide estimates of number of individuals assigtoed cluster.

Table 4.6 Estimates of i, Fst, Fis and associated variance components across

the 26 loci surveyed in 1401 cassava genotypes

Loci Fis Fir Fsr Sig a Sig b Sig w
NS911 0.006 0.045 0.040 0.017 0.002 0.400
SSRY100 -0.065 -0.037 0.026 0.021 -0.051 0.835
SSRY102 0.076 0.310 0.253 0.154 0.035 0.420
SSRY12 -0.061 -0.012 0.046 0.034 -0.042 0.732
SSRY147 0.387 0.473 0.139 0.069 0.166 0.262
SSRY148 0.024 0.149 0.128 0.095 0.015 0.627
SSRY161 0.151 0.169 0.021 0.009 0.065 0.363
SSRY181 -0.032 -0.003 0.028 0.015 -0.017 0.551
SSRY182 -0.001 0.117 0.118 0.093 -0.001 0.693
SSRY21 0.012 0.112 0.102 0.064 0.006 0.554
SSRY38 0.082 0.115 0.035 0.008 0.018 0.205
SSRY5 0.021 0.244 0.227 0.165 0.012 0.551
SSRY52 -0.023 0.022 0.044 0.031 -0.015 0.694
SSRY59 0.523 0.543 0.042 0.025 0.298 0.273
SSRY63 0.017 0.283 0.271 0.227 0.010 0.600
SSRY69 -0.052 0.000 0.050 0.040 -0.040 0.808
SSRY19 0.038 0.145 0.111 0.093 0.028 0.715
SSRY110 0.041 0.233 0.201 0.110 0.018 0.421
SSRY135 -0.039 -0.008 0.030 0.023 -0.029 0.769
SSRY151 -0.058 -0.004 0.051 0.042 -0.045 0.825
SSRY155 0.044 0.072 0.028 0.015 0.024 0.507
SSRY169 -0.154 -0.003 0.131 0.081 -0.083 0.620
SSRY171 -0.068 -0.038 0.027 0.016 -0.039 0.613
SSRY51 -0.017 0.023 0.039 0.029 -0.012 0.706
SSRY64 0.032 0.048 0.017 0.012 0.023 0.699
SSRY9 0.093 0.129 0.039 0.028 0.063 0.611
Overall 0.026 0.113 0.089 1.516 0.409 15.05

+ 0.025 +0.029 + 0.016

'Fs = heterozygote deficit within populations;; = global deficit of heterozygotesisF= heterozygote
deficit among populations (a measure of the Wabhlefféct); Sig a = the among sample variance
component; Sig_b = the between individual withimpée variance component; Sig_w = the within
individual variance component
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Figure 4.5  Determination of theK populations in the genotyped 1401 local and
elite individuals following procedures of Evanno etal. (2005).
Analysis was based on 10000 burn-in and MCMC replations for

K =1to 17 and 10 replications per run.

Over 80% of individuals in Uganda local germplaserevassigned to populatish= 3
(Table 4.7). This made it the only local group tdumg with over 70% of the individuals
in K = 3. Local genotypes from Uganda also formed aesdmat single cluster in Figure
4.2. The Ugandan elite genotypes were mainly disted in two populationK = 3
(56.9%) anK = 1 (39.9%) (Table 4.7). A relatively similar nuertof individuals from
the local cassava genotypes from Rwanda were &skiggtween populationé = 1 and
K = 2, while local genotypes from the DRC, were gssd between populatios = 1
andK = 3 (Table 4.7).
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Table 4.7

revealed by structure analysis

Assignment of the 1401 cassava genotypeshree populations as

Presumed population

Proportion of individuals

Number of individuals

structure assigned
K=1 K=2 K=3

Uganda elite 0.399 0.032 0.569 65
Uganda local 0.057 0.070 0.873 203
DRC elite 0.756 0.051 0.192 73
DRC local 0.418 0.155 0.427 104
Madagascar elite 0.107 0.857 0.037 52
Madagascar local 0.057  0.900 0.043 134
Tanzania elite 0.093 0.855 0.052 21
Tanzania local 0.064 0.881 0.055 249
Mozambique elite 0.716 0.211 0.073 9
Mozambique local 0.058 0.894 0.048 73
Kenya elite 0.833 0.131 0.036 197
Kenya local 0.159 0.747 0.093 37
Rwanda elite 0.927 0.054 0.019 137
Rwanda local 0.432 0.501 0.068 47

When genotypic data of only the local varieties avanalysed (10000 burn-in and
MCMC replicationss) to have seven assumed populsitimdividuals were assigned to
two populations i.eK = 2 (Figure 4.6), which is the minimum observednber of
populations using the procedures of Evanno eR80%). It is thus possible that the local
varieties could all have belonged to one populatlarctal genotypes from Uganda and
the DRC had 84% and 60% of their individuals, retipely assigned to populatidt =

1, while local genotypes from Madagascar, Tanzaviazambique, Kenya and Rwanda
had 66-77% of their individuals assigned to popateK = 2 (data not shown). The bar
plots that show assignment of all genotypes toetlp@pulations and the assignment of
local genotypes to two populations, are respedgtipetsented in Figures 4.7 and 4.8.
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Determination of the K populations in the genotyped local
genotypes following procedures of Evanno et al. (26). Analysis
was based on 10000 burn-in and MCMC replications foK = 1 to 7

and 10 replications per run.
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Figure 4.7  Assignment of 1401 individuals (localral elite) to three populations K = 1, red; K = 2, green;K = 3 blue) using the
admixture model of population structure: 1 = Ugandaelite; 2 = Uganda local; 3 = DRC elite; 4 = DRC kal; 5 =

Madagascar elite; 6 = Madagascar local; 7 = Tanzaaielite; 8 = Tanzania local; 9 = Mozambique elite10 =
Mozambique local; 11= Kenya elite; 12 = Kenya locall3 = Rwanda elite; 14 = Rwanda local.
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Figure 4.8  Assignment of 847 local genotypes to ampopulations K = 1, red; K = 2, green) using the admixture model of
population structure: 2 = Uganda local; 4 = DRC loal; 6 = Madagascar local; 8 = Tanzania local; 10 =
Mozambique local; 12 = Kenya local; 14 = Rwanda lad.
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4.3.6 Allele sharing between popular local and ebtvarieties

Data on the comparison of genetic profiles of papidcal varieties grown in each of the
NARS with 15 elite genotypes from IITA is presented Table 4.8. Local varieties
Gitamis (Rwanda), Nikwaha (Mozambique) and Liongeitkiba (Tanzania), had genetic
profiles that were different gd> 0.6) from the 15 elite cassava varieties fromAll
indicating their distinctiveness and different astcal backgrounds. However, the local
varieties Nakasoga (Madagascar), Kibadameno (KeNygraboke (Uganda) and Boma
(DRC) had genetic profiles that were moderatelyilain{dz = 0.47 to 0.55) to those of
IITA varieties (Table 4.8), which could point torse degree of shared ancestry. The
[ITA elite clones had genetic profiles that were deately similar, with @ ranging
between 0.41 for genotype 191/2327 to 0.5 for ggm®tMMO01/0014, while for local
varieties @ ranged from 0.48 for genotype Nakasoga to 0.71Gdaamis (data not

shown). Gitamis and Nikwaha were different ¢0.7) from all other local varieties.
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Table 4.8 A comparison of genetic profiles based dRoger’s genetic distance of

selected IITA elite lines and popularly grown localvarieties of the

seven countries

[ITA elite lines Popular local varieties

Git. Nik. Lio. Nak. Kib. Nya. Bom.

9200057 0.825 0.785 0.573 0.466 0.401 0.466 0.464
95/SE00036 0.832 0.792 0.563 0.443 0.492 0.506 20.48

191/2327 0.826 0.797 0.658 0.544 0.448 0.494 0.411
192/00067 0.824 0.822 0.639 0.465 0.501 0.425 0.370
MH972961 0.793 0.805 0.607 0.546 0.505 0.442 0.406
MM010014 0.783 0.809 0.603 0.526 0.605 0.560 0.529
MMO02/0993 0.783 0.814 0.605 0.599 0.514 0.593 0.472
MM95/0104 0.825 0.795 0.605 0.568 0.477 0.426 0.534
MM96/1419 0.800 0.821 0.628 0.634 0.576 0.539 0.487
MM96/7688 0.828 0.819 0.637 0.463 0.606 0.473 0.508
NASE 1 0.802 0.769 0.538 0.547 0.451 0.517 0.504
NASE 12 0.804 0.870 0.731 0.701 0.554 0.572 0.436
NASE 4 0.867 0.821 0.605 0.592 0.443 0.545 0.420
TMS 30572 0.854 0.828 0.748 0.593 0.596 0.554 0.503
TME 14 0.792 0.797 0.600 0.534 0.466 0.506 0.459
Mean 0.816 0.810 0.623 0.548 0.509 0.508 0.466

I ocal varieties commonly grown in the seven subaSai African countries: Rwanda (Git. = Gitamisi);
Mozambique (Nik. = Nikwaha); Tanzania (Lio. = Liamgwimba); Madagascar (Nak. = Nakasoga);
Kenya (Kib. = Kibandameno); Uganda (Nya. = Nyara®joand Democratic Republic of Congo (Bom.=
Boma).
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4.4 Discussion

A major objective of this research was to studyektent of genetic variation in cassava
available within the cassava breeding programmésanfania, Uganda, Kenya, Rwanda,
DRC, Madagascar and Mozambique and ascertain whetheot it has a hierarchical
organisation. It was hypothesised that the two pedéeent introductions of cassava into
the east African region (Jones, 1959) and the asetitrg farmer-selection needs across
the region, could in part, have contributed to sh@murrent day cassava into distinct
groups. For this purpose, selectively neutral nsatellites which are suited for
understanding population structure or history wesed (Toro et al., 2009). It is
important to note that genetic models used foryamalre based on several assumptions,
including random mating and sexual reproduction i(\WE990). Data presented in this
research chapter was generated from representdivples of local and elite cassava

varieties, which at one stage of their developmientlved recombination.

Furthermore, in populations, both genetic and sttasil sampling is likely to influence
quantification of genetic variation (Weir, 1990h this study a representative sample
from each country was selected and quantified lleti@richness using the rarefaction
method (EI Mousadik and Petit, 1996; Foulley andivi@r, 2006). Data on allelic
richness and total number of alleles observed acsasnples presented a somewhat
different picture on genetic variability. Becauséfedent numbers of genotypes were
collected across countries and comparisons were feiiveen countries, allelic richness
was preferred because it compensates for diffesentesample size. The discussion

hereafter is thus limited to allelic richness awot total number of alleles.

Allelic richness, defined as alleles segregatinghie population, varied among cassava
samples from the seven countries, with the highastber of segregating alleles being
registered in the DRC and lowest in Uganda. Tmdifig suggested that cassava from the

DRC is genetically more diverse than cassava ftoerother six surveyed countries.
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It was observed that elite cassava genotypes aagedad a relatively higher number of
alleles than local cassava genotypes. So ofteral loassava varieties are cautiously
and/or noncautiously generated and spread witldlistenct geographical zone, primarily
by farmers. Mating between relatives is thus passiwhich could consequently reduce
genetic variability due to increased homozygoslige presence of volunteer seedlings
has been observed in cassava fields (BalyejusatoKiZ006). Contrastingly, elite
varieties generally result from controlled hybratisn, sometimes with diverse exotic
parents, providing high levels of genetic varidbiliThis could therefore explain
differences observed in allelic richness betweetalland elite genotypes from the
different NARS.

This premise however, does not hold true for adinseios, as observed by higher allelic
richness in local varieties from Rwanda and Targanhich could point to outbreeding
rather than inbreeding. Similar observations hagenbnoted in Guyana where local
varieties grown at one location had the same let/genetic diversity (Shannon index =
4.293) as a sample from the core collection at C{&Mannon index = 4.289) (Elias et
al., 2000). In an analysis of 31 elite IITA cassaxaieties and five Nigerian local
varieties, it was observed that elite lines hadhéidevels of diversity than the local lines,
which the authors attributed to a narrow genetisebaf local varieties (Moyib et al.,
2007). In that study, despite the skewed sample &4 elite versus five local), no
correction for differences in sample size was maeading to largely biased results.

Nonetheless, their findings are consistent witla gsesented in this study.

In a related study, involving the analysis of 1@8sava genotypes from Uganda and 19
from Tanzania across 35 loci, it was observed thgdndan cassava had a total of 183
alleles compared to 137 alleles for Tanzanian eassa&his finding could in itself
indicate higher diversity in cassava from Ugandantifanzania, though no appreciable
differentiation was observed {f= 0.051) (Balyejusa Kizito et al., 2005). In theegent
study where differences in sample size have begeated for, it was noted that cassava
from Tanzania (270 genotypes) and Uganda (268 gpas} had relatively similar levels

of diversity as reflected by allelic richness amehg diversity across 26 loci.
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It is thus important that correction for sampleesighould always be done when
comparing samples of varying census. Foulley ali¢i€ (2006) have noted that the
often reported number of alleles per loci in a papon are not comparable because of
differences in sample sizes and hence recommenplecifis analysis to rectify this

limitation including either the rarefaction or tagtrapolation methods.

Despite some differences in allelic diversity ahd bbserved clustering, most variation
was detected within individuals, which accounted88% of the total genetic variation.
This value remained the same irrespective of whelih@al and elite genotypes were
analysed together and/or separately. The inheertdzygous nature of cassava coupled
with formal breeding schemes that involve hybrii@ato generate new recombinants
could explain this phenomenon. A single cross ssasa that involves two heterozygous
parents can generate fecombinant individuals that display consideralagation. Since
most of the NARS that participated in this resean@hinvolved in continuous generation
and/or evaluation of introduced; Fndividuals, it is inevitable to have high genetic
variability amongst individuals. Even on the islanidMadagascar, where theoretically
reduced genetic diversity would be expected, gem#tiersity was high both in local and
elite clones, despite the relatively high gene flate Nm = 24.4). The higher variability
within individuals as opposed to between groupsuritdes of origin), significantly
limited the establishment of structured populations

However, it does suffice to note that cassava iecently diverged crop that was
introduced onto the African continent from Latin Anta (Jones, 1959). As a species is
brought into domestication, founder effects (Ladkky, 1985), population bottlenecks
(Eyre-Walker et al., 1998) and selection (Buckled ahornsberry, 2002) are all expected
to reduce genetic diversity relative to the wildgenitor. It is therefore possible that the
cassava founder introductions did not have distgetetic variability and hence, the
subsequent trans-border movements that happend#tk inegion, transferred relatively
similar allelic combinations leading to most vanatbeing within individuals as opposed

to between countries of origin (groups).
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Moreover, the vegetative nature of cassava calmegdnotypes to be fixed and hence
specific allelic combinations can be easily trangf@ by humans. This is supported by
the observed phenetic relationships which depicti¢dhe combined clustering of some
local genotypes from Tanzania, Madagascar and Mbizpma and 2) the distinct
clustering of some elite and local genotypes. Tiesgnce of a regional cassava breeding
programme in Tanzania in the 1930s (Nichols, 194t disseminated cassava varieties
(from the same gene pool) to neighbouring counigeanother possible explanation for
the observed clustering and distribution of genedication. Bonnin et al. (1996) working
on Medicago truncatula observed that even in the absence of gene flak,déstructure

can result when populations have a common origin.

No appreciable gene differentiations(F= 0.089) was observed. However, it is important
to note that classical F-statistics used in estonabf population differentiation are
influenced by both genetic and statistical samplip@cedures (Mohammadi and
Prasanna, 2003). For instance, markers derived ¢adimg versus non-coding regions of
the genome infer different estimates and interpimeta of population differentiation
(Karl and Avise, 1992; Pogson et al., 1995). Thieurgaof inheritance of DNA markers
also influence the estimates, as noted by differéifierentiation estimates from
microsatellites and diversity array technology (DAmarkers in cassava (Hurtado et al.,
2008). In this research however, the selectivelytnaé microsatellites were used, from
which no appreciable differentiation was obseria comparisons were, however, made

in this study with DNA markers targeting coding icets.

Under-dominance and local adaptation serve totefi@netic differentiation, while over-
dominance and spatially uniform selection tend &wluce genetic differentiation
(Whitlock and McCauley, 1999). Furthermore, whekeston is strict enough, it can
result in substantial increases in genetic diffeadion (Charlesworth et al., 1997).
Indications of selection have however, been obsefwesome cassava genes (Kawuki et
al., 2009; results Chapter 5). It is therefore fmsghat some genetic differentiation does
exist in cassava, despite having a low overalinesde (st = 0.089) based on the 26

selectively neutral microsatellites.
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Indeed, when analysis was based on 10 of the 26(88RY102, SSRY5, SSRY63,
SSRY110, SSRY169, SSRY19, SSRY21, SRRY182, SSRY4WB SSY147), which
were selected based orrFvalues > 0.1, a slight increase in gene diffeegimtn was
observed among populations (overady = 0.161). These loci depicted a skewed
distribution of alleles across the entire populatia finding which could suggest that
evolutionary forces, notably random genetic drifidér selection that shape gene
differentiation, could within limits, be underwayithin some parts of the cassava
genome, despite the short domestication historthefcrop. This finding is consistent
with studies conducted iM. truncatula where of the 22 loci studied, only two loci

showed strong differentiation among populationsniido et al., 1996).

Balyejusa Kizito et al. (2005), though working wifwer cassava genotypes (ranging
between 19-195), observed no appreciable generdiitiation among cassava from
Uganda (east Africa) and Ghana (west Africagr(E 0.04) and between cassava from
Ghana and Tanzania (east Africay«{E 0.05), a finding which is somewhat consistent
with the present study. Peroni et al. (2007) arelyswveet (76 entries) and bitter cassava
(60 entries) and observed higher genetic diversitlgin populations (higher within sweet
cassava), but with no appreciable genetic difféatioh (Rst = 0.057) among the two
populations. Several other studies using neutralosatellites observed no appreciable
gene differentiation within different cassava p@pans (Asante and Offei, 2003; Lokko
et al., 2006; Siqueira et al., 2009).

However, compared to the wild taxa comprisiig esculenta ssp.flabellifolia and M.
pruinosa, genetic differentiation based on microsatelliteadaith respective & values
of 0.42 and 0.28 had been observed (Olsen and IS@tdH). For other out-crossing
plants like pitch pine, & values ranging from 0.003 to 0.069, with a mearD.6R4
across all 21 allozyme loci were observed, indimgatino appreciable genetic
differentiation among populations (Guries and Ledig82). Bonnin et al. (1996), when
studying inbreeding populations bfedicago truncatula with 22 DNA markers, noted a
large within population variation (69.9%) comparted among populations (30.1%),

which the authors attributed to out-crossing andimration events.
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With the exception of the wild relatives, the lowtimates of gene differentiation
reported in this study are consistent with previetisdies in both out-crossing and

inbreeding species highlightened above.

The Fs statistic measures the extent of nonrandom mamithin populations i.e.
inbreeding of individuals relative to the subpopioia to which they belong (Hartl and
Clark, 1989). Values that are negative or zerojcatéd an excess of heterozyogotes
within the population, while values greater tharozéndicate possible inbreeding within
populations. Averaged over the entire datasgt Wwas positive (0.026), indicating
heterozygosity deficit within populations. Becawsseme farmers have been reported to
make selections from volunteer seedlings (Lebat.e2005; Balyejusa Kizito, 2006), it
Is possible that partial inbred lines resultingnirepontaneous inbreeding (mating of
relatives) could have been selected and fixed witbicalities and hence the slight

heterozygosity deficit.

Besides inbreeding, high frequencies of null afi€Brookfield, 1996) and unrecognised
genetic structure in the form of fine-scale diffeiation within populations (Gibbs et al.,
1997) have been reported to cause heterozygodiitdevithin populations. However,
positive confirmation of null alleles will requidirect sequence analysis of the genomic
region where null alleles are hypothesised to lesgmt. On the other hand, unrecognised
genetic variation within populations can be examia¢ a nucleotide level to establish
whether or not signatures of selection have ocduridis was, however, beyond the
scope of this study. Nonetheless, the estimatehenfitequency of null alleles was
computed using the method of Brookfield (1996), shhassumes that null homozygotes
are present in the sample. The estimated frequefcyull alleles was low (0.04),
suggesting that inbreeding could be a major causdh® heterozygosity deficit.
Heterozygosity deficits have been reported for batitivated and wild relatives of
cassava (Olsen and Schaal, 2001). The authors stedgehat both the cassava
inflorescence architecture and seed dispersal mesha limit long-distance gene flow,
but favour mating among relatives, which in esseneguces heterozygosity. This

reasoning is certainly applicable to the cassaadyaed in this study.
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When the robust Bayesian model-based analysis was, dhe 1401 local and elite
individuals were assigned into three distinct papahs (groups). Most elite genotypes
from DRC, Mozambique, Kenya and Rwanda were asdignethe same population
indicating a shared ancestry. The cassava breguomgrammes of these countries are
routinely involved in the evaluation and selectmfnelite genotypes developed by IITA

and hence mainly originate from the same gene pool.

Most elite and local genotypes from Madagascar @adzania together with local
genotypes from Mozambique, Kenya and Rwanda wesigraexd to the same population,
indicating shared ancestry. Screening of cultivansl inter-specific hybrids in both
Tanzania and Madagascar in the 1930s and 1940sirigen 1994) began the advent of
cassava breeding in Africa, which could in part lakpthis observed clustering. The
cassava breeding programme in Tanzania also disagdi cassava varieties from the
same gene pool to neighbouring countries (Nichb®l7). Based on the results, it is
possible that some elite varieties may be hybridsnfelite x local varieties and/or
germplasm indicated as local may in fact be a locallite cross. Structure analysis
provides a robust and definitive picture of a paptioh. The finding of only three
populations further supported the observed limgede differentiation observed in the

cassava samples available within the NARS breeggliogrammes.

Genetic profiles of [ITA elite cassava varietieslgropular local varieties grown in each
of the countries established that: 1) the poputaall varieties grown in Rwanda
(Gitamisi), Mozambique (Nikwaha) and Tanzania (lgonKwimba) did not have a

shared ancestry history with the IITA elite vaesti 2) the popular local varieties grown
in Uganda (Nyaraboke), Madagascar (Nakasoga), Kei§itbadameno) and DRC

(Boma) shared almost half of their pedigree with BT A elite varieties and 3) the elite
varieties from IITA had a somewhat similar pedigrneerhaps originating from the same
gene pool. This finding could therefore indicataited utilisation of local varieties in the
development of elite cassava varieties. This ith&rrsupported by the different grouping
and/or population assignment of local and eliteoggres as specifically observed in

germplasm from Kenya and Mozambique.
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Local varieties have specific allelic combinatidhat have been fixed following several
recombination and selection events. Through botiméb and informal interactions with
farmers it is increasingly becoming apparent thatmers prefer local varieties owing to
their excellent culinary properties, which are nwdtched by most of the elite cassava
varieties. This situation has, in turn, resultedinmted adoption of elite varieties, which
in itself, is an unfortunate development. Maccaffet al. (2003) examined the
contribution of three native land races to the gjerdversity of 45 modern durum wheat
varieties. Low levels of similarity were observedhich the authors suggested to be due
to limited inheritance of alleles found in the adi germplasm. Their study established
that a substantial amount of total genetic vangbipresent in the modern durum
germplasm (92.7%) could be accounted for by allelesduced from a limited number
of founders. Thus, for cassava, a similar apprazehbe adopted to tap into the allelic

diversity present in the local varieties by crogdimem with elite parental lines.

4.5 Conclusions

Results from this chapter highlighted two importpoints. Firstly, cassava germplasm
available within the NARS of Tanzania, Kenya, UgandDRC, Madagascar,
Mozambique and Rwanda contained appreciable gewatiation. This variation, based
on selectively neutral microsatellite alleles, vdastributed in a manner which suggested
that little differentiation has occurred. The méjpof variation was detected amongst
individuals, which is a consequence of clonal pggt@n that maintains variation among
individuals. This is the first methodical assesshwdgenetic variation in the NARS of
DRC, Madagascar and Rwanda. Information generatedild be useful in setting

conservation priorities in all the NARS includedls study.

Toro et al. (2009) proposed that the best way eéssing the genetic value of a breed
(population) is to consider how much diversity dda to a core set constituted of
commercial lines or breeds that are already undecessful conservation. This sounds
like a reasonable strategy to replicate for cassavaajor limitation, however, is the lack

of national cassava conservation strategies ilN&ieS.
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Data generated from this study could therefore ide\a starting point towards the
establishment of functional national conservatioogpammes. By then, the maximum-
diversity strategy should be adopted to guarangssava’s plasticity to environmental

extremes, biotic stresses, nutritional and culirtaralities.

Secondly, with the exception of germplasm from Bamia and Madagascar, the genetic
profiles of sampled local varieties appeared sona¢wdifferent from the elite cassava
varieties, a finding which could indicate limitetheritance of alleles from local varieties
while generating new elite cassava varieties. Thasefore calls for systematic inclusion
of local varieties into the hybridisation schemBstough this course of action, basic and
important information on the combining ability afchl varieties will be established.

Furthermore, this initiative will jumpstart the ceint need to breed for locally adapted
cassava varieties that combine both preferred aulimuality (sourced from local

varieties) and optimal yield (sourced from eliteigtes).
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CHAPTER 5

IDENTIFICATION, CHARACTERISATION AND APPLICATION OF SINGLE
NUCLEOTIDE POLYMORPHISMS (SNPs) FOR DIVERSITY ASSESSMENT IN
CASSAVA (Manihot esculenta Crantz)*

51 Introduction

Genetic diversity in the field is important for mtining ecological balance, particularly
in low input agricultural systems in which farmearieties predominate. To monitor this
diversity it is important that it can be measuredusately. At the farm or field level,
varieties are likely to be relatively closely reldtwith only a few highly heritable
morphological differences that can be scored. Mddgcmarkers allow the measurement
of diversity at a larger number of loci that ard affected by the environment. At the
moment SSR markers are the markers of choice f@rsity assessments, although other
marker systems are also in use such as AFLP, RRIA®D and their derivatives. A
limitation of many of these systems is the numbkemarkers that are found to be
polymorphic in closely related individuals. SNPsdasmall insertions and deletions
(indels) represent the most frequent form of ndlyuraccurring genetic variation in
populations (Kruglyak, 1997) and may provide suéint variation to discriminate
between closely related individuals and thus bectimaemarker of choice for dissecting
diversity in the field.

In the context of population genetics, SNPs arglsibase pair positions at defined loci
in genomic DNA at which different sequence altenes (alleles) exist, with the rarer
allele, in this case, being defined as more comthan 1% in the population (Brookes,
1999). A single nucleotide variant that occurs aieguency of 1% or less in a population

is generally referred to as a point mutation.

! Molecular Breeding (2009) 23:669-684
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Thus a T/C polymorphism defines two alleles for eththere could be three genotypes
including homozygous T-A, homozygous C-G and hetggous with either T or A in
one molecule and C or G at the corresponding sitthé homologous chromosome
(Hartl, 2000).

SNPs account for 90% of all human DNA polymorphisi@sllins et al., 1998). They
have been shown to be mutationally stable and géwdi-allelic being scored co-
dominantly (Cho et al., 1999; Lindblad-Toh et &Q00; Gupta et al., 2001). These
characteristics make them ideal for genetic analgsewell as amenable to automation.
SNPs have been shown to be more frequent in im&gions (Rafalski, 2002a) and tend
to associate as robust intragene haplotypes (Sibmnei al., 2001), which is of relevance
to diversity assessment. SNPs have been used swasfudies to assess diversity
(grapevine, Salmaso et al., 2004) and haplotypgctstre (grapevine, Salmaso et al.,
2004;Beta vulgaris L., Schneider et al., 2001) and have been appliggthylogeographic
analyses (Brumfield et al., 2003). Olsen (2004)duSBIP and indel variation in portions
of two low copy nuclear genes and five SSR lodnfer the origin of cassava. SNPs are
now the focus of large-scale genotyping projectshiimans, model organisms and

increasingly so in crop plants.

In humans, SNP frequencies are estimated at onel@@® nucleotides when two
homologous DNA sequences are compared (Wang et1888), while in plants
contrasting SNP frequencies have been reportedeleetvinbreeding and out-crossing
species. For example, one SNP per 78 bp in grapd@almaso et al., 2004); one SNP
per 31 bp in non-coding regions and one SNP perbj2#h the coding regions in maize
(Ching et al., 2002) and one SNP per 191 bp imthrecoding regions and one SNP per
2038 bp in the coding regions in soybean (Van gtZ4l05). In clonally propagated,
predominantly out-crossing cassava, Lopez e{24l05) found an overall frequency of
one SNP per 62 bp in expressed sequence tags (EBEST and bacterial artificial
chromosomes (BAC) end sequences of a number avargt
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In some cases SNPs derived from ESTs correlate mothrconservative amino acid
changes which may lead to phenotypic variations Hilows the association of genotypic
and phenotypic variation (McCallum et al., 2000;fdkeki, 2002a). This strategy has
been exploited in humans where SNPs have been iatgesbavith genetic diseases
(Collins et al., 2004), including risks of develogicardiovascular diseases (Davignon et
al., 1988) and Alzheimer’s disease (Fullerton gt24100).

In plants, SNPs located within the putatbataine aldehyde dehydrogenase-2 gene, have
been associated with the rice fragrance trait (Buagl et al., 2005). Those within the
starch synthase Ila gene have been associated with gelatinising tempemsit{Bao et al.,
2006) and those within theaxy gene YWX) associated with amylose content in rice
(Gupta et al., 2001). Not only are SNPs likely tedfutilisation in crop improvement
through genotype-phenotype associations, but in cirstruction of high resolution
genetic maps, diagnostics, analysis of populationivar identification and detection of
linkage disequilibrium (Gut, 2001; Buckler and Thsloerry, 2002; Rafalski, 2002b;
Neale and Savolainen, 2004). Indeed, SNP discamedyutilisation is advancing rapidly
in a number of crops including maize (Tenaillorakt 2001; Ching et al., 2002; Hamblin
et al., 2007), rye (Varshney et al., 2007), bar{fkgnazin et al., 2002), sugar beet
(Schneider et al., 2001), rice (Bradbury et alQ®0and soybean (Zhu et al., 2003; Van et
al., 2005). These studies revealed the frequeniromece of SNPs and the existence of

intragene haplotypes.

In terms of detection, a broad range of SNP-basawbtyping chemistries have been
developed, each with their own advantages. Somehe$e include single strand
conformation polymorphism (SSCP), heteroduplex ymsl(HA), denaturing gradient
gel electrophoresis (DGGE), RNase mismatch clegvadjdeoxy fingerprinting,
molecular beacon, protein truncation test, resbnciof PCR products, allele specific
oligo hybridisation, primer extension, electronidFS(eSNP), oligonucleotide microarray
based analysis and direct sequencing of PCR predinetiepth reviews on most of these
methodologies have been compiled (Gupta et al.1;260t, 2001; Kwok, 2001).
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Fundamentally, many of these methods involve eigost-PCR enzymatic reactions or
oligonucleotide hybridisation, with no single geymhg methodology ideally suited to
all applications. In this study the direct sequegcpproach (Rafalski, 2002a) was used

to examine SNPs in selected cassava genes.

Previous hypotheses favoured a hybrid origin faseaa through interbreedindgnihot
species (Rogers, 1963; Rogers and Appan, 1973).eiany relatively recent evidence
suggests cassava has a single wild progem#oesculenta ssp.flabellifolia and that it
originates from the southern Amazon basin (Ols&942 Cassava is a monoecius and
naturally out-crossing clonally propagated planeidfic behaviour studies depict the 18
bivalent formation of chromosomes typical of itpldid (2n = 36) nature (Jos and Nair,
1979). Cassava is a staple crop for most subsisteammunities in the tropics, with
increasing utilisation in the industrial sector ogito its diversity in starch functionality
including its potential use as a biofuel. Partlyedo this emerging commercialisation,
there is an increasing need to monitor its diverattfarm level. In this study, insights
into the utility of SNP markers for measuring geénéeiversity in cassava were provided.
SNPs were identified and characterised at 26 lmenfnine genes. Polymorphism were
scored at these loci in 74 diverse cassava genotgpd considered in relation to SSR
diversity at 12 loci. In addition the frequency amdormativeness of SNPs were

examined as well as the allelic haplotypes andeuiicle diversity.

5.2 Materials and methods
5.2.1 Plant materials

A highly diverse set of 74 cassava genotypes reptegy three geographical regions:
South America (30 genotypes); Asia (four genotypes) Africa (40 genotypes) were
selected based on prior analysis of 2494 genotgp@2 polymorphic SSR loci (Morag
Ferguson, personal communication) (Table 5.1). [Tgegaomic DNA samples for both
South America and Asia cassava genotypes wereykindivided by CIAT, while the
African DNA samples were provided by IITA. Both ClAand IITA extracted DNA from

young leaf samples using the miniprep protocolescdbed by Dellaporta et al. (1983).

138



Table 5.1

used in the study

A list of cassava genotypes selected fr@ksia, America and Africa

Country/Region Genotype Country/Region Genotype
Asia Africa
Thailand TAI18 Guinea Conakry TME 1239
Thailand TAI1 Guinea Conakry TME 1219
Thailand MTAI 8 Guinea Conakry TME 1286
Malaysia MAL29 Guinea Conakry TME 598
Cape Verde TME 125
America Cape Verde TME 135
Cuba CuB5 Cape Verde TME 131
Cuba CUB70 Democratic Republic of Congo TME 1353
Mexico MEX41 Benin TME 443
Mexico MEX55 Kenya TME 786
Argentina ARG12 Cameroon TME 214
Argentina ARG74 Cameroon TME 152
Paraguay PAR23 Ghana TME 1567
Paraguay PARS81 Ghana TME 1683
Costa Rica CR19 Ghana TME 1700
Costa Rica CR65 Ghana TME 1384
Venezuela VEN164 Ghana TME 633
Venezuela VEN173 Ghana TME 1368
Venezuela VENS81 Nigeria TME 287
Peru PER196 Nigeria TME 290
Peru PER178 Nigeria TME 1
Brazil BRA1292 Nigeria TME 34
Brazil BRA1061 Nigeria TME 14
Brazil BRA192 Nigeria TME 17
Brazil BRA125 Nigeria TME 5
Colombia MCol1522  Nigeria TME 342
Colombia MCOL 2206 Nigeria TME 1050
Colombia C9-489-34  Nigeria TME 9
Colombia COL2532 Nigeria TMS 30572
Colombia CM2217-2  Nigeria TME 117
Columbia CM5306-8  Nigeria TME 3
Columbia CM3306-9 Tanzania Albert
USA USA7 Tanzania TME 1311
Panama PAN38 Tanzania Namikonga
Ecuador Ecu72 Tanzania Kibaha
Guatemala GUAS9 Tanzania Kalolo
Togo TME 232
Togo TME 396
Uganda TME 539
Sierra Leone TME 857
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5.2.2 Candidate loci, primer design, PCR and sequeimg reactions

To maximise SNP discovery, primers targeting the-ocading regions, including the 3’
and 5’ untranslated regions and the intron regadrtee genome were designed (Rafalski,
2002b). Core nucleotides in the National CentreBmtechnology Information (NCBI)
database were surveyed to identify full or parsiefjuences of cassava genes. BLASTn
was used to identify genes of low copy number, Whare desirable for precise
amplification. To make useful interpretations o BLASTn output, frequency tallies for
appearance of respective sequences in either riéeabidopsis were made considering
sequences with a threshold statistical E-value ef% Based on the BLASTn results, 19
gene sequences were selected and primers desigimgdRrimer3 (Rozen and Skaletsky,
2000). In some cases, more than one primer taggetidifferent part of the gene was
designed. In total, 28 primer pairs were designkable 5.2). The selected genes are

involved in starch metabolism, cyanogenesis, droagt/or stress responses.

Primers were optimised using the AccuPoWePCR Premix (1 Uraq polymerase, 0.25
mM dNTPs, 10 mM Tris-HCI, 40 mM KCI and 1.5 mM MgCfollowing the
manufacturer's recommendations (Bionexus Inc., Us#) 50 ng DNA and 0.16 pmole
primer. This was denatured at°@4for 2 min followed by 30 cycles of denaturatian a
94°C for 1 min, annealing at 4%3°C for 1 min and extension at 2 for 2.5 min and a
final extension at 7Z for 30 min. The annealing temperatures were &shad by
running a temperature gradient PCR ranging froy68C using the Techne TC-512
thermocycler. Products of primers which producedjlsi and clear PCR products were
selected for sequencing. PCR products from 14 pripars that produced single
amplicons were sequenced directly from 74 test types (Table 5.2). Initially
sequencing was done using both forward and revenseers to identify primers that
produced good quality sequences. All sequencingticees were performed using the
BIGDYE Terminator Cycle Sequencing system accordimg manufacturer’s
recommendations and visualised on the ABI 3730 (i&d@Biosystems). Trace files were
aligned using Sequencher 4.6 (Gene Codes Corpoyadli8A). Good quality sequences

were used for SNP identification.
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Table 5.2 Candidate gene selection, gene bank agies number, primer sequence, annealing temperaturand PCR

products
Primer * Gene Bank Forward sequence (5’-3’) Reverse sequence (5’-3) Annealing PCR PCR product
accession No. Temp. product
(bp)
G3pdh A AF136149 CGGGGCTGCCAAGGTAAG TGAGATGCCAAAAGAAAAAGGAGT  57C 350 Single
G3pdh B AF136149 TACCGGTAAGCTCATCATTCGTC CGCGCAGATCAAGTAACCAAAAC 5eC - Multiple
PAL2 B AF383152 CATCCTGGGTGAGAAGTCGTAGC TTCGCCCTGATCCAATAAAATGA - - No product
PAL2 A AF383152 CATGCCGGCCTGACGAGATA TCAGCGGCAAGCAAGGAGTAAT 5¢ 700 Single
CYP79D2 A  AF140614 CGTCTCCACCACCGCAACCA TCGTCAAGTATCCGCCGCTCATT %0 400 Single
CYP79D2B  AF140614 CCTTCAGGCTCCACCCAGTTG CTCACATTCATCCCTTCCCATCTT 52 450 Single
GBSSI A AF173900 GTGAGGGGATGGGTTGGTTTTTC TGGCCCCCTTACTAGCATCAGAG ‘3 400 Single
GBsSI B AF173900 CTTTGGCTCGGCGTGGAC CCGACCCTGGTGAGCTATGTTATG B3 - Multiple
MeEF1 A AF041463 CTCCCGTGATTTAGATTTACTTC AGCACCCAGGCATACTTGA & - Multiple
MeEF1 B AF041463 GTCTAGTACTGGGGTTGGTCTGGT CTGGCATCCGTTTCATTAGG 1 500 Single
MeEF1C AF041463 ATACGCCAGGGTTTTCATAGGT GAAATCGCAAAATCAACTCAACAA 50C 400 Single
bglA A X94986 TTCGCGTCTATCTATTTACTGTTA ACTTCTTGGCAATGCTCACTTTA g°C - Multiple
bglAB X94986 CATTGCCAAGAAGTGAAAACC ATCCGCAACGTCTCCAGTG 44C - Multiple
pLIN A u95298 ATAGTTGCCCATAATTTGCTTCTT ATCTATCTCCGGCTAAATCTACCA 50°C 450 Single
pLINB u95298 AATGCGTTTAGAATGTCCA ATCCCAATGAAAAATAGTGA 48°C - Multiple
HRGP A AF239615 AACGGGATCATGGCGAACTGC TATGGGGGAGGAGGAGATGGAGAC - - No product
HRGP B AF239615 AGTTTACATTTACGCCTCACCATA AAACCAAACATAAACACCCACTTC - - No product
Cl AY101376 ACAACCGAGGCTGCAACTGAGG TACCCAAAACATCGCCATACTG 5¢C 300 Single
TK AY745770 ACGTGGATATACATGTGAAGAAGC GTGGGGTAAAAGCGAAGAGAAA 59C 250 Single
APX3 AY973623 GGTGCCACAAGGAACGCTCTG CTTCCGACCATCATCACATTCAAC 68 500 Single
RUBISCO AF101233 CGCCAAGTCCAGTGCATCAGTTT CATCCGCATCTTCCATTCCATTTC BC - Multiple
ERF AY973613 GAAAGCAATGGAAAATCTCTATCA CAACCCAAGTCCAGTGTCTCA 50C 450 Single
CAT 2 AY973614 ACTTGGGCGTCTGGTGTTGA GTGATGCGAGGGTCTGATAAGG %6 550 Single
COEEP AY818396 GCTGGTTTGGCTTCTGGGTCTTTC TTCTCTGCCTCTGGGGTGCTCTTA 57°C 600 Single
SOD AY642137 TGCCCCTGAGGACGACATTC AAAACAAACGGGGCAAACCAG 5eC - Multiple
AKR AY973615 CTCATGCCGTTCACCCGATAA ATGCAAAGACAGCCCTGAAATACA 58C - Multiple
CPI AF265551 CGCCGTCGATGATTACAACAAGA CGGGTACCATGGCACAGATAAGAT - - No Product
Amy A AY944583 ACCCGCTCTGATGGATTTTGTGTC TGTGCCTCGAGTTGATCCAGTGTC - - No product

1G3pdh = glyceraldehyde 3-phosphate dehydrogenase; PAL2 = phenylalanine ammonia-lyase 2 gene;CYP79D2 = N-hydroxylating cytochrome P450 gene;GBSSII = granule bound starch synthase 11
precursor; MeEF1 = Manihot esculenta elongation factor 1-alpha gene; bglA = beta glucosidase; pLIN = linamarase gene;HRGP = hydroxyproline-rich glycoprotein; Cl= allergenic-related protein
Pt2L4; TK = Pto-like serine/threonine kinase; APX3 = ascorbate peroxidise; RUBISCO = ribulose 1,5-bisphosphate carboxylase small chain precursor; ERF = ethylene response factor; CAT2 =
catalase; COEEP = chloroplast oxygen-evolving enhancer protein; SOD = copper/zinc superoxide dismutase; AKR = aldo/keto reductase; CPI = cysteine protease inhibitor; AmyA = alpha-amylase
gene. The letters ABC adjacent to the same genes ragrpseners targeting different parts of the gene.

141



5.2.3 Characterisation of SNPs

The identified SNPs were classified as either bengansition (substitution between
purines or between pyrimidines) or transversiorbgstution of purine with pyrimidine
or vice versa) and their frequencies were calculated on a gegnfent basis. Nucleotide
diversity at the level of the gene fragment repmés¢he proportion of nucleotides that
differ between two sequences, averaged over allladl@ pairs of genotype comparisons.
This was computed from the number of polymorphigregating sites on a base pair
basis (Nei, 1987). Tajima’®-statistic (Tajima, 1989) was computed to obtaisights
into the hypothesis of selective neutrality. Nogrsiicant values indicated no evidence
for evolutionary selection. The above analysis wasformed using DNA sequence
polymorphism (DNASP) version 4.10.9 (Rozas et241Q3).

The distribution of SNPs along gene fragments wasngned to understand if nucleotide
variability was distributed randomly or organisad haplotypes. The high level of

heterozygotes in cassava meant that the phasgaaiead alleles could not be determined
and thus allelic haplotypes had to be inferred.irAilar situation was experienced with

grapevine (Salmaso et al., 2004). Haplotypes waferred using PHASE software

version 2.1.1 (Stephens et al., 2001; Stephen®andelly, 2003) which uses a Bayesian
statistical approach. Haplotype based gene diyensas computed for each polymorphic
gene fragment using DNASP software version 4.1R&és et al., 2003).

Haplotype-based polymorphic information contentQPValues for each gene fragment
were computed as described by Botstein et al. (198 = 13p” - Y.2p% p, where
Yp is the sum of each squaréd haplotype frequency. During computation, each
haplotype was considered to be an allele. Obsdretatozygosity () was calculated as
the proportion of heterozygous individuals at eldus. Nei's index of gene diversity
(expected heterozygosity) and PIC were calculabedtdch SNP within a gene fragment
as described Botstein et al. (1980). This analysis done using PowerMarker version
3.25 software (Liu and Muse, 2005).
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5.2.4 Comparison of diversity patterns revealed b$SRs and SNPs

To compare the information content and diversityeeded by SNPs and SSRs, the 74 test
cassava varieties were genotyped using 12 polyno@8R markers distributed across
nine linkage groups (SSRY5, SSRY9, SSRY21, SSRBERY102, SSRY135, SSRY
147, SSRY148, SSRY161, SSRY181, SSRY182 and NS9Wha et al., 2001;
Okogbenin et al., 2006). The numbers of loci toshepled in a genetic study is not
absolute. It will depend on the objectives, the egenrelationship among individuals
being studied (the more diverse individuals are,fdwer markers are required) and the
informativeness of the SSR. Olsen (2004) used sw®geportions of two low copy

genes and five SSR loci to infer the origin of eassusing highly diverse germplasm.

Amplifications with SSR primers were carried outlid pul reactions containing 50 ng of
DNA, 1 pmole of each primer, 1Xag polymerase buffer, 2 mM of Mg&l0.2 mM
dNTPs and 0.375 U dffaq polymerase. The PCR profile was’@5or 2 min followed by
30 cycles of 98C for 30 sec, 55°-5T for 1 min and 72 for 1 min and a final extension
at 72C for 30 min. The SSR amplicons were subjectedafuillary electrophoresis as
described in Chapter 4 and allele calls made usiegsSENEMAPPER software version
3.7 (Applied Biosystems). Data was analysed asribestabove.

DARwin (Perrier and Jackquemound-Collet, 2006) wagd to compute a distance
matrix from the SSR and SNP data independentlyguie simple matching Euclidean
distance. Cluster analysis was performed usingvisighted neighbour-joining algorithm
and relationships displayed as a dendrogram. ThetéMéest (Mantel, 1967) with 1000
permutations was performed to assess the cornelaétween the distance matrices of the
SSR and SNP genotypic data. The Mantel test usglemaisation to estimate thievalue

for the null hypothesis of no correlation.

143



53 Results
5.3.1 Characterisation of SNPs

The approach used here for cassava SNP identifitatid characterisation was based on
the direct sequencing of gene fragments amplifigdpbmers designed from NCBI
cassava core nucleotides, which targeted the imggions of the selected genes. Of the
designed 28 primer pairs (targeting 19 genes) 5046 produced single and clear PCR
products, nine (32%) produced multiple products &md (18%) produced no PCR
products (Table 5.2). The PCR products ranged 2661700 bp. Of the 14 primer pairs
that produced single PCR products, high qualityuseges appropriate for SNP
characterisation were obtained from nine gene feagm(Table 5.3). In total, 3165 bp of
genomic DNA from nine gene fragments or 176269rbmfall samples were sequenced.
The discrepancy from the expected 234000 bp (741653 resulted from different

samples across the different gene fragments.

The number of SNPs per gene fragment varied froeniwrtheEthylene response factor
(ERF) andallergenic-related protein Pt2L4 (Cl) to five in thecatalase gene fragment
(CAT2) (Table 5.3). Overall 26 SNPs were identifiedhe 8165 bp, giving a frequency
of one SNP every 121 nucleotides. Sequence aligemersing Spidey NCBI
(http://www.ncbi.nlm.nih.gov/spidey/revealed that of the 26 SNPs, 14 were located

within the coding region spanning 2534 bp (one $Méry 181 bp or a frequency of 5 x
10® and 12 in non-coding regions spanning 631 bp @XE evey 53 bp or a frequency
of 1.9 x 10°) (Table 5.3). The frequency of transitions armh$versions were 50% with
the most frequent transition and transversion b&if§ and A/T, respectively (Table
5.3). Upon translation of the sequenced gene fratgn®ne amino acid change from
alanine (&A) to serine (TA) was noted at polymorphic site 225 within the
hydroxylating cytochrome P450 (CYP79D2) gene.
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Table 5.3 Summary of SNP characteristics in the segnced cassava gene fragmefits
Gene Sequenced SNP position (bp) Homozygotes Heterozygotes Contexf SNP location
length (bp) mutation
CAT2 570 63 C(3);T(22) CIT (13) Transition Codingien
200 A (4); G (38) A/G (26) Transition Non-codinggion
259 G (3); C(29) G/C (25) Transversion Codingaag
269 A (4); T (35) AIT (22) Transversion Coding i@y
454 C (21); T (48) - Transition Non-coding region
COEEP 497 98 G (7); A(31) G/A (21) Transition Coding ey
248 A (1); T (47) AIT (8) Transversion Coding rexgi
349 G (3); A(27) G/A (2) Transition Coding region
PAL2 356 34 G (4); A(37) - Transition Non-coding region
55 G (2); A (44) G/A (21) Transition Non-codinggien
79 A (6); T (23) AIT (17) Transversion Non-codiregion
188 G (4); A (46) - Transition Non-coding region
GBSl 282 22 T (1); G (55) TIG (5) Transversion Codingioa
82 C(1); A(67) C/A (5) Transversion Coding ragio
274 T (72) CIT (2) Transition Non-coding region
CYP79D2 290 170 G (2); A(19) G/A (13) Transition Codingyien
187 A(3); G (17) A/G (19) Transition Coding regio
225 T(2); G (17) T/G (16) Transversion Coding oegi
239 A(3); T (18) AIT (14) Transversion Coding regi
pLIN 253 37 A (44) AIT (12) Transversion Coding region
42 T (23) TIC (25) Transition Coding region
152 A (50) AT (4) Transversion Non-coding region
MeEF1 283 147 A (36) A/G (17) Transition Non-coding regio
166 G (55); T (1) GIT (3) Transversion Non-codirgion
ERF 428 152 T (6) TIG (7) Transversion Non-coding oegi
Cl 206 11 A (7); T (18); T/A (2) Transversion Non-augl region

TCAT2 = catalase; COEEP = chloroplast oxygen-evolving enhancer protein; PAL2 = phenylalanine ammonia-lyase 2 gene;GBSS | = granule bound starch synthase I1 precursor; CYP79D2 = N-hydroxylating cytochrome P450 gene;
linamarase gene;MeEF1 = Manihot esculenta elongation factor 1-alpha gene;ERF = ethylene response factor; Cl = allergenic-related protein Pt2L4. The numbers in parenthesis indicate scored gegenfrats in the contig. Homozygous SNPs

pLIN =

include both the more commonly occurring nucleofitiejor alleles) and the less common nucleotidegmalleles), while heterozygous SNPs containet! e major and minor nucleotides (alleles) atecHjed position along the gene

fragment.
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5.3.2 Nucleotide diversity, selection, haplotypesnd polymorphic information

content

Nucleotide diversity varied among the gene fragsefiom 7.8 x 18 in the granule
bound starch synthase Il precursor gene (GBSSI) to 5.63 x 1G in CYP79D2 gene
(Table 5.4), representing a seven-fold differenoenucleotide diversity. All gene
fragments had non-significant Tajimal3-statistic values with the exception of the
catalase (CAT2) gene D = 2.433;P < 0.05) and th&€€YP79D2 gene D = -2.116; P <
0.05). However,GBSSI and Manihot esculenta elongation factor 1-alpha (MeEF1)
genes had respective negatidevalues of -0.991 and -0.369 (Table 5.4). Significa
negative D-statistic values are indicative of negative orifgurg selection against
genotypes carrying the less frequent alleles ara®rindicative of a recent population
bottleneck eliminating less frequent alleles, whsrsignificantly positive values are
indicative of balancing or diversifying selectioor ftwo or more alleles (Tajima, 1989;
Hartl, 2000).

The number of haplotypes varied among the genemeags from two inCl and ERF
genes to 14 in th€AT2 gene, with a mean of seven (Table 5.4). In theerades of
intragenic recombination, repeated mutation or bacikation, the maximum number of
haplotypes expected from segregating sipss(s + 1 (Clarke et al., 1998). Based on the
results only three gene fragmeiRF, Cl and GBSS| were consistent with this rule
(Table 5.4). Most gene fragments had major hap&stygccompanied by a series of low
frequency haplotypes. The frequency of the mimare{ alleles varied from 0.013 in
GBSSI to 0.320 in theCYP79D2 gene (Table 5.5). Although the number of SNPs and
haplotypes varied considerably among the genesestud linear relationship (r = 0.914)
was evident between the number of SNPs identifiecafgene fragment and the number

of inferred haplotypes.
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Haplotype-based gene diversitygjtbr heterozygosity was highest in t6&T2 gene (H

= 0.814) and lowest in theBS3| gene (H = 0.191) (Table 5.4). On the other hand,
haplotype-based PIC values ranged from 0.113 ferGBSSI gene to 0.634 for the
phenylalanine ammonia-lyase 2 gene(PAL2A) gene (Table 5.4). Marginal differences
were observed between haplotype-based PIC valueputed from “best reconstruction”

haplotypes and expected haplotype frequencies.

The observed heterozygosity per individual SNP socanged from zero iRPAL2-34,
PAL2-188 and CAT2-454 to 0.62 atERF (Table 5.5). With the exception &AL2-34,
PAL2-188 andCAT2-454, all other loci were heterozygous as expectedinw-crossing
species. The sequence data clearly showed theohgg@sity in cassava (Figure 5.1).
Expected heterozygosity {Hranged from 0.026GBS1-274) to 0.435 CYP79D2-187).

PIC values varied from 0.02&BS1-274) to 0.340 CYP79D2-187) (Table 5.5). SNPs
within the CAT2 and CYP79D2 genes had relatively similar PIC values along dbae
fragments, as compared to other gene fragmentsenvRtS values varied (Table 5.5).
PIC values increased substantially when calculatethe basis of haplotypes as opposed
to individual SNPs (Tables 5.4 and 5.5).

Table 5.4 Total haplotypes, haplotype diversity (), nucleotide diversity,
neutrality, D-statistics and haplotype based polymgohism

information content of polymorphic cassava genes

Gene Haplotypes H+SD Nucleotide diversity + SD D-statistic PIC
CAT2 14 0.814 +0.025 0.00351 + 0.00017 2.433* 0.602
COEEP 7 0.661+0.029  0.00213 £ 0.00015 0.886 0.594
PAL2 11 0.806 +0.017  0.00387 + 0.00021 1.701 0.634
GBSl A 4 0.191 +0.043  0.00078 £+ 0.00019 -0.991 0.113
CYP79D2 7 0.692 +0.039  0.00563 + 0.00046 2.116* 0.375
pLIN 8 0.428 +0.048  0.00199 * 0.00026 0.452 0.481
MeEF1 4 0.233+0.050 0.00153 + 0.00036 -0.369 0.263
ERF 2 0.409 +£0.083  0.00098 + 0.00020 0.918 0.335
Cl 2 0.455+0.040  0.00285 * 0.00025 1.449 0.330
Mean 7 0.521 0.00258 0.414

ICAT2 = catalase; COEEP = chloraplast oxygen-evolving enhancer ptrotein; PAL2 = phenylalanine ammonia-lyase 2
gene; GBSSI| = granule boundstarch synthase |1 precursor; CYP79D2 = N-hydroxylating cytochrome P450 gene; PLIN =
linamarase gene; MeEF1 = Manihot esculenta elongation factor 1-alpha gene; ERF = ethylene response factor; Cl =
allergenic-related protein Pt2L4. Haplotypes computed from PHASE, H haplotype based gene diversity; SD = standard
deviavtion; PIC = polymorphic information contehSignificant at P < 0.05
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Table 5.5 Gene diversity, heterozygosity and polymphic information content
(PIC) of the identified cassava SNPs

Gene SNP No. of SNP q Gene Observed PIC
fragment position observations context diversity  heterozygosity
(bp) (He) (Ho)
CAT2 63 38 CIT 0.250 (C) 0.375 0.342 0.304
200 68 AIG 0.250 (A) 0.375 0.382 0.304
259 57 CIG 0.271 (G) 0.396 0.438 0.317
269 61 AT 0.245 (A) 0.370 0.360 0.302
454 69 CIT 0.304 (C) 0.423 0.000 0.333
Mean 0.388 0.304 0.312
COEEP 98 59 AIG 0.296 (G) 0.417 0.355 0.330
248 56 AT 0.089 (A) 0.162 0.142 0.149
349 32 AIG 0.125 (G) 0.218 0.062 0.194
Mean 0.266 0.187 0.224
PAL2 34 41 AIG 0.097 (G) 0.176 0.000 0.160
55 67 AIG 0.186 (G) 0.303 0.313 0.257
79 46 AT 0.315 (A) 0.431 0.369 0.338
188 50 AIG 0.080 (G) 0.147 0.000 0.136
Mean 0.264 0.170 0.223
GBSSlI| 22 61 GIT 0.057 (T) 0.108 0.082 0.102
82 73 AIC 0.047 (C) 0.091 0.068 0.087
274 74 CIT 0.013 (C) 0.026 0.027 0.026
Mean 0.075 0.059 0.071
CYP79D2 170 34 AIG 0.250 (G) 0.375 0.382 0.304
187 39 AIG 0.320 (A) 0.435 0.487 0.340
225 35 GIT 0.285 (T) 0.402 0.457 0.324
239 35 AT 0.285 (A) 0.408 0.400 0.324
Mean 0.406 0.431 0.323
pLIN 37 56 AT 0.107 (T) 0.191 0.214 0.173
42 48 TIC 0.260 (T) 0.385 0.520 0.311
152 54 T/IA 0.037 (T) 0.071 0.074 0.068
Mean 0.216 0.269 0.184
MeEF1 147 53 AIG 0.160 (G) 0.269 0.321 0.233
166 59 GIT 0.042 (T) 0.081 0.050 0.077
Mean 0.175 0.185 0.155
ERF 152 13 GIT 0.308 (G) 0.426 0.615 0.335
Cl 11 27 T/A 0.297 (A) 0.417 0.074 0.330

1CAT2 = catalase; COEEP = chloroplast oxygen-evolving enhancer ptrotein; PAL2 = phenylalanine ammonia-lyase
2 gene; GBSSI = granule boundstarch synthase |1 precursor; CYP79D2 = N-hydroxylating cytochrome P450 gene;
PLIN = linamarase gene; MeEF1 = Manihot esculenta elongation factor 1-alpha gene; ERF = ethylene response
factor; Cl = allergenic-related protein Pt2L4. g = frequency of the minor allele and the lettarsparenthesis
represent the minor nucleotide (allele) at a spe@blymorphic site along the segeunced gene fragnfIC =
polymorphic information content.
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Figure 5.1  Heterozygous and homozygous SNPs at pasi 200 of the CAT2
gene. Sequences were compared for five individuals.

5.3.3 Comparison of SSR and SNP data

The number of alleles at SSR loci ranged from tlioeeSSRY102 to 11 for SSRY135.
The PIC values ranged from 0.358 for SSRY102 t&®.for SSRY6, with a mean of
0.571. This average is higher than that of indigidBNPs (0.228) and comparable to that
based on haplotypes (0.414). Average gene divevgity generally lower in cassava
genotypes from Asia (SNP-based = 0.251; SSR-bas@db53), followed by African
cassava (SNP-based = 0.271; SSR-based = 0.556)raadcan cassava (SNP-based =
0.285; SSR-based = 0.615). The Mantel test shovggnéficant correlation between the
distance matrices of SNP and SSR genotypic data r219; P < 0.001), indicating
correlation between the SSR and SNP genotypic data.
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Dendograms of both SSR and SNP genotypic datateesuh three major clusters
(Figures 5.2a and 5.2b). The SNP data showed Isssndination (Figure 5.2a). Cluster
one contained 84% of germplasm of African origin,sacond cluster contained
germplasm of predominantly American and Asian ori@2.5%), while the third cluster
contained germplasm predominantly from America Afrcta. Based on SSR data, 28 of
the African accessions clustered together with nglei accession from the Americas
(ECU72). The second cluster represented accessiouaried origins, while the third

cluster had germplasm from the Americas or AsigyFe 5.2b). A notable exception of
genetic relationships revealed by the individuahegewas that oGBS, where two

distinct clusters were produced, with each compgisof similar representation of

genotypes from Africa and Latin America (data rfadwn).
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Figure 5.2a Dendrogram of cassava genotypes based pairwise genetic

distances derived from 26 SNPs.
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54 Dis

derived from 12 SSRs.

cussion

A major objective of this study was to characteB&Ps in selected cassava genes and to

assess their utilisation for diversity assessmim. nature and frequency of SNPs in nine

low copy

genes involved in cyanogenesis, starchabmdism, stress and/or defense

related pathways were studied. This study idewti2é SNPs, with an average of one

SNP every 121 nucleotides. Lopez et al. (2005) doaimigher frequency of one SNP in

66 bp in 33 EST-derived amplicons analysed in sikvars and a frequency of one SNP

in 49 bp when nine BAC end sequence amplicons waeaysed. As expected, the

frequency

of SNPs in ESTs within a cassava cultwas much lower, one in 905 bp,

while between two or more cultivars it was one @32 bp (Lopez et al., 2005).
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A similar high frequency of SNPs has been foundtirer crops, for example one SNP in
78 bp for grapevine (Salmaso et al., 2004), one B&RB1 bp in non-coding regions and
one SNP per 124 bp in the coding regions basednalysis of 18 maize genes in 36
inbred lines (Ching et al., 2002). For inbreedingps like soybean, SNP frequencies
have been reported to be one in 2038 bp in thengakquence and one SNP in 191 bp in
the non-coding regions based on the analysis @fed® fragments in 15 genotypes (Van
et al., 2005). Undoubtedly, the frequency of det@¢cENPs in the genome appears to be
largely dependant on the nature of the gene sangutedthe individuals studied. No
correlation between the length of the sequencee fagment and the number of SNPs
identified & = 0.079;P = 0.235) was established, a scenario which isistamg with the
findings of Lopez et al. (2005). Out-crossing andreeding-sensitive crops like cassava
are expected to exhibit higher DNA polymorphismspart due to the inherently high

number of loci maintained in a heterozygous state.

The lower frequency of SNPs in the coding regias@posed to the non-coding regions
and the fact that only one polymorphic site in @8°79D2 gene was associated with the
alanine (&A) to serine (TA) amino acid change can be explained in part byuka’s

neutral theory. This hypothesises that nonsynonymsubstitutions are subjected to

purifying selection more often than synonymous stuigns (Kimura, 1983).

Most studies conducted in both inbreeding (Vanl.e2805) and out-crossing (Ching et
al., 2002; Salmaso et al., 2004; Lopez et al., 2@p&cies indicate a higher number of
polymorphisms in the non-coding than in the codiegions. Substitutions in the coding
region that lead to alterations in the amino aeigugnces and/or early termination of the
translation process may cause an altered phend&ipg et al., 2005). If the altered

phenotype is of breeding value, then these codiNgsScould be valuable genetic

markers for cassava.
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Though this study did not associate sequence pafymsms with phenotypes, this can in
the future be undertaken through association tettgeen sequence variants in candidate
genes and phenotypes, as illustrated by the GC/Alymwrphism in the ricestarch
synthase lla gene and gelatinisation temperature (Bao et @06R Alternatively, SNPs
without any observable mutant phenotype can be taethe positional cloning of the

gene in which they are located (Kruglyak, 1997).

Average nucleotide diversity across gene fragmesais 2.58 x 18, which is generally
lower than that observed in maize (9.6 <1Uenaillon et al., 2001 and 6.3 x }0Ching

et al., 2002), but higher than for the inbreedipgces soybean, which is reported to
range from 5.3 x I6to 1.1 x 1G (Zhu et al., 2003). In most eukaryotic genes, entitle
diversity is less than 0.01. However, an excepgahemajor histocompatibility complex
gene in humans and mice whose values were grehtar 0.04 largely due to
overdominant selection at this locus (Nei, 1990)tHis study the nucleotide diversity
(nd) of GBSSI with three SNPs was two to seven-fold lower thathe majority of other
gene fragments. This observation may be due tdaively recent genetic bottleneck,
however this was not observed in our stuby=-0.991;P > 0.1), or positive selection

for the major allele.

The greatest nucleotide diversity was found in @@79D2 gene (nd = 5.63 x 19,
involved in cyanogenesis. Evidence for diversifysaection was observed for this gene
(D = 2.116; P < 0.05), which also had a nonsynonymous mutaticstintates of
nucleotide diversity of two other gene fragmentsoahvolved with the cyanogenesis
pathway, Bglucosidase (Bgla) anda-hydroxynitrile (Hnl) in 20 cassava varieties and 212
wild relatives were similarly high (4.1 x £oand 4.5 x 18 respectively), although this
may reflect the diversity of genotypes studied éD|s2004). Two-fold lower levels of
nucleotide diversity were observed within tieamarase gene (pLIN) (nd = 1.99 x 10),
also involved in the cyanogenesis pathway. Allsesa genotypes studied so far
contained cyanogenic glycosides, which are goverbgdseveral genes within the

cyanogenesis pathway.
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Since most cassava breeding programmes will adedoareduced glycosides for health
reasons, the heterozygous nature of the crop, Dtla@ involvement of several loci in
cyanogenic glycosides, collectively make attainmeait this breeding objective
challenging. This could explain the high nucleotidigersity within and among the
different genes involved in the cassava cyanogpaibway reflecting varying selection
intensities. Other studies have also found varidélels of nucleotide diversity and
selection in the same biochemical pathway, for gadanm theflavanone-3 hydroxylase
(F3H1 andF3H2) genes involved in the flavonoid pathway in Dosgfa tree species
(Krutovsky and Neale, 2005) and in the six genegslired in the starch pathway in maize
(Whitt et al., 2002).

Key factors that are thought to influence nuclestidiversity include background
selection which involves selection against recurcerieterious mutations (Charlesworth
et al., 1993), recombination rates (Begun and AguatP92) and positive-trait selection
(Buckler and Thornsberry, 2002). It is possible the observed differences in nucleotide
diversity among the studied cassava genes areodinedse factors acting either singly or
in combination at different levels among the stddigenes. However, significant
Tajima’s D statistic values were observed fGAT2 and CYP79D2 genes, indicating
diversifying selection. Other genes had non-sigaiit positive or negativ® values,
indicating no evidence of selection. In a relateddg in which GC/TT sequence
polymorphism in the ricetarch synthase [la gene were associated with gelatinising, no
detectable selection was detected despite havih@ allele frequency of 47% in 334
breeding lines as compared to only 1.2% TT allegdency in 172 landraces, a finding

which could in itself indicate directional selectim the breeding lines (Bao et al., 2006).

As expected from an out-crossing species, hetemsy/doci were frequent and were
found within all gene fragments, but not at all SNoZi. A relative excess of
homozygosity was observed within t68S3 1 gene compared to other genes. Cassava is
primarily a starchy crop an@BS3I is one of the key genes involved in starch

metabolism.
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Though no detectable selection was noticed inGB&31 gene based on Tajimal3
statistic (-0.991P > 0.1), the low PIC values (SNP-based = 0.071; digpe-based =
0.113) and excess homozygosity are indicative déiced genetic diversity within this
gene. It is possible that this reduced geneticabdliiy relates to functional versions of
this gene. Indeed, Ceballos et al. (2007) repodeahutation that renders tHeBSS
enzyme inoperative in am $assava clone. In maize, which is also a starcby, dow
genetic diversity and a strong evidence of selacticross three gendsriftle2, sugaryl
andamylose extender1) involved in the starch pathway have been repofehitt et al.,
2002).

The informativeness of a genetic marker dependhemumber of alleles it detects and
allele frequencies and this is quantified by Pl@e highest PIC value of individual SNPs
was 0.34 from the polymorphic site 187 bp of @&P79D2 gene. SNPs are bi-allelic
markers, which can have a 50-50 distribution of tiwe alleles (Kruglyak, 1997) and
hence their PIC values can not exceed 0.5. Howexrezn linked alleles (haplotypes) are
considered simultaneously, the level of polymorphisan increase (Kruglyak, 1997).
Indeed, haplotype-based PIC values (0.113-0.634@ alenost double when compared to
PIC values based on individual SNPs (0.026-0.349)several SNP loci are considered

together. Similar trends were observed for the dtgipe-based gene diversity.

In rye, haplotype-based PIC values ranged betwez8r@8 with a mean of 0.66, while
SNP-based PIC values ranged between 0.22-0.5,amittean of 0.32 (Varshney et al.,
2007). Similar trends have been registered in giapgSalmaso et al., 2004) and maize
(Ching et al., 2002). In a related study that inedl analysis of 259 maize inbred lines
with 847 SNPs and 554 SNP haplotypes, allele &rges ranged from 0-0.5 and 0-0.9,
respectively (Hamblin et al., 2007), a finding aifurther confirmed the discriminatory
power of SNP haplotypes over individual SNPs, pestive of the crop’s genetic and/or

mating system.
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SSR and SNP data revealed a similar trend in degtaltmg in an overall significant
correlation of genetic relationships. Both datas setvealed three major clusters, one
predominantly African germplasm, the other predantty germplasm of American and
Asian origin and a third consisting of accessiamsnf mixed origin. Indeed, both SSR
and SNP data revealed similar trends in gene diyeascording to region of origin,
although SSRs consistently revealed greater diyeasid discrimination. These results
are similar to those obtained from an extensive $BRey of over 2000 cassava
accessions at 30 SSR loci (Morag Ferguson, persoor@imunication). The genetic
relationships as revealed by combined SNP data sweriéar to previous genetic analysis
where African genotypes TME 1, TME 3, TME 5, TME®d TME 14 clustered together
and differently from TMS 30572 based on AFLP aniglyBregene et al., 2000).

Hamblin et al. (2007) tried to assign a known papah to 259 maize inbred lines using
89 SSRs, 847 SNPs and 554 SNP haplotypes. Theatmms were stiff stalk, non-stiff
stalk and tropical-semitropical and the analysis wan with K (number of putative
populations in the model) ranging from 2-5. Theigrgsent of individuals across the
genetic markers was consistent witl+ 3, but less consistent at higher valueK ofThis
study also established that for &llvalues tested, SNP data did not contain sufficient
information to resolve all relationships that weletected by SSR variation resulting in

lower percentage of individuals assigned to a patpn (Hamblin et al., 2007).

These findings are generally consistent with thd®3d SSR datasets generated from
this study on cassava, a highly heterozygous amdrogsing species. The similarity of
American, particularly Latin American germplasm afigian germplasm, reflects the
movement of germplasm from South America, the eeotrdiversity and domestication
of cassava (Allem, 1994; Olsen and Schaal, 1999e©12004) to Asia. Clustering of
some African germplasm with that from American/Asgermplasm indicated similarity

and movement of germplasm among these regions.
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Cassava was introduced to Africa by the Portug@aeskspread rapidly to many agro-
ecologies (Jones, 1959). The cluster containinglgrenantly African germplasm is
likely to contain clones of ancient introductiortsat have undergone natural and/or
artificial selection and adaptation.

The higher PIC values of SSRs, derived from theiltirallelism, rapid mutation rate and
low probability of being affected by the narrowingluence of selection, appeared to
provide greater discrimination among accessions fadferent regions. Individual SNPs
had lower PIC values than SSRs resulting from theallelism. This may have been
compounded by the fact that SNPs were closely &sdc within genes, although
evidence was found for recombination within genggifnents. Genic regions have a
higher probability of being affected by directiorsdlection than non-genic regions. In
addition, only a small proportion of the genome wegwesented in this assessment. The
above factors will tend to decrease the discrinoinpgpower of SNPs. It is likely that as a
result of their bi-allelic as opposed to multi-alic nature, a larger number of SNPs than
SSRs will be required for the same level of disanetion. If the objective is to study
intra-genic variation, however, then SNPs may beenappropriate than SSRs due to

their far higher frequency.

55 Conclusions

This research chapter has provided initial estimaié the nature, distribution and
frequency of SNPs in selected cassava genes. die@& that SNPs occur at a high
frequency within cassava genes and can be targasediseful genetic markers,
particularly where an indication of intra-genic eligity is required. The relative
frequency of SNPs within a gene compared to SSRkesnghem suitable for this
purpose. Furthermore, this study has shown thatotyge-based genetic diversity
analysis is by far more informative than analysasdadl on individual SNPs. However,
due to high levels of heterozygosity within the seasa genome, haplotypes had to be
inferred, making this approach less reliable foedity assessment.
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SNPs and SSRs revealed similar overall relatiorssaipong individuals, confirming the
utility of SNPs for diversity estimates. IndividUdNPs had lower PIC values than SSRs.
For this reason a larger number of SNPs will beegsary to achieve the same level of
discrimination provided by SSRs.
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CHAPTER 6

SEGREGATION OF HARVEST INDEX, DRY MATTER AND AMYLOS E
CONTENT IN S; CASSAVA FAMILIES

6.1 Introduction

Inbreeding, defined as the mating between indivglvalated by a shared ancestry, can
occur in various forms (Falconer and Mackay, 198®)wever, self-fertilisation in which
two gametes (from the same individual) participtdeards the formation of a new
individual is the closest form of inbreeding (Alleng, 1957; Begg, 1959). Inbreeding
occurs naturally in self-pollinating plants, whil® cross-pollinating plants self
incompatibility mechanisms that take various fortirgjt self-fertilisation (Gléenmin et
al., 2001). Once inbreeding occurs in cross-pdiidaspecies, it can lead to varying
levels of ID, which has been observed in nearlyceaiks-pollinated species (Wricke and
Weber, 1986), including cassava (Rojas et al., R0UBis decline in fitness is well
illustrated by experiments in maize (cross-polktaspecies) that were conducted since
the early 1900s (Begg, 1959). In that study, ofdhginal hand pollinated plants, only
four lines survived by 1912, some of which yieldmady two bushels per acre (125.4
kg/ha).

Genetically, ID is caused by increased expressidromozygous recessive genes, which
are concealed from expression (or full expresswingn in a heterozygous form (Begg,

1959). On the other hand, inbreeding also presamismous benefits when strategically
employed in cross-pollinating species like cassdmdeed, most successful breeding
programmes involve inbreeding during at least dagesof cultivar development. The

pioneering work on hybrid maize, based on the diseboed lines in the early 1900s was
a phenomenal initiative (East, 1908), which camdm#procated in other cross-pollinated
crops like cassava. The author recognised the pédbree and double-way crosses,
spurring the development of hybrid maize, which dates today’'s maize acreage.
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The superiority of the generated hybrids is pugubtb be explained by three hypotheses:
1) partial to full dominance for a large numbeidai, 2) over-dominance of several loci
and 3) several types of epistasis (Wricke and Wel#86). Cassava is an out-crossing,
highly heterozygous plant that has not undergotengive and systematic inbreeding to
exploit its benefits, as done in maize. Nonethel&sss encouraging to observe that
interest in cassava inbreeding is beginning to gaomentum (Ceballos et al., 2004;
2007; Rojas et al., 2009). Certainly, to tap irite benefits of inbreeding as witnessed in

maize, it is vital to initiate inbreeding in casaav

Walsh (2005) observed that inbreeding provides @podunity to exploit both additive
and non-additive effects. The author demonstrabted ander random mating a single
diploid parent only contributes one allele per ®cand hence cannot pass on its
dominance component to its offspring. To exploin+aaditive genetic effects, parents
must contribute more than just their additive valuéhat is, they should pass on
coordinated groups of alleles at different loci /andvhole genotypes at single or more
loci, a phenomenon that will require parents toddated (Walsh, 2005). Inbreeding fixes
both dominant and recessive alleles (Sneep etl@rl.9), suggesting that if dominant
alleles are not linked with recessive alleles aghme chromosome, exceptional vigour
can be expected in inbreds (Altenburg, 1957; B&§§9).

Studies have indicated that inbreeding does not express lethal recessive genes, but
also good quality recessive genes (Altenburg, 19B6@} instance, cassava inbreeding
experiments conducted at CIAT observed higher giedfl some selfed families (M
Colombia 971) compared to the parents, with ID wvayyamong families (Kawano et al.,
1978). Waxy cassava starch was recently identified S inbred clone (AM206-5) at
CIAT (Ceballos et al., 2007). More recent studiagehillustrated that ID varies among
cassava agronomic traits: fresh root yield (63.9%gsh foliage yield (37.9%), HI
(26.5%), plant height (10.1%) and DMC (5.3%) (Ra@asl., 2009). These findings have

practical relevance for cassava breeding.
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It is envisaged that inbreeding in cassava willvite several advantages including: 1)
reduction of genetic load which limits attainmerit suistainable genetic progress, 2)
increased probability of attaining useful recesstvaits and 3) facilitation of the
implementation of mutation breeding (Ceballos et2004). These benefits coupled with
the identification of a naturally occurring mutation theWx locus in a $cassava clone
(AM206-5) were a major motivation for this studw. this exploratory study, developed
S; progeny from six cassava genotypes were examipedsthrch quality (amylose
content) and two agronomic (HI and DMC) traits.

6.2 Materials and methods

6.2.1 Generation and field establishment of Samilies

Six cassava genotypes (192/00067, TMS 30572, 9B(BE6, NASE 4, MH95/0469 and
Bamunanika) were used as progenitokg {& generate Sporogeny. With the exception of
Bamunanika which is a local variety, the rest dite genotypes introduced from IITA.
For each genotype 20 stem cuttings were plantégbkttion plots at a spacing of 1 m x
0.9 m. The isolation plots were separated by adcg of 100 m from any neighbouring
cassava to ensure that only natural self-pollimatiocurs. A separation of 30 m has been
reported to be efficient to ensure genetic isolatiocassava (Kawano et al., 1978). This

isolation strategy was used to generatb@anical seed for each genotype.

Cassava is monoecius with female flowers openirigreehe male flowers on the same
branch (IITA, 1990). However, because male and ferfl@wers on different branches or
on different plants of the same genotype can opmumlgneously, self-pollination can
occur (Jennings and Iglesias, 2002; Ceballos ¢f@04). This phenomena was used to
produce $ botanical seed in the isolation plots. For eadfedegenotype, mature fruits
were carefully harvested, placed in labelled bropaper bags and left to shatter
naturally. Harvested ;Sbotanical seeds were not treated, but allowed a rvemth
dormancy breakdown period before being establighedrseries.
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After two months in the nursery, the Seedlings were transplanted to a well-prepared
field where they were grown until 10 months, aftéich they were cloned to generate at
least 6-10 cuttings (middle section) per seedliBgch $ seedling (genotype) was
represented by six plants, which were establishetie field for evaluation. Because of
modest number of progeny per family (8-30), fieldrping was done so that all progeny
belonging to the same family, together with theep&al genotype, were established in the
same block. Each row represented a clone and gpaaihin rows was 1 m, with
between row spacing of 1.5 m to minimise interpht¢rference. A variable number of S
seedlings were generated per family and these weatuated at the National Crops

Resources Research Institute (NaCRRI), Uganda.

6.2.2 Evaluation of $ progeny for harvest index and dry matter content

At harvest, which coincided with 11 MAP, four innawst plants per clone were uprooted
and used for phenotypic assessments. Roots werarasegp from the vegetative
harvestable biomass (leaves, stems and originatiptastake) and HI was computed for

each clone following the procedure outlined by Kaav&1990).

Estimation of DMC in the root samples was basedhenoven dry method. Briefly,
collected roots were washed, peeled and choppedLintm thick pieces to a total weight
of 200 g (fresh weight). Samples were dried to tamsweight in an oven that was
maintained at 7Z. Upon attainment of constant weight (48 h), sasplvere
immediately weighed (dry weight). Percentage DMG wamputed by dividing the dry
weight by the fresh weight and multiplying by 1@epending on number of samples,
logistics and objective of the experiment, DMC weigheasurements can be done using
peeled or unpeeled root samples. Because samplesdlmation were modest and DMC
in parenchyma was of interest, peeled root sampie®e used for evaluations. The
specific gravity method for determination of DMCégiano et al., 1987) was not used

because some clones could not raise the requitekig3er sample.
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Evaluations for HI and DMC were based on unrepdidatingle row plots. As indicated
in Chapter 3, lack of adequate quality plantingerat was the major reason for lack of
replication, hence the decision to evaluate morkviduals in unreplicated trials as
opposed to evaluation of a few individuals in regled trials. The ID phenotypically
observed in some progeny significantly limited thenber of individuals that generated
sufficient and good quality planting material. Thegidy’'s aim was to obtain initial

insights into the effect of inbreeding on key agnmic traits of cassava in order to
objectively define future cassava inbreeding atéigsiand thus unreplicated single row

field trials were established.

6.2.3 Extraction of starch from the § cassava progeny

Harvested cassava roots were used for starch @alyassava starch extraction was
carried out using the method described by BeneB0FR Fresh root samples were
washed, peeled and chopped to about 1ahes. Chopped roots were pulverised in a 4 |
capacity high speed industrial blender for 5 mine Generated pulp was filtered through
a muslin cloth and the filtrate allowed to stand 4oh to facilitate starch sedimentation.
The top liquid was decanted and discarded. Thelstaas air-dried on aluminium pans
overnight at room temperature. Eachc®ne, including the parents, was represented by
two samples. This cassava starch extraction prosessiple, rapid and upon settling, the
starch is free from any colour, impurities and eomhation from proteins or fats and has
been used in previous studies (Ceballos et al.7;2B@nchez et al., 2009).

6.2.4 Determination of amylose content using the lmyimetric method

Quantification of amylose in starch samples cae takious forms (Gerard et al., 2001).
Initially, three methods, concanavalin A which iscammercial kit from Megazyme

(Wicklow, Ireland), high performance size exclusidmomatography (HPSEC) and the
iodine colorimetric methods were used. Since tltkn® colorimetric method produced
consistent results it was used for determining asg/icontent. The colorimetric amylose
procedure has frequently been used in cassava l{@els al., 2007; Randhika and
Moorthy, 2008; Sanchez et al., 2009).
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Using a sensitive balance, 20 mg of the starchr flample was accurately weighed and
dissolved by heating in 1 M sodium hydroxide forr8 in a water bath maintained at
95°C. When dissolved, this solution was diluted to amaentration of 5 mg/ml by
addition of deionised water. Aliquots of this sadat (0.1 ml) were diluted with 5 ml of
trichloroacteic (v/v) acid (0.5% concentration) am@5 ml of iodine solution (0.01 M).
The contents were mixed and the absorbance of plsarhthis solution read at 620 nm
using a spectrophotometer. Because of the lackuafigd cassava starch standards,
inferences on amylose in the samples had to be rfmagdea standard curve generated
from purified potato starch that contained 100% sy

Standard curves obtained from purified amylose amglopectin extracted from potato
tubers have previously been used to infer amylasgent in cassava (Ceballos et al.,
2007). In this study, purified amylose (100%) frpotato was serially diluted and used
to generate a standard curve for the estimatioth@famylose content in the cassava
starch samples. The standard curve was generabved different concentrations of
amylose: 0, 10, 20, 30, 40, 50, 60, 70 and 80%gdihyting with trichloroacteic acid
(0.5%; vi/v). Absorbance readings were done as ibestrabove. Three readings were

taken for each dilution and the mean used.

6.2.5 Data analysis

The number of progeny evaluated varied among familmaking the data largely
unbalanced. Summary statistics (range, mean, \@iand skewness) for DMC and HI
were computed for each family. For amylose contéme, dataset was subjected to
ANOVA using the unbalanced treatment structure en&at. The amylose data were
further subjected to linear mixed model analysis tbe estimation of variance
components using the restricted maximum likelih@@EML) method. For this analysis,
replicates were considered as fixed, while famiaesl S progeny were considered as
random factors. ID was estimated for both HI and ®Ms a percentage of the S
average. ID = [(gmean — smean)/s mean] x 100. Therefore, the lower the ID value, th

lower the depression (Rojas et al., 2009).
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6.3  Results
6.3.1 Segregation of harvest index and dry matterontent in S, progeny

Data on HI of the different;Jrogeny is presented in Table 6.1. The lowestageH]
(0.08) was observed in progeny derived from themat genotype Bamunanika, while
the highest (0.42) was observed in progeny derifredn the parental genotype
MH95/0469 (Table 6.1). Highest variability in HI asflected by the variance, was
observed in progeny derived from parental geno8g&8E-00036, which ranged from O-
0.69, while the lowest was observed in progenyveerfrom TMS 30572, which ranged
from 0.07-0.50 (Table 6.1).

Progeny derived from parental genotypes TMS 308¥200067 and Bamunanika were
positively skewed, while progeny derived from paatgenotype 95/SE-00036, NASE 4
and MH95/0469 were negatively skewed (Table 6.19stwf the progeny had HI values
below 0.5. Only TMS 30572 and Bamunanika had Hueslless than 0.5 for all theiy S
progeny (Table 6.1). For HI, ID varied among thiéedent families ranging from 15.7 to
83.3% (Table 6.1). Highest ID was observed in pnggderived from Bamunanika
(83.3%). Only progeny derived from parental genes/®5/SE-00036, NASE 4 and
MH95/0469 showed ID of less than 20% (Table 6.1).

The data for root DMC of the;$rogeny in the different families is presentedlrable
6.2. DMC varied both between and within the famsili@fhe lowest average DMC
(28.5%) was recorded for the progeny derived fromneptal genotype Bamunanika,
while the highest (35.1%) was recorded for progéesved from TMS 30572. Highest
variability as reflected by the within family vanee in DMC content, was observed in
progeny of 95/SE-00036 that ranged between 11-486b lawest within progeny of
parental genotype NASE 4, which ranged from 26-§8&ble 6.2).
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Table 6.1 Variation in harvest index in § cassava progeny generated from six

genotypes
Family Parent S Min Max Mean Variance Skewness ID
progeny

MH95/0469  0.52 16 (5) 0.14 0.66 042 0.017 -0.57 .239
NASE 4 0.48 16 (5) 0.00 0.62 0.39 0.024 -1.11 18.75
TMS 30572  0.57 23 (0) 0.07 050 0.28 0.009 0.03  850.
192/00067 0.48 18 (2) 0.15 057 034 0.014 0.33 1@9.
Bamunanika  0.48 28 (0) 0.00 0.35 0.08 0.016 0.96 .333
95/SE-00036 0.38 30 (1) 0.00 0.69 0.32 0.027 -0.4915.78

! Parent represents harvest index values for resgeain-inbreds; Sprogeny represents individuals
evaluated; numbers in parentheses indicate nunfbgrogeny with harvest index values > 0.5; Min and
Max indicate minimum and maximum harvest indexpeesively. ID = inbreeding depression estimated as

[(sy mean — s mean)/s mean] x 100The confidence interval associated with the dat@586 ranged from
0.042 to 0.082.

With the exception of progeny from the parental aigpe MH95/0469 which had
positive skewness (0.20), all other parental ggredyhad progeny data that was
negatively skewed (Table 6.2). The data furthencewgd (with the exception of,S
progeny from TMS 30572) that over 60% of the proggead DMC values of less than
35%. ID for DMC varied between 2.0 to 23.8%, wilte thighest (23.8%) observed in
progeny from 192/00067; progeny of parental genesyMH95/0469 and 95/SE-00036

had ID in DMC of only 2% (Table 6.2). Thus, withime S progeny, the highest ID was
observed in HI compared to DMC.
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Table 6.2 Variation in root dry matter content in S, cassava progeny generated

from six parental genotypes

Family Parent § Min Max Mean Variance Skewness ID
progeny

MH95/0469  32.0 13 (4) 240 380 313 20.2 0.20 2.1
NASE 4 35.0 8 (0) 26.0 33.0 301 5.26 -0.39 14.0
TMS 30572  41.0 22 (11) 20.0 430 351 32.9 -0.89 .314
192/00067 39.0 17 (2) 15.0 40.0 29.7 41.0 -0.96 823.
Bamunanika  37.0 9(1) 18.0 38.0 285 325 -0.23 922.
95/SE-00036 34.0 27 (11) 11.0 420 333 42.8 -1.67 2.0

! Parent represents DMC values for respective noredsy $ progeny represents individuals evaluated:;
numbers in parentheses indicate humber of progetly MMC > 35%; Min and Max indicate minimum
and maximum DMC respectively. ID = inbreeding degien estimated ags{f mean — s mean)/s mean] x
100.The confidence interval associated with the da@bé&b ranged from 1.918 to 4.383.

6.3.2 Variation in amylose content in $progeny

ANOVA data for amylose content in the assava families is presented in Table 6.3.
The amylose content varied significantly betweeasasa families and progeny, with
most of the variation recorded within the progenlge lowest amylose content (11.8%)
was recorded inJprogeny from 95/SE-00036, while the highest (34.2¢s recorded
from S progeny from MH95/0469 (Table 6.4).

However, when family averages were compared, mboshe progeny had relatively
higher amylose content compared to the non-inbexdmtal genotypes (Table 6.4). The
highest variability as reflected by the sample arace in amylose content was observed
in progeny derived from MH95/0469, while the lowe&ts observed in progeny derived
from NASE 4. With exception of progeny from parérganotype NASE 4 and 95/SE-
00036, which had negative skewness, all other prpdead positive skewness for

amylose content.
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Table 6.3 Analysis of variance for amylose conterin S; cassava families

Source of variation df SS MS Variance component
Replication 1 4.548 4.548 -

Family 5 527.814 105.563* 2.651 (2.196)
Progeny 107 2707.260 25.301* 10.112 (1.772)
Residual 112 577.649 5.158 -

1 df = degrees of freedom; SS = sum of squares; Mean squaresigures in parentheses are standard
errors associated with the variance componentss 5%%.

Table 6.4 Variation in amylose content in six Scassava families

Family Parent Progeny performance
S No Min Max Mean Variance Skewness

MH95/0469 19.1 11 17.2 34.2 23.7 29.50 0.75
NASE 4 18.3 15 12.5 22.1 18.1 5.96 -0.53
TMS 30572 14.7 22 12.2 27.4 19.0 16.20 0.45
192/00067 17.2 21 12.9 25.6 19.2 9.410.016
Bamunanika 19.1 16 14.7 26.0 20.2 12.500.088
95/SE-00036  16.2 22 11.8 22.8 18.2 10.190.595

! Parent represents amylose content of non-inbredstoSrepresents number of Bidividuals evaluated;

Min and Max indicate minimum and maximum amylosspeztively. The confidence interval associated
with the data at 95% ranged from 1.35 to 3.65.

175



6.4 Discussion

A major objective of this study was to obtain ialtinsights into the effects of inbreeding
in cassava to guide future cassava inbreeding teffdmis study was not meant to
guantify the extent of ID in cassava. Accurate dqifiaation of ID will require that a &

population be self-pollinated to obtain a repreatwe S population that is evaluated and
compared to the ¢Spopulation, as conducted in maize (Lamkey and I§nii987;

Pacheco et al., 2002). In this study however, sigsava genotypes (not populations)
were self-pollinated and the resultant @ogeny evaluated for two fitness-related traits

(HI and DMC) and one quality trait (amylose conjent

HI varied both within and between families, withogeny from parental genotype
Bamunanika having the lowest (0.08) and progensnfMH95/0469 having the highest
(0.42) average values. HI reflects the efficienéydy matter distribution (Cock et al.,
1979) and thus higher HI values are desirable. \Mithheeding an average reduction of
36% in HI was recorded when six non-inbred parerdse compared to the rogeny.
This indicated that Sprogeny yielded only 64% of the non-inbred HI. rimdding of
inherently heterozygous plants results in gen@sd bf vigour, a phenomenon called ID
which is expected to be more severe in early tlader Igenerations because during the
first inbreeding generation, 50% heterozygositylost (Altenburg, 1957; Wricke and
Weber, 1986).

ID could therefore explain the low HI observedhe § inbreds. However, its expression
varied among the parental genotypes and withinirtbeeds as depicted by the range,
mean and skewness values of HI. Based on the Hi, gmbgeny from Bamunanika
appeared to be most affected by ID. In the fiekstseé progeny had poor vigour and

general phenotype compared to other progeny.
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Though there are limitations to compare the perforoe of $ progeny to a few selected
non-inbred cassava individuals (ar®n-inbred cassava population is preferred because
it does not overestimate ID) results indicate aeganreduction in HI with inbreeding.
Rojas et al. (2009) estimated ID in cassava usigigt damilies. The authors observed
that average ID for HI was 26.5% ranging from 14384 in the different families. These
authors acknowledged the limitation of not usingnan-inbred $ population, which
could have overestimated the ID. The current stedprded a slightly higher average
reduction for HI (36%). This could be a result ofecestimation or because totally
different germplasm i.e. Latin American versus édn is being compared. It could also
be due to the fact that small family sizes wereduse the estimation. This can only be

resolved by further detailed studies that compéferdnt cassava populations.

However, some Sinbreds from parental genotypes MH95/0469, NASRB5ISE-00036
and 192/00067 had higher HI values than their retspe non-inbred parents suggesting
that they did not succumb to ID and/or toleratedreéeding. Elsewhere, studies have
indicated that although inbreeding does not cabhs@age in gene frequencies, it changes
genotypic frequencies in the offspring, which oebanged, affects breeding values and
dominance deviations (Wricke and Weber, 1986). phisnomenon could partly explain
the relatively high HI in some of the inbreds. Wal2005) observed that inbreeding
provides an opportunity to partially exploit nond&td/e (dominance and epistatic)

variance, which could further explain higher Hisimme of the inbreds.

Studies conducted in maize established that vagi@hcominance deviations of inbred
lines were 1.6-3.3 times higher than the variarfadominance deviations for non-inbred
maize individuals for key productivity traits (Edwia and Lamkey, 2002). Moreover,
significant specific combining ability that is imditive of dominance variance has been
reported for HI in cassava (Cach et al., 2005; 2@4le et al., 2005). Khehra et al.
(1997) suggested that when most of the genetiatiani is non-additive, it is desirable to

use highly inbred parents for trait improvement.
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In alfalfa, non-additive gene effects have beerorggl to be more important in inbred
relatives than in non-inbred individuals (Gallai®84), a finding which further justifies
the need to advance inbreeding in cassava to impHbyas it is one trait which has not

been selected for extensively by national breegnogrammes in SSA.

Root DMC content varied both within and betweerréals, with progeny derived from
Bamunanika having the lowest average DMC (28.5%)) piogeny derived from TMS
30572 having the highest value (35.1%). Higher @MBIC is a major breeding objective
of many breeding programmes and significant pragiesits improvement has been
attained through hybridisation schemes involvinghbdomesticated cassava (Kawano,
2003; Ceballos et al., 2004) and wild relativegui(@ng et al., 2008).

Average DMC in the six non-inbred cassava genotyyses36.3%, while in Sprogeny it
was 31.3%. Hence, with introduction of inbreediag, average reduction of 13.2% in
DMC was observed. Over 60% of the inbreds (withegtion of progeny from TMS
30572) had DMC below 35%, a finding which couldrgdio ID as already indicated
above for HI. The differences in range, mean arglvsless of DMC in the different
families is indicative of their varied responselld Rojas et al. (2009) recorded an
average ID for DMC of 5.3%, ranging between 0.348.7This difference between these
values and the ones reported in the current stadybe explained by the same reasoning

purported for HI above.

In related studies conducted in maize, ID was aleskm productivity traits that included
grain yield, ear height, plant height, days to mpallen and days to mid silk (Edwards
and Lamkey, 2002). In this study however, someaddblines within the families of
192/00067, TMS 30572, 95/SE-00036, MH95/0469 andh&aanika, had DMC values
well above those of their respective non-inbredept indicating that they did not

succumb to ID and/or tolerated inbreeding.
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Since significant GCA estimates for DMC, indicatilgeponderance of additive
variance, have been reported in cassava (Cach, @08b; 2006; Jaramillo et al., 2005),
it is possible that increased additive gene effactounted for the relatively higher DMC
content in some of these $ibreds. This is further supported by the fact tadditive
variance among progeny in cross-pollinated cromsesses with inbreeding because
additive genetic variance is the major componertheftotal genetic variance (Hallauer,
1992). This strategy has been utilised in grasgkere inbreeding to generate Bogeny

is used in the selection of parents for hybrid@atithe degree of ID reflects the amount
of additive variance present (Sneep et al., 19%9js therefore possible that inbred
cassava can be used to further exploit the addih@&?or dominance variance with the

overall goal of increasing DMC in roots.

The amylose content in the cassavarBreds varied both within and between inbreds,
with most of the variation within inbreds. Stargfhich constitutes the largest amount of
the dry root weight of cassava (lITA, 1990), is lesovely composed of amylose and
amylopectin polymers (Roger et al., 1999). Thetnstaproportion of these polymers
greatly influences the physiochemical properties stdrch and its nutritional and
industrial significance (Matueev et al., 2001; Gbseet al., 2005; Aryee et al., 2006). It is
for this reason that analysis of amylose levelsassava was done after one generation of
inbreeding.

Firstly, the data seemed to suggest that inbreedingarental genotypes TMS 30572,
95/SE-00036 192/00067 and NASE 4, led to the geimeradf a few $ inbreds with

unusually low (< 13%) levels of amylose. SecondWth the exception of Sprogeny

from NASE 4, all other progeny had amylose levelsitively higher than the parental
genotypes. Whether or not additive or non-additjgeae effects were responsible for this
increase in amylose content is unknown. This isagpect which future studies can
establish, as to date no studies have been comblaot¢he inheritance of proportion of

amylose in cassava starch.
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In parallel, it will be equally important to knovhé cause of the decrease in amylose
content (in some ;Sprogeny) with inbreeding, as it cannot simply Iserdoed to 1D
because it is not a fithess-related trait. In eglagtudies conducted at CIAT that involved
generation of several partial inbreds from différganotypes, one;®lone (AM206-5)
had amylose-free starch, which was the first reggbmaturally occurring mutation in
cassava (Ceballos et al., 2007). Another study évaluated over 4000 non-inbred
cassava, found that no more than 1.5% of the sanhalé amylose values less than 17.5
or greater than 24.5% (Sanchez et al., 2009). énptesent study, no amylose-free
cassava was identified. The lowest amount of amyteglistered in the;$rogeny was
11.8%, a finding which should inspire further cassmbreeding in the search for novel
cassava starches. A major justification for thidb@sed on the fact that only a few S
progeny were evaluated and yet most variability ¥easd within the $ progeny. In
addition, it would also be rational to induce amdfohance expression of mutations that
inhibit production of amylose, as these have hugeacts on starch phenotypes, are not

influenced by environment and are easy to handia ft breeding point of view.

Amylose content in non-inbred cassava is variableleserved in previous studies: 15.2-
26.5% (Sanchez et al., 2009) and 17.1-24.9% (Satradi, 2008). Cassava starch with up
to 28.8% (Zaidul et al., 2007) and 44% amylose é&ret al., 2006) has been reported.
Though these studies used different methodologmes genotypes, they all indicated
considerable variation in amylose content in ndoreéd cassava. The current study that
evaluated partial inbreds also established coreidervariation in amylose content,

which certainly can be exploited to increase thmpetitiveness of cassava starch.

6.5 Conclusions

This study presented the first report on cassabeeading in Uganda, information of
which will be important for the general cassavaedieg community that is increasingly

showing interest in introducing inbreeding in cassa
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Though the number of individuals evaluated weratietly few, they provided general
trends on the effect of inbreeding on two environtrféness traits (DMC and HI) and
one quality trait, amylose content. ID was evidarsgome of the inbreds as demonstrated
by the relatively lower values for HI and DMC. larpllel, inbreeding resulted in the
generation of vigorous;$rogeny (high DMC and HI), which appeared to haeeefited
from either additive or non-additive genetic effeor a combination of the two. Earlier
studies have established that if dominant allefesnat linked with recessive alleles on
the same chromosome, exceptional vigour can becegben the inbreds (Altenburg,
1957; Begg, 1959).

Though results were based on the comparison olv&feprogeny they indicated that 1D
was more pronounced in HI than DMC, a finding whivhs consistent with other
findings that evaluated a higher number g@fogeny (Rojas et al., 2009). A major
limitation of using non-inbred parents as compa@d non-inbred population is the
overestimation of ID. Systematic studies that wuhntify ID in cassava should consider
using representativep $opulations, which should be selfed to generateessmtative S
populations that will be evaluated and compareith¢oS populations. These populations
can comprise of elite and local cassava genotypews fAfrica, Asia and/or Latin
America. Traits for evaluations can include fresbtryield, foliage yield, plant height
and plant health. This approach will be a replitaloat is used in maize and will provide

fair estimates of ID in key agronomic traits of saga.

Deliberate starch quality modification in the forof reconstituting amylose and
amylopectin amounts in cassava through inbreeds@nother aspect that this study
aimed at. The premise for this is based on the tfzatt composition of amylose and
amylopectin will impart specific characteristicsathwill define starch quality and
utilisation (Charles et al., 2005). For instanceods with slow digestive starch that
depend on the starch structure and compositionn@led al., 2006), are nutritionally

desirable for food products (Ludwig, 2002).
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Hence, through systematic inbreeding and evaluatiassava starch composition can be
drastically changed to lend itself to utilisatios a quality healthy food, which is

currently dominated by maize starch.
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CHAPTER 7

GENERAL DISCUSSION AND RECOMMENDATIONS

Cassava is a widely grown crop in SSA, where iypla dual role of being a staple and
an income generating crop. However, the crop’s Igrgvth period coupled with the
tropical environment in SSA, provide for a plethofebiotic and abiotic constraints that
limit its optimal productivity. As witnessed in @h major crops where science-led
initiatives offered solutions to production consits, the same should be replicated in
cassava. Data presented in this thesis revealedriamp aspects within the realms of
cassava genetics, which can be of use for the mepnent of the crop. With the help of
multi-player interventions tailored towards cassawarovement, this information will
most likely benefit rural communities that primgridepend on cassava for their
livelihood in Uganda, Kenya, Tanzania, DRC, MadagasRwanda, Mozambique and
other countries not included in the study, but vaine important cassava producers. The
principal anticipated benefit will be developmentaadoption of cassava varieties that

will enhance food security and/or generate incooneital communities.

This study analysed 29 morphological cassava tiiif91 cassava genotypes from six
countries. Unlike most previous studies that aredysnly a few above-ground traits, in
this study, both above-ground and below-groundstraiere analysed and used to infer
genetic relationships. Though the 29 qualitatiegdrdid not provide good discriminatory
power amongst the regional cassava germplasm tiohsccompared to the genomic
molecular markers, they can still be used at aonatilevel to characterise germplasm
and/or any new cassava varieties deemed suitablerelease. The lack of good
discriminatory power of the qualitative traits istrsurprising considering that any two
individuals being compared can have the same piyeaoti.e. green periderm) but
different genotype (i.e. heterozygous versus homoay at the same locus). Nonetheless,
data generated during this and other studies shioeilldsed in the establishment of a
regional cassava database. The regional cassamatgpie database should not be static,

but rather phenotypic data collected from new ggrex should be added.
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This initiative should jumpstart the urgent need tlee establishment of data retrieval
and/or storage databases, as this has been lagyeyed in most, if not all, NARS
involved in this study. An efficient breeding pragrme should have a sound information
management system, which can now be initiated & NARS of Uganda, Kenya,
Tanzania, DRC, Rwanda and Madagascar using theopipa data generated from their

respective germplasm collections.

Quantification of variation in agronomically impartt traits is particularly important in

designing breeding programmes. For instance, haagation indicates that selection can
proceed immediately, while small variation jussfithe need for finding germplasm
sources elsewhere so as to increase genetic variatthe population. Data generated for
HI, DMC and LR suggested that considerable vamatar these traits in both local and
elite germplasm is available within the NARS. Besmulocal varieties pre-dominate
cassava acreage in these countries, efforts tooweptheir productivity through genetic

improvement of HI and DMC could be desirable. T@ibewith, progeny derived by

crossing local x local and/or local x elite genagpcould form heterogeneous
populations on which selection can be applied. presence of additive variance and
availability of refined evaluation protocols fortharaits makes their selection relatively

easy for most NARS breeding programmes.

Previous breeding efforts in some major crops lgrgepended on a relatively small
sample of locally adapted cultivars resulting iregluction of genetic variability as
variety improvement advanced. It is therefore ingor that NARS cassava breeding
teams consider the utilisation of local varietiegheir respective hybridisation schemes.
Among the positive results that this initiative Mbiring, is the combining of desirable
agronomic traits with culinary qualities. Howeveglection of parents for hybrdisation
will require that potential parental lines (selecteased on data generated from this
thesis) be evaluated in replicated trials by trepeetive NARS, as they will have been

reduced to manageable numbers.
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The genotypic data on 1401 cassava genotypes femensNARS, established limited
gene differentiation i.e. only three populationsrevequantified. The hypothesised
minimum and maximum populations were respectivalgyen when only the seven
countries were considered and 14 when the sub-popunt of local versus elite
genotypes from each country were considered. Masaton (> 89%) was detected
within individuals with the rest being distributedhong populations (country of origin)
and sub-populations (local and elite genotypes)s Thistribution of variation within

individuals limited the structuring of cassava idistinct populations.

The observed clustering of some local with elitd lotal with local genotypes indicated
shared ancestry, which could have resulted fromréigeonal cassava breeding scheme
that was established in the 1930s at Amani, Taazdihis regional breeding programme
selected germplasm resistant to CMD and distribiuitealthe neighbouring countries for
further evaluation and selection. It is also pdssithat some elite varieties may be
hybrids from elite x local varieties and/or gerngmaindicated as local may in fact be a
local x elite cross. This strongly illustrates treue of molecular markers towards both
identification of unique variability and selectiof parents with widest additive variation

for hybridisation.

However, this high genetic variability within casaas particularly important in this era
where the natural resource base, specifically @od underground water, is becoming
depleted. Emerging biotic constraints coupled wiimate change that may be associated
with increased temperatures, greater evapotranigpirand increased drought incidence,
add another gloomy picture. The detected high $ewdl genetic variability provide
cassava with the necessary plasticity to resporide®e imminent threats. It is however,
important that efforts be made to conserve thisegervariability, as currently limited
efforts have been made at both national and reblemal. Most NARS largely rely on
field-based conservation methods, which are highkky.
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At the inception of the IPGRI in 1974, there wapé&dhat for each major crop, efforts at
international, regional and national level could rkvotowards the conservation,
distribution and utilisation of germplasm. Todawrieus crop-specific initiatives have
been made, but at different levels. For cassagajfgiant progress has been made at the
international level by both CIAT and IITA, wheressava genotypes are held in trust by
the Food and Agriculture Organisation (FAO). Thenamank at CIAT contains
germplasm predominantly from the Americas and Asiagreas germplasm from Africa
is conserved largely at IITA. Unfortunately, geragph from southern, eastern and
central Africa represents approximately 2% of ceasaccessions within the [ITA
genebank. This highlights the urgency for regicaadi/or national conservation efforts.
Much of the germplasm used in this study is notvalit conserved under a specific
conservation programme. The genotypic data gerntenatehis study can be used in
setting priorities for cassava conservation ategitlegional or national level. However, it
is important to note that conservation and useesfeyic resources are two indivisible
components of varietal improvement and hence shbeldconsidered together when
setting priorities for cassava conservation. Thia g@esented in this thesis should form
the basis of a regional cassava conservation gyrai2evelopment of a core collection
that capature the widest possible variability iother principal output that can be

generated from this data set.

The characterisation of SNPs in cassava reveafegjaency of one SNP every 121 bp.
This is a relatively high frequency compared toeotbrops like soybean with one SNP
every 2038 bp and thus justifies efforts to utillSPs as genetic markers in cassava.
This high frequency is most likely due to cassaVaéterozygous nature and short
domestication history. However, when modest SNPd 88Rs were compared for
diversity assessment, it was evident that more SMRdd be required to provide the
same discrimination power among cassava individasisrovided by SSRs. This appears
to be consistent with what was found in other crifps maize, where the two marker
systems have been compared. This is largely be@NBs are bi-allelic, while SSRs are
multi-allelic and more informative. SNPs are lintitto a maximum PIC value of 0.5,

while SSRs can have PIC values greater then 0.5.
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Nonetheless, because of their high frequency, ShBsn the cassava genome offer
excellent opportunities to be used as genetic markdon-synonymous substitution
SNPs that result into a desired phenotype woulohfgene based markers and would be
particularly useful for MAS. This will, however, &l extensive studies that will involve
undertaking high resolution genetic linkage andissociation tests between sequence
polymorphisms and desired phenotypes. Certainlgseh gene-based markers, if

identified, will make MAS more accurate and effitie

Data generated on; 8assava progeny is one of the few reports on delibecassava
inbreeding in SSA. Although field data on HI and DMwere from single-row
unreplicated trials, it provided two major findingk) cassava inbreeding did not only
lead to reduced productivity, but also resultednecreased productivity of some patrtial
inbred individuals and 2) that the extent of ID igdramong families. Whether or not
similar trends will be observed in advanced gemamatis not known and will need
specific studies to provide answers. Thep8geny evaluated in this study have been
advanced to theySor further evaluation.

During the course of evolution, many organisms audate deleterious alleles, which
are concealed from expression by dominant alléidgeeding exposes these alleles so
that they can be selected against. Converselye@aing can also reveal or accentuate the
effects of advantageous genes by placing them oraozygous state. Waxy cassava
identified by CIAT in a $ clone is testimony to this fact. For these reasons
guantification of amylose in ;Sinbreds was done as part of this study. The lowest
amylose content reported (11.8%) was recorded enShprogeny from 95/SE-00036,
while the highest (34.2%) was recorded from the pBogeny from MH95/0469,
producing respective amylopectin compositions of.289 and 65.8%. Relative
proportions of amylopectin and amylose are criticatletermining starch functionality
including viscosity, resistance to high temperatursolubility, swelling index and
sensitivity to shear stress. This therefore, makasch modification through inbreeding a

promising intervention towards the commercialisatid cassava starch.
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In conclusion, information generated in this thesigvell-suited for both immediate and
future use. For example, cassava genotypes with DMC and/or HI can be considered
for release after satisfactory evaluations havenbdene, as required by the variety
release committees in the respective countrieserddtively, they can be used as
progenitors as already highlightened. Furthermahnés information can be used as
supporting proof for any policy lobbying towardstkstablishment of a regional gene
bank and the information provided should be usedl laasis for determining conservation
strategies. In addition, diversity information slibbe used within breeding programmes
to maximise diversity among crosses to enhanceptbbablility of making significant
genetic gains. Information on SNPs offers goodgints into future SNP-based research
in cassava and the positive benefits associatddinlireeding should be a motivation to
advance inbreeding in cassava.
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SUMMARY

Science-driven interventions aimed at increasings@aa’s fanihot esculenta Crantz),
productivity will positively impart on communitiethat primarily depend on it. Data
presented in this thesis contributed towards tbisl.gSpecifically, this thesis examined
phenotypic variation in cassava germplasm availabthin selected national breeding
programmes, analysed patterns of allele frequerstittlition in the cassava germplasm,
characterised single nucleotide polymorphisms (§NRsthe cassava genome and
examined variation for two agronomic [root dry neattontent (DMC) and harvest index
(HD] and one quality trait (amylose content) incassava inbreds. The 29 qualitantive
traits provided limited discrimination of cassavarmgplasm from Uganda, Kenya,
Tanzania, Rwanda, Democratic Republic of Congo aWddagascar. However,
significant differences in root DMC, HlI, leaf retemm (LR) and root cortex thickess were
observed in this germplasm. Highest average DMC mggsstered in Uganda (37.7%)
and lowest in Tanzania (30.1%), with the elite dgpes having a relatively higher DMC
than local genotypes. Similary, highest averageva$ observed in Uganda (0.60) and
lowest in Kenya (0.32). This germplasm (1401 lcaiadl elite cassava genotypes) were
furthermore genotyped using simple sequence ref@%iR) markers. Genotypes were
assigned to three distinct populations, with norapible gene differentiation {F=
0.089) observed. Most genetic variation (> 89%) deitected within individuals. A total
of 26 SNPs were identified from quality sequenckesine genes, giving an estimated
frequency of one SNP for every 121 nucleotides.léhice diversity ranged from 7.8 x
10* to 5.63 x 10. Average haplotype-based polymorphism informationtent (PIC =
0.414) was higher than for individual SNP (PIC 22R). HI and DMC varied both
within and between the cassavaf@nilies. The highest reduction in HI was obserired
S; progeny from Bamunanika (83.3%), while the highresiuction in DMC (23.8%) was
observed in §progeny from 192/00067. Amylose content variedhdigantly between

cassava families and $rogeny, with most of the variation recorded witprogeny.

Keywords: cassava inbreeding, cassava starch, heterotygepsipulation structure,

guantitative and qualitative traits

193



OPSOMMING
Wetenskaplik-gedrewe intervensies wat ten doel dmet cassavaManihot esculenta
Crantz) se produktiwiteit te verbeter, sal ‘n pesie impak maak op gemeenskappe wat
primér daarop staatmaak. Data wat in hierdie tes@gehou is, het tot hierdie doel
bygedra. Hierdie tesis het spesifiek die fenotpiesriasie in cassava kiemplasma
beskikbaar binne geselekteerde nasionale teelprogeaondersoek, patrone van alleel
frekwensie verspreiding binne die cassava kiempag®analiseer, enkel nukleotied
polimorfismes (ENP) in die cassava genoom gekargki&r en die variasie vir twee
agronomiese [wortel droé materiaal opbrengs (DMQ@) aesindeks (Ol)] en een
kwaliteitseienskap (amilose inhoud) in 8assava ingeteelde lyne ondersoek. Die 29
kwalitatiewe eienskappe het tot beperkte diskrimimaan die cassava kiemplasma van
Uganda, Kenia, Tanzani€, Rwanda, Demokratiese Riegulvan die Kongo en
Madagaskar gelei. Betekenisvolle verskille in wo@MO, Ol, blaarretensie (BR) en
wortel korteksdikte is egter in hierdie kiemplaswaargeneem. Die hoogste gemiddelde
DMO is in Uganda (37.7%) en die laagste in Tanzg8#1%) waargeneem, met die
elite genotipes wat ‘n relatiewe hoér DMO as d&aglike genotipes gehad het. Neiso
die hoogste gemiddelde Ol in Uganda (0.60) enahgdte in Kenia (0.32) waargeneem.
Hierdie kiemplasma (1401 plaaslike en elite cassgeaotipes) is verder genotipies
getipeer deur van eenvoudige volgorde herhalend&H)Emerkers gebruik te maak.
Genotipes is in drie duidelike populasies gegroepsender enige beduidende geen
differensiasigFst = 0.089). Die grootste gedeelte van die genetras@asie (> 89%) is
tussen individue waargeneem. ‘n Totaal van 26 ElIRan kwaliteitsvolgordes van nege
gene geidentifiseer, wat ‘n geraamde frekwensie eam ENP vir elke 121 nukleotide
gee. Nukleotied diversiteit het van 7.8 x™.ft 5.63 x 10 gevarieer. Gemiddelde
haplotied-gebaseerde polimorfiese informasie inh¢atd = 0.414) was hoér as vir
individuele ENP (PIl = 0.228). Ol en DMO het beidmne en tussen die cassava S
families gevarieer. Die grootste verlaging in Olswia S nageslag van Bamunanika
(83.3%) en die grootste verlaging in DMO (23.8%)die S nageslag van 192/00067
waargeneem. Amilose inhoud het betekenisvol tussessava families en; $iageslag
gevarieer, met die grootste gedeelte van die variasne die nageslagte.

Sleutelwoorde: cassava inteling, cassava stysel, heterosigodiedntitatiewe en
kwalitatiewe eienskappe, populasiestruktuur
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Appendix 1 Assayed SSR loci, annealing temperaturesd primer sequences

Linkage
SSR loci group® Left primer sequence Right primer sequence
SSRY5 J TGATGAAATTCAAAGCACCA CGCCTACCACTGCCATAAAC
SSRY161 E AAGGAACACCTCTCCTAGAATCA CCAGCTGTATGTTGAGTGAGC
SSRY51 - AGGTTGGATGCTTGAAGGAA GGATGCAGGAGTGCTCAACT
SSRY147 - GTACATCACCACCAACGGGC AGAGCGGTGGGGCGAAGAGC
SSRY59 M GCAATGCAGTGAACCATCTTT CGTTTGTCCTTTCTGATGTT
SSRY19 K TGTAAGGCATTCCAAGAATTATCA TCTCCTGTGAAAAGTG@ATGA
SSRY155 - CGTTGATAAAGTGGAAAGAGCA ACTCCACTCCCGATGCTCGC
SSRY52 H GCCAGCAAGGTTTGCTACAT AACTGTCAAACCATTCTACTGC
SSRY148 - GGCTTCATCATGGAAAAACC CAATGCTTTACGGAAGAGCC
SSRY38 G GGCTGTTCGTGATCCTTATTAAC GTAGTTGAGAAAACTTTGATGAG
SSRY12 F/H AACTGTCAAACCATTCTACTTGC GCCAGCAAGGTTTGCACAT
SSRY64 J CGACAAGTCGTATATGTAGTATTCACG GCAGAGGTGGCTARGAGAC
SSRY63 H TCAGAATCATCTACCTTGGCA AAGACAATCATTTTGTGCTCA
SSRY135 G CCAGAAACTGAAATGCATCG AACATGTGCGACAGTGATTG
SSRY102 M TTGGCTGCTTTCACTAATGC TTGAACACGTTGAACAACCA
SSRY171 C ACTGTGCCAAAATAGCCAAATAGT TCATGAGTGTGGGATGITTTATG
NS911 S TGTTGTTCAGACGATGTCCAA TTGAAGCAGTTATGAACCGT
SSRY151 - AGTGGAAATAAGCCATGTGATG CCCATAATTGATGCCAGGT
SSRY100 K ATCCTTGCCTGACATTTTGC TTCGCAGAGTCCAATTGTTG
SSRY69 | CGATCTCAGTCGATACCCAAG CACTCCGTTGCAGGCATTA
SSRY182 M GGAATTCTTTGCTTATGATGCC TTCCTTTACAATTCTGGACGC
SSRY169 - ACAGCTCTAAAAACTGCAGCC AACGTAGGCCCTAACTAACC
SSRY21 B/D CCTGCCACAATATTGAAATGG CAACAATTGGACTAAGCACA
SSRY110 L TTGAGTGGTGAATGCGAAAG AGTGCCACCTTGAAAGAGCA
SSRY9 D ACAATTCATCATGAGTCATCAACT CCGTTATTGTTCCTGGTCCT
SSRY181 K GGTAGATCTGGATCGAGGAGG CAATCGAAACCGACGATACA

1These SSR loci represented 13 linkage groups,siitheing unmappeg).
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Appendix 2  Frequency of the major allele in cassavgermplasm available within the national breeding ppgrammes'

Loci Tanzania Uganda Kenya Rwanda DRC Madagascar Mzambique
n p n p n p n p n p n p n p
NS911 3 0.8038 3 0.7884 3 0.6273 4 05895 3 0.6958 3 0.6250 3 0.8608
SSRY100 7 02823 7 0.2653 6 0.3953 9 03049 7 03026 9 0.2432 6 0.3598
SSRY102 3 05970 3 05522 3 0.7329 2 0.7432 2 0.6250 3 0.6703 3 0.7407
SSRY12 5 0.4839 5 0.6004 5 0.2846 5 03277 5 03872 5 0.6087 5 0.4136
SSRY147 4 0.6825 4 0.7989 3 0.7670 3 0.7363 4 0.6220 4 0.5565 3 0.8902
SSRY148 5 04119 4 04844 6 0.3293 4 04972 4 05183 5 0.5000 3 0.6098
SSRY161 5 0.7013 4 0.8130 5 0.6287 3 0.7722 5 0.6646 4 0.7326 5 0.7727
SSRY181 5 0.6071 5 05536 5 0.7207 5 0.7024 5 0.6034 3 0.5082 4 0.7622
SSRY182 5 03946 5 04377 5 0.4643 4 04581 6 04030 6 0.3895 6 0.3902
SSRY21 7 04869 5 0.6250 7 0.7885 &6 06503 6 0.7983 6 0.3234 5 0.4615
SSRY38 5 0.9211 3 0.9073 4 0.8098 3 0.8743 3 09042 2 0.7737 4 0.9268
SSRY5 4 05933 4 0589 4 0.6606 4 0.6154 6 0.3588 3 0.6980 3 0.5679
SSRY52 5 04811 5 0599 5 0.2683 5 0.3258 5 0.5206 4 0.6250 5 0.4250
SSRY59 3 0.5067 7 05792 4 0.6650 5 0.5497 8 04186 4 0.5000 6 0.4753
SSRY63 3 05680 5 05284 4 0.3460 4 0.5267 4 0.5563 3 0.5528 4 0.5875
SSRY69 8 0.3829 6 0.2755 7 0.2414 &6 02898 6 0.3394 &6 0.4543 6 0.4868
SSRY 19 8 0.2918 8 0.4173 8 0.2593 7 0.6311 10 0.5094 11 0.4081 7 0.3133
SSRY110 7 0.8182 6 0.8234 7 0.6996 6 0.6607 9 0.3879 5 0.7585 5 0.7683
SSRY135 5 03781 4 03171 6 0.3586 4 0.3087 6 0.2862 5 0.3373 7 0.4451
SSRY151 8 04029 7 04156 8 0.2905 8 0.2297 7 0.2590 +6 0.3455 7 0.3413
SSRY155 4 05332 4 0.6346 4 05847 4 06156 6 0.4048 3 0.6836 4 0.6341
SSRY169 6 04136 5 0.7143 5 05830 5 0.7482 6 0.5353 5 0.8108 5 0.5610
SSRY171 7 0.6577 6 0.6348 5 0.5223 7 0.4637 4 04260 5 0.6491 4 0.6154
SSRY51 7 02904 5 0.4847 5 0.3906 5 06458 6 04430 6 0.3432 5 0.4557
SSRY64 7 0.4455 6 03585 6 0.3922 6 04420 6 0.5337 6 0.4000 5 0.5500
SSRY9 7 0.3877 7 0.6681 7 04954 7 06149 7 04781 & 0.3933 6 0.3537

'n = number of alleles detected and p = frequenti@major alleles
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Appendix 3  Proportion of allele frequency distribution in cassava germplasm available with seven natial breeding

programmes

Proportion (%) of allele frequency distribution
Allele frequency Tanzania Uganda Kenya Rwanda DRC Madagascar Mozambique
<0.01 21.6783 15.7895 14.5985 14.5038 8.9041 26.312 8.7302
0.02 -0.09 22.3776 27.0677 26.2774 25.1908 39.0411 20.3125 34.9206
0.10-0.20 18.1818 23.3083 23.3577 27.4809 19.1781 18.7500 22.2222
0.21-0.30 15.3846 11.2782 18.9781 12.9771 15.0685 14.8438 7.9365
0.31-0.40 6.2937 3.0075 5.8394 4.5802 6.8493 188.7 8.7302
0.41-0.50 6.2937 5.2632 1.4599 3.0534 2.0548 58.12 6.3492
0.51-0.60 3.4965 5.2632 2.9197 2.2901 4.7945 38.34 2.3810
0.61-0.70 3.4965 3.7594 3.6496 6.1069 2.7397 88.46 2.3810
0.71-0.80 0.6993 2.2556 2.1898 3.0534 0.6849 38.34 3.1746
0.81-0.90 0.6993 1.5038 0.7299 0.7634 0.6849 13.78 1.5873
0.91 -1.00 0.6993 0.7519 0.0000 0.0000 0.6849 13.78 0.7937
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Appendix 4 Roger’s genetic distance between elitea local cassava genotypes from the seven NARS bda®sy programmes

DRC- DRC- Ke- Ke- Mad- Mad- Moz- Moz- Rw- Rw- Tz- Ug- Ug-
elite local elite Local elite local elite local elite local Tz-elite local elite local

DRC-elite  0.0000

DRC-local 0.2281 0.0000

Ke-elite 0.2421 0.3371 0.0000

Ke-Local 0.3840 0.3776 0.2836  0.0000

Mad-elite  0.3776 0.3781 0.3550 0.3040 0.0000

Mad-local 0.3512 0.3679 0.3307 0.2517 0.1397 0.0000

Moz-elite  0.3469 0.3888 0.2925 0.4300 0.4800 0.4566 0.0000

Moz-local 0.3858 0.3767 0.3605 0.3434 0.4045 0.3698 0.36810000.

Rw-elite 0.2346 0.3423 0.1587 0.3407 0.3761 0.3475 0.32183808. 0.0000

Rw-local 0.3413 0.2999 0.3205 0.2632 0.3493 0.3054 0.429339168. 0.2752 0.0000

Tz-elite 0.3819 0.3537 0.3130 0.2727 0.3283 0.2550 0.3991287@. 0.3541 0.3337 0.0000

Tz-local 0.3402 0.3127 0.2741 0.1951 0.2751 0.2202 0.38962546. 0.3229 0.2500 0.1824 0.0000

Ug-elite 0.2227 0.3155 0.2669 0.4112 0.3935 0.3687 0.3580445@. 0.2732 0.4180 0.4133 0.3825 0.0000

Ug-local 0.3501 0.3256 0.3634 0.2904 0.3705 0.3092 0.44584083. 0.3825 0.3315 0.3297 0.2903 0.2964 0.0000

DRC = Democratic Republic of Congo; Ke = Kenya; Madladagascar; Moz = Mozambique; Rw = Rwanda; Tkanzania; Ug = Uganda. Elite = elite
genotypes; local = local genotypes
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