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CHAPTER 1

GENERAL INTRODUCTION

Cassava Nlanihot esculenta belongs to theDicotyledonaeclass, Fructicosae section and
Euphorbiaceadamily and it originated in the Americas (Jos, 9R6I'he nutritional value of leaf
protein is equal in quality to the protein in eddpssar and Marques, 2006). The starchy root of
cassava is a staple food for millions of peoplethe tropics and subtropics. If a major
catastrophe should strike the cassava crop, therddwbe widespread famine in developing
countries (IAEA, 2002; Scott al.,2000). The starch market is dominated by maizeggtpand
wheat starches (Fungulani and Maseko, 2001; 128@1; Munthali, 2001) but cassava is bound
to make a large impact in the near future becauyseduces higher quality starch at a relatively
cheaper rate. Cassava starch has high gel claxgellent thickening properties, a neutral
flavour and desirable textural qualities (Blanchd®95). Modified cassava starch can compete
with other starches for the production of alcolsthrch for sizing paper and textiles, glues,
sweeteners, bio-degradable products, butanol aetbrae, manufacturing of explosives, and
coagulation of rubber latex (FAO, 2001). The deméordnew cassava genotypes with a high
starch content and starch granules suited for Bagyentation into bio-fuel is extremely high,

and at this stage no country satisfies it.

The incorporation of dietary starch in food hasgdiimportance as it is considered to be a good
replacement for dietary fat. Consumption of starclhdequate amounts instead of fat has been
associated with the prevention of some chronicedies like coronary heart disease, cancer, and
diverticulosis (Asp and Bjorck 1992; Kanmtlal.,2000; Lopezt al.,2001; Topping and Clifton
2001). It is envisaged that there will be a considee demand in the near future for modified
starches. To meet the demand, many different cteémiodifications of starch, including cross-
linking, have been widely used to obtain desirgitigsico-chemical properties that are suitable
for various food applications. Cross linking enaducts of chemical starch modification for
food depends on many chemical origins such as nooi@o® phosphate, sodium
tripolyphosphate, epichlorohydrin, phosphoryl clderand vinyl chloride (Wu and Seib, 1990;
Yeh and Yeh, 1993; Wattanchast al., 2003), but similar cross linking end-products of



chemically modified starches with similar physideemical properties could be achievedexy
situ irradiation of starch, irrespective of the botah®aurce of the plant (maize, potato, wheat,
or rice) (Raffiet al., 1981). However, negative perception among conssirabout safety of
chemically modified starches and safety debateghendirect use of gamma rays for food

products still persists.

With expanding genomic DNA sequence informationnfranany plant species, increasing
knowledge regarding the functional roles of speayfenes in traits of agronomic importance, it
is now possible to consider the modification of@fpe plant traits in a directed manner. One
approach is to use transgenes to transfer a somgheultiple genes of interest within or across
species. Using this approach, scientists have abknto create rice producing provitamin A in
the grain (Yeet al, 2000). Transgenic approaches have been met whilghalevel of public

disapproval and its use for food production is ently banned in many countries. This calls for

an alternative non-transgenic approach for crogavgment.

Most cassava cultivars are monoecious and haverkethgrotogynous flower habit. A high
degree of heterozygosity may therefore be expedibahy existing cassava cultivars are
undoubtedly the derivatives of natural hybrids. Waeability generated by crossing is so great
that there is little chance for the selection oproved types among seeding progeny while at the
same time retaining the general characteristicshef adapted cultivars from generation to
generation. This renders seed based mutation afacasarduous. This implies that starting
irradiation with cassava stakes (stem cuttings waithraverage of five adventitious buds) may be

a better alternative to seeds.

Ceballoset al. (2008) mentioned several advantages for the iottoh of inbreeding in
cassava. One of them is that self-pollinations helgentify recessive mutations such as waxy
starch in cassava. The best approach to commeredgloit the recessive mutant and overcome
inbreeding depression is to make crosses with eldees to produce an “ Feneration” and
then make crosses among thepkants to produce an sFeneration” which offers the advantage
of very limited amount of inbreeding depressiorhick is relatively high in the case of S

genotype. Although self-pollinations are useful femoving undesirable genes regardless of



their association with high or low amylose contentpng breeding cycle is required to develop
and commercially exploit the recessive mutant, Whiarther render seed based mutation of
cassava arduous (Jennings and Iglesias, 2001)s, Ttnimprove one or two characteristics in a
cassava, mutation breeding may be a better methappooach (Brock, 1970; Moh, 1976).

Natural cassava mutant with high free sugar pragsewas reported (Carvallet al.,2004) but
artificial mutation is a faster, versatile and safenetic technique that imitates nature in
enhancing genetic traits for better adaptationpetcges. Mutagenesis and mutation breeding as a
tool for crop improvement is based on the probgbitf altering genes by exposing their
vegetative parts, cells, tissues, gametes, polleseeds to physical and chemical mutagens (Ali
et al., 2007). It continues to be a good option for bregdvegetative propagated crops
(Ahloowalia, 1995; Sleper and Poehlman, 2006)a# heen used extensively to improve several
crops, without extensive hybridization and backsimog (Maluszynsket al., 2000; Ahloowalia,

et al. 2004). It has led to the release of more than 3000 varieties from some 170 different
plant species through direct intervention of theEM These include plants withn planta
modified cassava starch such as good cooking guafitl high dry matter clone with low
amylose (Asare & Safo-Kantanka, 1997), a supeiigi kielding triploid hybrid mutant cassava
clone (Sreekumaet al.,1999) and small granule high amylose mutant casstnes (Ceballos

et al.,2008). In several induced mutant plants, morphokgiifferences in storage organs along
with quantitative and qualitative differences irarsh biosynthesis have been identified and
characterized (Smith and Martin, 1993; Colensral, 1995). These varieties provide much
needed food as well as millions of dollars in ecoimterms for farmers and consumers, in
developing countries (IAEA, 2002). Induced mutasidrave played a major role in increasing
world food security, since mutants released in fooops have contributed significantly to an

increase in crop production in marginal areas (Karand Shu, 2008).

Cassava starch in its native form has limited faod industrial applications. There is a huge
market demand for modified cassava starch. Manferéifit transgenic and biotechnology
approaches, andx situphysical and chemical starch modifications havenbeidely used to

obtain some desirable traits that are suitablevésrous food applications. But consumers are

skeptical about the safety of the genetically medifoods and chemical residues. To meet the



demand, gamma irradiation which is energetic ed@caignetic wave which does not leave any
residue, was used as a tool to induceplanta variation in amylose productiorSince the
functional properties of starch are largely infloed by the ratio of amylose and amylopectin,
there is a need to breed for high amylose and loyl@se (high amylopectin) mutants planta
Any intermediate functional properties desired dooé achieved by mixing high amylose and
low amylose groups. Mutation is uncontrollable awdild therefore lead to unexpected useful
mutants which would be duly documented. Any novatch would increase genetic diversity of
cassava and expand existing markets. Fhelanta modified cassava starch could restore
consumer confidence eroded by transgenes and cilgmeodified starches. The discovery of
cassava mutants with modified properties wouldlifaté expansion of cassava products in the
distant markets (Chiwona-Karltun, 2001) and crgabeand investment opportunities for local
growers and processors. It is an opportunity talpce cassava amylose and amylopectin starch
standards with more similar physical and biochemicaperties to test material. The planta
modification would decrease the cost of imperagigst-harvest modification, some of which are

environmentally damaging (Slattegy al. 2000).

The objectives of the current study were to indougations in four elite cassava landraces,
identify the four highest and four lowest amylos®ducing plants at the M, stage and
document any unexpected useful mutants which niightliscovered along with these plants
during morphological, starch and starch granulesadterization of induced and control plants.
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CHAPTER 2

LITERATURE REVIEW

2.1 Cassava

Cassava Nlanihot esculentaCrantz) belongs to theEuphorbiaceae family, sub-family
Crotonoideaethe tribeManihotae,and the genuManihot. The genus comprises of 98 species
and is believed to have arisen and diversifiedntg€Schaakt al.,1994). It is a perennial shrub
though cultivated in the tropics as annual foodislthe most widely cultivated species that
belongs to the gendanihot (Mkumbira, 2002). Those that bulk around 6 moratfter planting
(MAP) are classified as early bulking cultivars i8hithose species that produce fibre around 6
MAP but sizeable storage roots 18 MAP are lateibglkAmenorpe, 2002). Centers of diversity
of cassava are Brazil (major) and Central Amenmanér). Portuguese brought cassava to Africa
in the latter half of the f6century from South America. It is grown widelytiopical regions of
Africa and Nigeria is the leading producer of cassan the world (Nassar, 2005). The
cyanogenic glucoside has been used to place cassdtizars into two major groups: bitter
cultivars, in which the cyanogenic glucoside igrttisited throughout the storage root, at levels
higher than 100 mg/kg fresh root weight, and sweet/ varieties, in which the cyanogenic
glucoside, at low level, is confined mainly to theel. The early-bulking local cultivars of
sweet/cool varieties have cyanogenic potentialdible root flesh below the innocuous level of
50 mg HCN kg and are therefore safer than the released latérgubarieties, some of which
exceed the safety margin (Amenowteal.,2006a). The flesh of sweet/cool varieties is tfeeee
relatively free of cyanogenic glucoside (Mkumbi2)02; Nassar, 2005). Early literature on
cassava described the genus as having two edibtgesgManihot utilissimaPhol andVianihot
aipi Phol delineating cultivars with high and low cygeaic glucoside concentration
respectively. Cassava has recently been classéfgedeing one speciebdjanihot esculenta
Crantz (Onwueme, 1978). The most important casganaties imported from tropical America
to Africa could not survive in Africa due to thewvastating epidemic disease of the African
cassava mosaic virus (ACMV) which is not preserthenAmericas (Briddoet al.,1998).



Cytologically, cassava is usually diploid, with Bramosome number of 2n = 36 (Onwueme,
1978; Nassar, 2005). Sometimes, natural hybridinatesults in polyploids such as triploids (2n
= 3x = 54 chromosomes) and tetraploids (2n = 42 =<ffromosomes) (Mkumbira, 2002). The
triploids and tetraploids differ from the diploidis plant vigour, leaf shape and bigger size.
Triploid plants usually grow and yield better thitraploid and diploid plants. Nassar (1978)
and Nassaet al (1996) reported some aneuploids for certain ggrest Cassava is proposed to
be an allotetraploid since there are extra nuadtanmosomes, which is high for a true diploid
(Magoon et al 1969). Manihot species are probably segmental allotetraploidsvel@rfrom
crossing between taxa whose haploid complements stacchromosomes in common but
differed in the other three (Magoast al., 1969) and this was confirmed with biochemical
markers (Jennings and Hershey, 1985; Charrier afeivte, 1987) however, it is now regarded
as an old allotetraploids, therefore, behavesdiplaid species.

2.1.1 Importance of cassava

Cassava provides more dietary energy per hectaterins of working hours than any other
staple crop and is sixth among crops in global petidn (Akoroda, 1995; Fregemt al., 2000;
Nassar, 2005). The root of cassava stores aboutc@d®bhydrate as dietary energy (Sebtél.,
2000) ranking fourth after rice, sugarcane and edizprovides half of the calorie needs of 800
million people in sub-Saharan Africa (SSA), Latimérica and Asia (Shore, 2002). Over 70% of
the Democratic Republic of Congo, 50% of Nigeria &9-40% of eight other major producing
countries eat cassava as staple (Anonymous, 200&)leaves are available all year round as
reliable source of vegetable, crude protein (132080 d.b.) (Hahn, 1988; Nassar and Marques,
2006), vitamins (A, B and C) and other minerals 5FAL993; Moyoet al., 1998). Cassava is
drought tolerant and grows in marginal areas whkereals and sugarcane cannot survive. These
attributes project cassava as food security crodaoners with limited access to agricultural
inputs (Fregenet al.,2000; Ugwu, 1996).

Native starch is a valuable ingredient for the faondustry, being widely used as thickening,
gelling, bulking, stabilising, texturising, moistag and anti-staling agents (Nile al., 2001;
Singhet al.,2003; Thomas and Atwell, 1999). Modified cassataach is further processed for
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use in paper, textiles, pharmaceuticals, wood, ggick), ethanol, batteries and explosives
industries (Whistler, 1984; Moorthy, 1994) as wadl an important flavouring agent in Asian
cooking (FAO, 2001). The unique properties of caasstarch might be useful for speciality
markets such as adhesives, baby foods, non-allergerducts and food for hospitalised persons
(Moorthy, 1994; Thomas and Atwell, 1999).

The globalization of economies and the increaséhénprice of mineral oil has opened new
opportunities for cassava to become an attracbuece of renewable raw material for different
industries. In South East Asia, cassava is bexpipeed for ethanol production as automobile
fuel (Srirothet al.,2000). About 280 litres (222 kg) of 96% pure ethlazan be produced from
one ton of cassava with 30% starch content (FAO920n many cases, climate and availability
become the determining factors for choosing a @aer crop for bio-fuel production (Moot

al., 1984; Fabianet al.,2001). This explains why the USA uses maize starcite Canadians,
Australians and New Zealanders mostly use wheatlstand Europeans use potato and maize
starch. Tropical countries like Brazil and the Ebmsties (in Asia) use cassava and other crop
starch (Radley, 1976; Jarowenko, 1977; Wurzbur§6)1L9

2.1.2 Cassava production in Ghana

Over 80% of 24 plus million people in Ghana dependstaple crops such as cassava, maize,
sorghum, rice, yam, plantain, pulses, and oils€éBdgeticet al, 2007). Ghana’s participation

in the Africa Growth Opportunity Act (AGOA) has gmated interest in the accelerated
expansion of the textile and garment industriemé®t its export quota offered by the USA. In
line with this, a PSI (President’s Special Initva)i has been launched to produce cassava starch
for the local textile industry as well as for expdt is for this reason that starch levels are
receiving considerable attention in cassava brgegirogrammes (Amenorpe, 2002). The
average Yyield of cassava from 1990 to 2006 waghb2whilst achievable yield in other countries
was 28 t/ha, thus the yield gap in Ghana was 1&aM(67.5%) (FAO, 2008). The national
average yield of cassava, rice and maize from 198d05 was 12, 2 and 2 t/ha respectively.

Using the baseline yield of 13 t/ha for the 200Q006 period and the national production of
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9426671 t, the projected targets for cassava it3 201 2015 will be 13522885 and 13522885 t
respectively (MOFA, 2006).

2.1.3 Morphological characterisation

Over 250 local cassava accessions from the WeRtegion of Ghana showed that some cassava
cultivars were called by the same name, althouglctittivars were morphologically different in
all aspects except for one or two characteristiwsntrarily, some cultivars bearing different
names were found to be morphologically identicdlisTindicates that the traditional system of
nomenclature is not foolproof and must be backedrimyphological and genetic descriptive
methods (Amenorpet al., 2006b). However, the identification of cassavaajgpes using
morphological characteristics was reported to tiabie (Soyode and Oyetunji, 2009) due to the
presence of some morphological traits which dog¢s/ary with the environment and also typify

the cultivar (Onwueme, 1978).

Cassava can be classified morphologically withhélp of leaf lobe shape, root pulp colour and
and external stem colour, which have a higher dgfity than agronomic traits such as root
length, number of roots per plant and root yieldvés, 2002). Using the cassava morphological
descriptors published by Gulickt al. (1983) and revised by Fukuda and Guevara (1998), th
most commonly used traits for identification ar& #@pical leaf colour; (ii) apical leaf
pubescence; (iii) central lobe shape; (iv) petamour; (v) stem cortex colour; (iv) stem external
colour; (vii) phyllotaxies’ length; (viii) root padhcule presence; (ix) root external colour; (X)
root cortex colour; (xi) root pulp colour; (xii) ob epidermis texture; and flowering (Alves, 2002;
Benesi, 2002; Nassar, 2005). The use of morphabgisaracteristics as the basis for species
recognition and identification has permitted nolyahe development of a consistent taxonomy
but also the generation of keys that allow for taxaentification (Dayrat, 2005). Many of the
guantitative traits are difficult to analyse becaudley do not have the simple genetic control
assumed in genetic models (Liu and Furnier, 1988) ae of little use (Tankslest al., 1989).
Due to the influence of different environments oassava morphology, morphological
classification based on variable traits is difficitdence, phenotypic variance in cassava is more

than genotypic variance for traits of agronomic amance like storage root weight (Mathwta
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al., 1986). In addition to morphological characteriaati molecular markers have been very
useful in removing duplicates in germplasm coll@tsi and for genetic diversity studies (Fregene
et al, 1994; Bonierbalet al., 1997; Ocampet al., 1995). Due to large numbers involved in
mutation breeding, reverse genetic studies cal@@éting Induced Local Lesions In Genomes
(TILLING) is most suitable for mutation confirmatioof genes whose expressed sequence

regions fall within a Li-Cor readable region (Mc@ah et al.,2000).

2.2 Starch

The sugar produced during the day by green leavési@ms are stored as small starch granules
in chloroplasts, called transitory starch which laydrolyzed and translocated to the amyloplasts
(sink) at night. The specific shape and size ofhgles depend on botanical origin and the
amyloplast (Davist al, 2003). Well extracted cassava starch settlesdstv@0 — 60 min and
gives a good yield which is free from colour, pmteand fats (Moorthy, 1994). High starch
content is an important component of root qualifycassava (Jennings and Hershey, 1985).
Cassava storage roots contain 20-40% and 73.7%8d{Starch on fresh and dry weight bases
(Amenorpeet al., 2007), with higher potential of producing clearrstathan other tuber crops
(Singh et al., 2005). The starch granule is solid with a densityapproximately 1.5 g/ml
(Hoover, 2001). Starch is made up of macro moleccddled amylose and amylopectin.

2.2.1 Starch molecules

2.2.1.1 Amylose

Amylose is the minor fraction of the starch granamel represents 20-30% of the polysaccharide
content which varies with botanical source (Wurzhur986; Testeet al, 2004). Maize, wheat,
potato, sweet potato and cassava have average sagdmtents of 28%, 26%, 20%, 18% and
17%, respectively (Balagopalan, 1988; Onwueme, 19068ing, 1984). Wickramasinglet al
(2009) reported higher levels of amylose in cassdaeches (25.4-28.8%) than in starches from
sweetpotato (16.6-23.5%) grown in Sri Lanka. Amglagfluences both the rheological and the
viscoelastic characteristics, including gelatinmat and retrogradation (Zengt al, 1997).
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Swelling power is reported to increase with longenylopectin chains and lower amylose
content (Sasaki and Matsuki, 1998). Amylose in firesence of lipids forms insoluble
complexes limiting the swelling power of starch e and Karkalas, 1996). Odaal (1980)
demonstrated that reduced amylose content leadgéduction in both the gel temperature and
the temperature at the maximum viscosity. The asgyloontent had a low positive correlation

with cassava starches and an insignificant coroglatith flours (Pérez, 2000).

Amylose molecules consist of single chains of 500D a-(1; 4)-D-glucose units (>99%
bonds) that coils into a helical structure (Fig@r&). Dependent on source, less thand% 6
branches and linked phosphate groups are recordedhbse have little influence on the
molecule's behaviour (Rat al, 2008; Buléonet al., 1998). Amylose can form an extended
shape (hydrodynamic radius 7-22 nm) but generalhd$ to wind up into a rather stiff left-
handed single helix or form even stiffer paralkft-handed double helical junction zones. The
helix is a colil of six glucose units in each congleftwise turn, thus forming a compact storage
molecule. Single helical amylose has hydrogen banaiith O-2 and O-6 atoms on the outside
surface of the helix with only the ring oxygen poig inwards. Hydrogen bonding between
aligned chains causes retrogradation and releases ®f the bound water (syneresis). The
aligned chains may then form double stranded dtigstathat are resistant to amylases. These
possess extensive inter- and intra-strand hydrdgerding, resulting in a fairly hydrophobic
structure of low solubility. Single helix amyloseelHaves similarly to the cyclodextrins by
possessing a relatively hydrophobic inner surféee holds a spiral of water molecules, which
are relatively easily lost to be replaced by hythapc lipid or aroma molecules. It is also
responsible for the characteristic binding of amgldo chains of charged iodine molecules
where each turn of the helix holds about two iocitems and a blue colour is produced due to
donor acceptor interaction between water and thetrein deficient polyiodides (Orlando, 2003).
Mestreset al. (1996) and Marquest al. (2006) reported that the blue complex is rather formed
between linear regions of amylose chains and pdigeions in aqueous solutions allowing the

determination of amylose content.
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2.2.1.2Amylopectin

Amylopectin is the major fraction of the starch gree and it is made up of large molecules
ranging in size+£10000-100000 glucosyl residues) and contains arédachon-randona-1—6
branching of the 95% amylose - typg1—4)-D-glucose structure (Rat al, 2008; Buléoret

al., 1998) (Figure 2.2 a, b). Thel—6 branching is determined by branching enzymes that
cleave each chain with up to 30 glucose residuég Molecular weight of amylopectin is
between 1 x10-1x 1@ Daltons (1Da= l1gram/mole) (Thomas and Atwell, J99%e degree of
polymerization (DP) of amylopectin is between 9689d 15900. The average degree of
polymerisation is 1450 for maize amylopectin, 18@0cassava amylopectin and 2000 for potato
amylopectin (Jarowenko, 1977; Wurzburg, 1986). @essstarch contains on average 79%
amylopectin and a trace quantity of lipids (<1%)o@der, 2001). Differences in amelopectin
directly affect granule swelling (onset of viscgitpeak temperature, and peak viscosity, shear
thinning during pasting, and gel firmness duriryage of corn starches (Bahnassey and Breene,
1994; Doublieret al, 1987).

2.2.3 Starch granule structure

Although most authors seem to agree that the ptmiuof amylose and amylopectin is under
enzymatic control, there are different concepthhow amylose and amylopectin molecules are
packed into a granular structure. In 1969, Nikuesaibed the starch granule as having only one
amylopectin macromolecule concentrically packedwitly one reducing group at the hilum (as
in Fig. 2.2b). It has branched chains which areoizged into clusters. The smallest cluster was
made of amylopectin side chains and its amorphamgllae region was calculated to be ~7 X 10
nm in size (Yamaguchigt al, 1979). Gallantet al. (1997) and Dupratt al. (1980) refuted
Nikuni's concept of representing only one reduciggup at the hilum, and only one
amylopectin macromolecule for the whole granulddoincorrect. Again the clusters were not
concentrically packed in the granules as propogedikuni (1969). French (1984) and Lineback
(1986) however, acknowledged the representatidheo§tarch layers as constituted by groups of
clusters made of short chains as an ideal keyudhdér models. Gallargt al. (1992) therefore

proposed that amylopectin packed itself into bletkllevel of structures. De-branching studies
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of starch lend further support to the idea thakoaldets structure exists (Hizukuri, 1986). Using

HPLC, Hizukuri (1985) demonstrated that B chainsmlylopectin can participate in more than
one crystalline amylopectin side chain cluster. tHerefore proposed a revised model of
amylopectin structure. With agreement and inputsnfrscientific communities, the revised

model is that a granule of starch has a unit oflapgctin molecule which contains the main

chain @-1, 4-linked glucose) and a branched chairl,( 4-linked glucose). The branch point

between the main chain and a branched chainafigs6 glucose linkages, the narrow space
occupied by the branch point is called amorphooelae (Robiret al.,1974).
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Figure 2.1. Helical conformation of amylose. A {bfinded helix containing six anhydrous
glucose units per turn (Cornell, 2004)
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Figure 2.2. The cluster structure of amylopectiains. The solid lines (a) showed the side
view chain ofa-1,4 linked glucose units with arrows indicatingl,6 linkage points. The
central “c” chain carried only one reducing end (@)e external unbranched A chains flanked
the branched long chains of B1, B2 and B3 thateetsyely linked cluster 1, 2 and 3 together
giving it more strength (Hizukuri, 1986). Diagraim) Sshows the upper view of amylopectin
chain with one reducing end and non-reducing emdsadntinuously and concentrically
arranged pattern (Nikuni,1969).
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The ordered inter-connection between branched shatdove and below amorphous lamellae
resulted in the formation of side chain clustersk(Ni, 1969). The branched chains are
classified by their location in reference to thatcal C-chain and the cluster length (CL) they
cover. The ‘outermost’ unbranched terminal A-chiaishort and covers only one cluster length.
A-chains generally consist of between 13-23 resdiggucose units). There are slightly more
A-chains than B-chains. Hizukuri (1986) earliersslified the B chains according to the number
of side chain clusters in which they participaté€tus, Bl chains participate in one cluster, B2
and B3 chains extend into two or three clusteispeetively, while B4 chains link four or more

clusters (as in Fig. 2.2a). The “middle” B-chaimsists of two main types: the long and the
short B-chains. The long B chains are chains caimgetwvo or more length of clusters together
(about 23-35 residues) to give strength and elgstic granules (Chiotelli and Meste, 2002).

This difference in starch-granule rigidity was pably the cause of varietal difference in cooked
rice texture (Reddy et al., 1994). The longer Bhtha characteristic of starches with the B
crystal pattern as found in potato whilst the strochains are similar in length to the terminal

A-chains as found in the A- crystal pattern of eéseand cassava (Hizukuri, 1987).

There is only one “central” C- chain with a singkxucing group (Nikuni, 1969) and thus
makes amylopectin difficult to break down (good $borage). Within the cluster, the adjacent
side-chains inter-coil to form denser double halijcehich are packed in a highly ordered
manner called crystalline lamellae. The crystallinenellae alternate with the amorphous
lamellae. The repeated structure has a periodafit9-10 nm (Oostergetel and van Bruggen,
1989; Jenkingt al.,1993; Smith, 1999). The alternating crystallineddlae (amylopectin side
chain clusters, on average 6 nm length) and amasplaonellae (amylopectin branching zone,
on average 4 nm length) are concentrically arravgddn the granule to give semi-crystalline
zones several hundreds of nanometers wide. Onegestailline zone and one amorphous zone
(in which the organization of amylopectin is muekd ordered) are called a growth ring and the

collection of growth rings forms a granule (Smit899).

Gallantet al. (1992; 1997) proposed that both the inside andasarbf granules are made of
tiny egg like shells but their packing differ inthocrystalline and amorphous regions. The

surface of granules is hard and crystalline becthusg are made of tightly packed bigger and
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harder crystalline shells. Beneath the hard surfager of the crystalline region towards the

inside of the granules lies a region of looselykealcsmaller and softer semi-crystalline shells.
Several of both regions alternate towards the hitunth are concentrically arranged around the
hilum. The hilum is at times located off the cendfehe granule. The shells are thinner towards

the granule surface due to increasing surface dnahare added to by the constant growth.

Each tiny egg-like shell is called a “blocklet” tuilding block”. Within the blocklet lies
stacks of blocklet lamellae on each other intesgwith narrow amorphous lamellae where
the branched points of amylopectin side chains oeeth much less organization of the
amylopectin chains. In the crystalline lamellae #ige-chains of amylopectin form double
helixes which interact to form the dense crystallimature of a cluster. Blanshard (1987)
reported that amylose-lipid (and protein) featureéhe organization of the amylopectin chains.
The crystal structures of the starch polymers foeeeindicate a more compact structure of A -
type of granules than B - type of granules (Galktnal., 1992; Imbertyet al., 1987; Imberty
and Pérez, 1988).

Gallantet al. (1997) proposed a third structure involving amawghradial channels that open at
the surface of granules as pores. The pores aa¢elbavhere two or more hard shells meet at
the surface. The pores and channels communicate waiious soft and hard regions of the
granules and the outside of the granules. Theyaratraight or at right angles to the regions
but are believed to be serpentine and radiallyitigied. Depending on the abundance of these
pores and channels, the starch granules can wmsetcept acid or enzyme hydrolysis. The
surface pores and interior channels are believdxktoaturally occurring features of the starch
granule structure, with the pores being the extespanings of the interior channels (Fanmein
al., 1993). Consequently, the radial amorphous char{imelssociation with blocklet size) play
a role in starch resistance to enzyme attack (Fambal. 1993; Gallantet al., 1997). If a
resistant starch (for example amylomaize) has nafreéhese channels lined with porous
amorphous layers, it would reduce its resistivityhtydrolysis. On the contrary, if a normal
starch (starch with a normal level of amylose) ey few of these, it would close entry to acid
and enzymes and therefore, resist their hydrolysisonclusion, high crystallinity and high

amylopectin levels are not enough to explain ras# of starch and its application in bio-
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ethanol, food and other industries, but abundarficehannels and pores are also major
contributing factors. Furthermore, the locationamfiylose within the granules may influence

local crystallinity and resistance.

It is now known that significant enrichment of amwsg exists towards the granule surface in
many starches, including wheat and potato (Gedtied., 1965; Morrison and Gadan, 1987),
which may be responsible for increased resistawmegards the granule surface. This is
collaborated by the fact that starch granules ef Bhcrystalline type are progressively exo-
eroded duringo-amylolysis (or during sprouting of the tuber), Watit the formation of
corrosion channels. This implies that more semstatiine layers are located at the surface and
crystalline layers within the granules, hence erasi®n of the amorphous portion of the semi-
crystalline layer with enzyme. For acid hydrolystee corrosion of both crystalline and
amorphous lamellae would take place at the same, tleaving less evidence of resistant
blocklets when hydrolysis is prolonged. New methofiprobing the organisation of polymers
within the granule such as using scanning electniecroscopy (SEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFMX- ray and neutron scatter have
suggested new layers of complexity, including thgaaisation of amylopectin into blocklets
instead of clusters (Gallast al.,1997), superhelices (Oostergetel and van Brugbh@®3) and
there are differences in structure between the aodethe periphery of the granule (Bogracheva
et al.,1996; Bulboret al, 1998; Jane and Shen, 1993).

2.3 Granule crystallinity

2.3.1 Granule crystallinity types

Amylopectin is solely responsible for crystallinigf granules (Manners and Rowe, 1969;
Nikuni, 1969; Hizukuri, 1986). Based on X- ray difttion spectroscopy of crystalline shells,
cereal starches and also small starch granulesnoé $ropical tubers such as cocoyam exhibits
the A - type pattern (monoclinic lattice) (Imbery al., 1987). Potato starch and certain other
tropical tuber starches which are morphologicaliyiler with respect to their granule shapes

and sizes, as well as some amylose-rich starchulgmrsuch as some tubers, legume, root,
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banana, stem starch, amylomaize, barley and widnidea have a B-crystalline pattern
(hexagonal lattice) (Imberty and Pérez, 1988; Gakaal.,1992). An extensive review by Tian
et al, (1991), indicated that sweet-potato varietiesasddferent crystalline patterns (A and C
or mixtures). Starch granules from other tropicdletrs, peas, beans and seeds as well as most

legume starches possess the C pattern (Gaftait, 1992).

The internal structure of starch granules from @edoryos are known to contain two different
sorts of amylopectin crystallites, A and B (henlke term C - type starch), which reflect two
different types of packing of the double helicethw clusters (Bograche\at al.,1996; Bulbon

et al., 1998). Whether A or B crystallites are formed isubht to be related to the average
chain lengths of chains within amylopectin clustérstype crystallites are formed from shorter
chains whilst B crystallites are formed from longhrins. Both studies report that the inner part
of the pea starch granule is enriched in B andther part in A — type crystallites. Thus, longer
chain lengths of amylopectin are located in theeinand shorter chains of amylopectin are
located in the outer part of the pea starch granlie implication is that chain lengths of
amylopectin in the inner and outer part of the grarare different. This difference could result
from the changes during embryo development in iv@adctivities of different isoforms of
starch synthase and SBE (Burttral.,1995) and also from modification of amylopectinirit

the granule matrix. Although pea starch is unuswmalcontaining both A- and B- type
crystallites, there is also evidence from potato differences in polymer structure and
composition between the core and the peripheri@fjtanule (Jane and Shen, 1993). The C
type structure is an intermediate C-structure betwA- and C - type whilst thegC type
structure is an intermediate C-structure betweentthand B - type. Sweetpotato starch shows
variable X- ray patterns between the C and A (Mogr2002; Hoover, 2001). Finally, due to
amylose complexation, a V pattern (often associatigd the A, B or C patterns) can appear
after gelatinization, although such patterns ase atported to exist in native starches (Gallant
et al.,1992).

Both A- (monoclinic) and B-(hexagonal) type crysttices possess double helical structures
but differ in packing density of the double helices the unit cell. A 10 nm length of
amylopectin side chain of A-type crystalline urgllchas 9 -17 double helical polymer strands
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whilst B-type crystalline unit cell of the same d¢im has only 11 double helical strands
confirming that B-type starch is on average momasgly packed than A-type starch (Manners,
1989). The B-type has a column of four water malles in the center whereas there is no space
in the A- type for the water molecule. It can belulsed that the crystallinity of B-starch can be
modified by increasing or decreasing the water mdés where in A-starches there is little or
no room for such manipulations. That implies that B/pe crystal lattices can expand more
during cooking than A - types. The C - type X- mattern is an intermediate structure between
A- and B - types (Ongt al., 1994; van Soeddt al, 1996). This implies that the A type is the

most compact crystalline structure followed by @ &ntypes.

2.3.2 Identification of the crystallinity types ofgranules

By X- ray diffraction spectroscopy, A - type staeshshow peaks at 15°, 17°, 18° and 2@° 2
angles while the B - type has four main reflectimiensities at 5.5°, 17°, 22° and 2@ a@ngles.
The B - type X- ray pattern of starch is usuallam@cterized by the position and relative peak
intensity in the range of@= 5 — 6°, while the absence of the peak 6f=25 — 6° is
characteristic of A - type starch. The C - typerXy pattern reflects at 5.5°, 17.0°, 18.0°, 20.0°
and 23.5° B, which is believed to be a superimposition of aeand B - type patterns (Zobet

al., 1988a). Cassava starch possesses A, C, or a ipateein with three major peaks & 2
15.3°, 17.1° and 23.5°. The native cassava stadoivies an A - type X- ray pattern, with
characteristic peaks at 9.6, 10.9, 14.6, 16.5, a6 22.6° (D) (Garciaet al., 1996) or with
strong peaks at about 15°, 17°, 18°, and 28y (Zobel, 1988b; Veregiet al.,1986; Deflooret

al., 1998a; b). Cassava starch showed,a @/pe crystal structure with a maximum at 16.6°
(20) (Kasemsuwaret al.,1998; Onget al.,1994).

2.3.3 Variations in crystalline types of starch

Variations in crystalline nature of starches frdrea same crops have been attributed to variety,
sample preparation, growth conditions and matwitthe plant at the time of harvest (Noela
al., 1995; Sugimotcet al., 1987). In a hybridization experiment of the sanagiety, some

progenies of cassava showed B-type instead of theorAC-type reported for cassava
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(Srichuwonget al., 2005). Such differences could most likely be bittied to the amylopectin
molecular properties because the crystalline regian ordered arrangement of double helical
amylopectin structures (Tukomaee al., 2007; Rodriguez-Sandovat al., 2005). Also native
maize is a cereal that has A-type crystallinityybeer, due to mutation, high amylose starches
such as from amylo-maize and barley have B-typstatynity. Similarly, low amylose starch

(waxy maize mutant) showed high A - type crystaldure.

2.3.4 Variation in the degree of crystallinity

The degree of starch granule crystallinity rangemf15-45% (Zobel, 1988b) or 17-51% (Tang
et al, 2006). Nuwamanyat al. (2010) reported cassava progenies with consigtéoter
crystallinity (28.9 - 37.4%) than their respectiparents (38.0 - 40.4%). A higher degree of
crystallinity results in a higher gelatinizationmperature (Deflooet al., 1998b) and higher
peak viscosities. Processing may affect the degreeystallinity and crystal pattern as it was
shown that the crystallinity of the milled cassdlaur (17.5%) was lower than that of pure
starch (>35.0%) (Rodriguez-Sandoedlal., 2005). The thermoforming of high amylose maize
and barley starches produces the thermoplastichs{@iPS) that gelatinized to create V - type
crystal structures due to retrogradation (Febstl.,2009).

2.3.5 Application of granular crystallinity in phar maceutical industries

In the pharmaceutical industry, starch is comprkssgether with chemicals into tablets. Acid
modified starch is sometimes used because the amglamponent in the amorphous regions is
already removed (Sanguanpoeigal., 2003; Chun, 1997). The resulting small-particletde

left after partial acid hydrolysis is structuralthanged, including size, shape, crystallinity and
double helical domains and leads to altered hymltaind physicochemical properties of
individual granules (Sanguanpomrg al., 2003). The relative crystallinity of native andicac
modified tapioca starches are 39.53 and 57.8% casply (Atichokudomchaiet al., 2001).
The erosion of the amorphous regions by acid hydi®imay result in a reduced hindrance for
the double helical chains of amylopectin to apphoeach other. The native and acid-modified

tapioca starches were compressed into tablets wsingus compression forces. Thus, when
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applying the compaction force to the starch grasuiee crystalline regions could be forced to
become closely packed, thereby improving the intéecular forces, i.e., van de Waals forces
and hydrogen bonding which leads to a more ordexadangement within the starch granules.
As the percentage relative crystallinity increagéeg, crushing strength of the tablet is also
increased. There is a strong relationship betwesoeptage relative crystallinity and crushing
strength of the tablets, with a correlation facfd) of 0.95-0.99 (Atichokudomchait al.,
2001). This implies acid-modified cassava starchlad@otentially be used as tablet filler in
direct compression processes. It is known that wiags a significant effect on molecular
properties of starch and the presence or absen@sioiual water can lead to helical formation

of the linear chains and an increase in crystiylifBograchevaet al.,2001).
2.3.6 The effect of semi-crystalline regions on bkikcrystallinity of granules

If the amylopectin polymer is predominantly respblesfor granule crystallinity, why is it that
the total amylopectin is more than the degree ofstatlinity? The degree of granule
crystallinity in normal starch ranges between 1%s4&obel, 1988b) or 17-51% (Targ al.,
2006). It is smaller than the total amylopectin pasition (~ 75 %) of granules. More than
50% and up to 85% of amylopectin is used in criiattl, depending on botanical origin. The
high level of double helical order in the granweaiso significantly higher than the level in
granule crystallinity (Gidley and Bociek, 1985). @&l 80-90% of the total number of chains in
an amylopectin molecule is involved in forming thde chain clusters, whilst the remaining 10-
20% of chains forms the inter-cluster connectidMar(ners, 1989). This leads to the conclusion
that amylopectin is located both in the crystallamed semi-crystalline shells (Gallaet al.,
1997). In the semi-crystalline shells, amylopeasntherefore predominantly in the double
helical form but contributes very little to crysiaity, possibly due to increased interaction with
amylose. The increased interaction between amyoseamylopectin in these regions causes
their decreased crystallinity (Zobel, 1988b; Marn®t al.,1994; Jenkins and Donald, 1995). If
such a hypothesis is true, it is possible thaptiesence of amylose may influence blocklet size,
since the crystalline blocklet size is generallyrfd to be smaller in the amorphous shells of the
granule (corresponding to the lower degree of aflysity). These conclusions fit the

observation that the semi-crystalline shells ofghenule contain smaller blocklets (20-50 nm in
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diameter), which indicates a less crystalline oimgtion. Baldwin (1995), using AFM, also
confirmed that the blocklet sizes were differenthia alternate hard and soft layers. In the semi-
crystalline shells of wheat starch, the blockletndeter is small (25 nm), whereas in the hard,
crystalline shells the blocklet diameter is lar@$;120 nm.

2.4 Starch granule morphological classification

The physical granular structure is relevant whemswmering the mechanism of starch
degradation, as many glucan (amylose and amylepestetabolizing enzymes are substrate

specific and therefore appear to be unable to@mh unost intact granules (Buléenhal, 1998).

2.4.1 Shape of starch granules

Based on shape of single granules, A, B and C tgp@esbe observed with the aid of light
microscopy (LM) and scanning electron microscopgNB. Native cassava starch granules were
reported to be round or oval with a flat surface aye side containing a conical pit which
extends into a well called an eccentric hilum (Mbgy 1994) or truncated or kettledrum
(Moorthy, 1994; Thomas and Atwell, 1999). Normaleah granules mostly have a lenticular
shape called A - type whilst sorghum starch is aated with the spherical shape called the B -
type. The polygonal shape is found in oats andetsillwhile the irregular shape is found in

amylomaize. The C type is a tiny irregular shapsmtbamong A and B types in some species.

2.4.2 Size of starch granules

The size of cassava starch granules are classifiesmall (5-1Q:m), medium (10-25mm) and
large (>25um) (Lindeboomet al., 2004). The diameter for cassava starch granufegesafrom
4-35um (Onwueme, 1978; Thomas and Atwell, 1999405g¢m (Moorthy, 1994); 4-24m
(Grace, 1971), 8 - 2gm with an average of 1pm (Garciaet al., 1996; Srirothet al., 1999a).
Ceballoset al. (2008) reported the first cassava mutant with cedustarch granule size
(5.80um) which is about a third the normal size-ZBim). The starch granules vary

considerably in size, from a diameter of 2 um i@ plollen starch of amylomaize to 175 pum for
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canna starch (Banks and Greenwood, 1975). "Simgt'ch granules are very individual in
structure and content (snowflake phenomena) andfuam 2-100um in size. A simple granule
contains one nucleus. A "compound" starch granals $everal nuclei and a rigid matrix
structure. A single granule will gelatinise overamge of ~2°C but a sample of complex starch
grits or particles will have a 4-10°C gelatinizatioange. Starches with large granules also
display higher swelling power but lower solubilitgan starches with smaller sized granules
(Kaur et al.,2002). Physicochemical properties, such as peageritght transmittance, amylose
content, swelling power and water-binding capaaity significantly correlated with the average

granule size of starches extracted from differdafpsources (Zhoet al.,1998).

Starch granule size is an important factor in ssviadustrial processes including the production
of thin films (Lim et al, 1992), paper coatings, cosmetic products (Htisal, 1998), and
carbonless paper (Nachtergaele and Van Nuffel, 19BQrthermore, starch granule size is
important in the brewing process. A significant tpor of the small B - type granules from
barley is not completely gelatinized in the masH #re undegraded residue causes mechanical
problems during subsequent processing, e.g. fdtra(Tillett and Bryce, 1993). There are
significant additional processing costs requiredtifie isolation of large or small granules. Thus,
the in planta production of starch with predominantly large orafingranules would be very
desirable. In addition, small granules may havélemas for commercial exploitation related to
the difficulties in purification (Davigt al.,2003; Lindeboonet al.,2004).

There is a strong correlation between mealinegsside of the starch granules and dry matter
content. Plants with mealy tubers have large stgrahules, while non mealy types have small
granules (Safo-Kantanka and Owusu-Nipah, 1992)relaee differences in functional properties
of small and large starch granules which suggestthie granule size distribution is an important
parameter in the food industry. Small granules haigher affinity for water at room
temperature. It seems that there is a less orgegradgement of the polysaccharide chains in the
smaller granules compared to the larger ones (Elhianhd Meste, 2002).

Based on the size distribution of granules, cassstaach is composed of a monomodal

population of granules (Garog al.,1996) as found in maize and rice or bi-modal disttion of
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granules as found in wheat, barley and rye. Stgrahule size is reduced during dry seasons and
increased during the raining season, when stammhutgs are hydrolyzed along the middle stele
root of the storage root into sugar to support ghewth of new leaves (Amenorpe, 2002).
Cassava granules take about 6 months to grow tduthsize and the size remains constant
thereafter. The size of starch granules is infleenby storage root size. Starch granules are
significantly smaller in small storage root thanlanger ones (Moorthy and Ramanujam, 1986).
Small starch granules (5-10m) gelatinize at a higher temperature than largerso(Baruch,
1985; Geddest al. 1965).

2.4.3 Starch granules with holes

The rate and efficiency of physical, chemical amthemical starch modifications depend on
the botanical origin, as well as surface structwfegranules. The presence of pores or channels
penetrating the granule and hilium are natural molqgical features of starch granules (Fannon
et al, 1992; Huber and BeMille2000) and are not artifacts produced by isolasing drying of
starch. Pores are found along the equatorial grawvéarge granules of wheat, rye, corn,
sorghum, millet and barley starches but not onrattegches (rice, oat, potato, tapioca, arrowroot
and canna) (Fannaet al, 1992). However, using very high definition Atanftorce Microscopy
(non-contact method), Juszczakal. (2003) observed pores or protrusions both in tlee cd
potato and tapioca starch. It was observed thabdapgranules are smoother than potato
granules with regions of relatively flat surfacetvaiut visible structures, pores and protrusions.
It is proposed that the pores affect the patteratiaick by amylases and some chemical reagents
(Fannonet al, 1992). The size and shape of surface pores drugions or depressions is
dependent on the botanical origin of the starceZdzaket al, 2003). The presence of pores and
channels in starch granules would also have anenfie on its chemical reactivity (Huber and
BeMiller, 2000). The granules with holes would facilitataltojysis and fermentation of starch
into bio-ethanol. Pores or holes on granules irsgéahe surface area to volume ratio to the
granules and this is suitable for more effectiveaaption of odour onto its surface and is suitable

for inclusion in perfume, deodorant and talcum pew@eter, 1999).
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2.4.4 Protrusions on the surface of starch granules

Potato starch shows a B-crystalline pattern witarege from 200-500 nm larger blocklets and a
depth of about 10 microns stacked on top of onethamoat the granule surfaces. Small

protrusions of ca 10-50 nm were also observedeastiifaces of native wheat starch granules.
Larger spherical protrusions (20 and 500 nm) wéngous at the surface of native potato starch
granules. Taking into account the sizes of thesetires, it became evident that ‘blocklets’ and

‘protrusions’ were the same structures (Thompstoal., 1994; Baldwin 1995).

2.5 Bases of starch biosynthesis and mutation ingoits

2.5.1 Granule bound starch synthase (GBSS)

Granule bound starch synthase | (GBSSI) belongise@lass of starch synthases (SS). The class
is sub-divided into three groups based on theiatioa in the plastids: those bound exclusively
to the granule (Fig.2.3); those with exclusive earty exclusive activity in the soluble phase and
ones present in both the granule-bound and solpiidese. The fractions are further classified
into four subclasses based upon cDNA and amino segdiences, i.e. GBSS (60 kDa), SSI (57
kDa), SSIl (77 kDa) and SSIll (110-140 kDa) (Hatnal., 1998). The GBSS | was regarded as
the sole enzyme in amylose synthesis at first (Ledbal., 1961; Vissert al, 1991) but later,
gramineae waxy mutants were shown to accumulatmalostarch granules in tissues such as
pericarp, leaf, stem and root indicating that othene(s) control amylose production. An
isoform of GBSSI, designated GBSSII from waxy wheas later discovered (Nakamuwetal.,
1998), while in pea leaves it was designated GBS&Hthwvardset al., 2002). Indeed, both
isoforms were demonstrated to be involved in thattssis of amylose. In cassava the
preferential expression of GBSSI is in storagegauahtereas that for GBSSII is in source leaves
(Munyikwa et al., 1997). The expression pattern was very much degpegnoh the age of the
plants. In 180 days after planting (DAP), GBSSI resgion was high in leaves and almost
undetectable in storage roots and in 360 DAP, GB®&®$pression was low in all organs

examined, including leaves (Baguetzal.,2003).
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2.5.2 The synthesis of amylopectin by the solubléasch synthases (SS)

The SSIII contributes to amylopectin branch-lendt$tribution (Edwardst al., 1999) but the
specific role of SSI and SSllIb is not yet cleag(F1.3). An antisense inhibition of SSII and SSII|
singly (Edwardset al., 1999; Lloydet al, 1999) or in combination (Lloydt al, 1999) resulted
in a significant shift from longer to shorter chaiaof amylopectin in potato tuber. The loss of
SSII (in dicots) or SSlla (in monocots) would reésul reduced starch content, reduced
amylopectin chain length distribution, deformatioaf the starch granules, altered

physicochemical properties of starch and pertudrgstallisation (Edwardst al.,1999).

2.5.3 The role of starch branching enzymes (SBE @p-enzyme)

Starch branching enzymes (SBE, 40 — 152 kDa) a@vad in amylopectin synthesis (Fig. 2.3).
They catalyse the breakdownwfl,4 bonds and building ofi-1,6 glucosidic bonds between the
cleaved chain and a hydroxyl group on C6 of a glytonoiety of ana-1,4 glucan template.
They are a member of theamylase family which possesses a catalyfia){-barrel domain

(Jespersemt al., 1993; Svenson, 1994). The domain encompassedisgaattive sites that arise
from the inter-connectinf-loops providing for substrate binding and catalgctivity. To date,
two classes [referred to as A (SBEII) and B (SBBEBJe been identified based on amino acid

sequences and vitro catalytic properties of purified enzymes (Burtidral.,1995).

2.5.4 The concept of amylopectin synthesis from anoge

The hydrolysis of sucrose transported from leaved atems into glucose-1-phosphate is
catalyzed by sucrose synthase and uridine diphtspfidDP) glucose pyrophosphorylase.
Adenosine diphosphate (ADP) glucose pyrophosphseylaatalyses the reaction between
glucose-1-phosphate and adenosine triphosphate)(fTform ADP-glucose (the first step in
starch formation). ADP-glucose is transported iatoyloplasts in the roots by an adenylate
transport protein and used as substrate of staodyrithesis. In the root, granule-bound starch
synthase (GBSS) as well as isoenzymes of SSS satéhe removal of glucose from ADP-
glucose. The glucose units are linked togethes-iy 4 glycosidic bonds to form an initial linear
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amylose chain. The GBSS elongate amylose chainadbijng more glucose to non-reducing
ends of then-1-4-linkage chains, thus coupling an extra glucesedue to this chain with the
simultaneous release of ADP (Martin and Smith, 199%iss and Sivak, 1996). Nine branching
enzymes located at the surface of the starch graflig. 2.3) transform amylose into
amylopectin by regularly cleaving-1,4 glycosidic bonds of amylose into amylose fragta
and linking the amylose fragments &1,6 glycosidic bonds. Amylose and amylopectin ohai
are elongated by starch synthases (Jobling, 2084en the production and elongation of
amylose is more than the conversion into amylopeexcess amylose accumulate in granules
resulting in lenthel (non-waxy phenotype) starchisToccurs when GBSS is highly active and
its product (amylose) cannot be entirely transfatnmdo amylopectin by the starch branching

enzymes.

In waxy mutants, under the mutation inhibition tee tactivity of GBSS, all the amylose
synthesized by SSS iso-enzymes of low activityragformed into amylopectin by starch
branching enzymes (SBE). There is then no excesgloae) thus only amylopectin is
accumulated in the roots and the root phenotypeais/. Waxy genes are recessive and they are
designated awx, because they are allelic on cytogenetic levahgket al, 2003; Tsai 1974).
Therefore, mutation of the waxy locus (Shureet al., 1983) which encodes the GBSS protein
creates a starch that has no amylose. Contrahy,high-amylose phenotype is caused by a
mutation in the gene that encodes SBE llb, whicals® known as ‘amylose extender (ae), and
their production artificially requires anti-sensingdown regulation of its expression in storage
roots (Joblinget al., 1999).
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Figure 2.3. Starch biosynthetic enzymes and grastilécture. (a) Schematic view of enzymes involuedhe
biosynthesis of amylopectin and amylose, togethigh tihe molecular structure of these glucans. TRRSS is
shown within the granule as it is the only enzyima is exclusively bound to the starch granule iamésponsible
for the synthesis of amylose and its extension. lpsctin biosynthesis occurs at the surface of ghenule
through the activities of the indicated enzyme$.§bhematic view of the structure of a starch giarsinowing
alternating amorphous and semi-crystalline zona#spPf these zones constitute a growth ring. Timerahous
zones are thought to contain amylopectin in a tedsred state together with amylose. The granule is
approximately 5Qum in length. (c) Enlargement of a semi-crystallgrewth ring, showing the arrangement of the
alternating crystalline and amorphous lamellae.Edgh crystalline lamella consists of clusters afafiel a1-4-
linked glucan chains packed together in a helioafarmation. Amorphous lamellae are located attfie6-branch
points. Disproportionating enzyme (DE), Isoamyléd$®©) and pullulanase (PULL) also play a part (ifah2004).

2.5.5 The synthesis of amylose from amylopectin coept

Another school of thought claims that amylopectinather synthesized first and amylose later
from fragments of amylopectin. Monillet al (1996) reported a debranching enzyme that
hydrolyzes specificallyi-1,6 glycosidic bonds of amylopectin and transfoamsylopectin into
amylose. Defects in GBSSI strongly reduce amylopesinthesis (Maddeleiat al. 1994). One

or two functional GBSSI genes in wheat produce waseat with intermediate levels of
amylose. There are waxy starches reported in naiderice that are composed almost entirely
of amylopectin with little or no amylose (Pagkal.,2009). The presence of waxy mutants with a

full granule structure containing amylopectin witfid - type crystalline organization (Bulé@t
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al., 1997) confirms the fact that amylose is not requifer the biogenesis of normal granule
structures. In vitro studies of amylose synthesis (Ponsteiral., 1991; Denyeret al., 1996),
establish that GBSSI incorporates glucose bottmygl@pectin and amylose. Van de Wlal.
(1998) studied amylose synthesis vitro from purified Chlamydomonas reinhardtistarch
granules and reported that initially the major GB88ends glucans available on amylopectin.
Amylose synthesis occurs thereafter at rates appm@ or exceeding those of net
polysaccharide synthesis. These results suggdsaedmylose originates from cleavage of a pre-
existing external amylopectin chain, and such fensf chains from amylopectin to amylose
was directly evidenced from pulse-chase experiméntseover, high molecular mass branched
amylose synthesis preceded that of the low molegukss, suggesting that chain termination
occurs consequently to glucan cleavage. Short pu$esynthesis followed by incubation in
buffer with or without ADP-Glc prove that transfeequires the presence of the glucosyl-
nucleotide. These observations make a compellisg dar amylopectin acting as tle vivo

primer for amylose synthesis. These further prinag e€xtension is followed by cleavage.

2.5.6 The anti-sense gene orientation breeding

The use of antisense genes could partially bloakcktsynthesis and result in accumulation of
the precursor sugars. Raemaketsal. (2003) cloned the GBSS gene from cassava in the
antisense orientation, and were able to recovdrab®genic plants. Subsequently, two of these
plants were able to produce amylose-free starchwhknas waxy starch) in their storage roots.
Munyikwa et al. (1998) reported the cloning of cassava c-DNAs dimgp AGPase, GBSS and
branching enzyme (BEI and BEIl), involved in thernfiation of branched molecules in
amylopectin. Over accumulation of glycogen was e by transforming cells with a plasmid
containing the glycogen biosynthesis genesQpkncoding AGPase, which is the rate-limiting
step in cassava starch biosynthesis. Research@ti@State University incorporated a modified
version of the glgC gene frof. coliinto cassava and succeeded in increasing AGP#séyac
by over 65% compared to controls (lhemetal.,2003).

According to Salehuzzamaat al. (1993), sequencing of the cloned cDNA showed ithhags
74% similarity with potato GBSS and 60-72% similanvith GBSS from other plant species.
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The cDNA encodes a 608 amino acid protein of whi¢@ amino acids form a
chloroplast/amyloplast transit peptide of 8.37 kDhe mature protein has a predicted molecular
mass of 58.61 kDa (530 amino acids). ComparisdhefsBSS proteins of various plant species
and glycogen synthase of bacteria showed extendergity among the mature form of plant
GBSS proteins, in which the monocots and dicotsftwo separate branches in the evolutionary
tree. From analysis of the genomic DNA of allotploéd cassava, it is shown that GBSS is a
low-copy-number gene. GBSS transcript is synthesizex number of different organs, but most
abundantly in tubers. Potato plants were transfdrmi¢gh the cassava GBSS cDNA in antisense
orientation fused between the potato GBSS pronandrthe nopaline synthase terminator. The
expression of the endogenous GBSS gene in thessgamic potato plants was partially or
completely inhibited. Complete inhibition of GBSS$tigity by the cassava antisense gene
resulted in the absence of GBSS protein and amyoseg rise to almost complete amylose-
free potato starch. This shows that heterologonegiean be used to achieve antisense effects in

other plant species.

2.5.7 Comparison of normal starch with novel (higland low amylose) starches

The differences in characteristics between waxycktand normal starches are: waxy starches
have short-chain amylopectin (A or B1 - types),anovery little amylose, higher gelatinization

temperature, resist water absorption, resist exparturing cooking (stable granules), forms a
stable clearer paste that slowly turns into a ctgdrthat resists syneresis (separation of liquid
from the gel) whereas normal starches have longidraylopectin (B2-B4), normal content of

amylose, lower gelatinization temperature, absodoenwater than waxy starch, expand more
during cooking (less stable granules), forms a $¢aisle cloudy paste that turns turbid and easily
undergoes syneresis (Jobling, 2004). The applicaifovaxy starch cuts across most industries

while normal starch is mostly limited to food indhiess.

In contrast, the high-amylose potato starch haslaaed swelling capacity, higher gelatinisation
temperature and impacts the potato tubers withuacldent’ texture with more free water
(Jobling, 2004). In the food industry, the highliggl strength of these starches makes them

especially useful for producing sweets. The filmaiong ability of these starches keeps the
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coating on fried products crispy and reduces tl&iruptake upon cooking. High-amylose
starches can be processed into ‘resistant stamtich has nutritional benefits (Birt al.,2000).
Unlike normal starch, resistant starch is not digggsn the small intestine but is fermented in the
large intestine by gut bacteria, producing shoghechfatty acids such as butyrate that are
beneficial for colon health. High-amylose starches also used in adhesive products and in the
production of corrugated board and paper. Very magistance starches (above 60% amylose)
do not swell when heated to 100°C (Schvealal.,2000). These potatoes soften during cooking,
indicating that the swelling pressure generatethbyintracellular starch granules has no role in
this process, and the texture of the resultingtpata‘’succulent’ as they contain more free water

than normal potatoes (Ormeretial.,2002).

2.5.8 Cracking in starch granules

Katayameet al. (2002) reported cracking of granules in a novelewotato (Kanto 116) and as
a result it had pasting temperatures of 51.4 —°&2.6pproximately 20°C lower than the control
and parent starches. Onset, peak, and conclusiopetatures were 39.0°C, 46.9°C, 64.8°C
respectively and energy of gelatinization (8.8 3gs much lower than the control and parent
starches. However, starch and amylose contentsantdk116 were similar to that found in the
control and the parents (Katayamiaal, 2002).1t is widely accepted that soluble starch synthase
and starch branching enzyme are responsible fotog@gtin synthesis and two or more distinct
isoforms of these enzymes exist in storage org&msith et al, 1997). Studies of peas and
potatoes showed that the loss or reduction of miamfiorms of soluble starch synthase have
resulted in changes in the amylopectin structudeus] Kanto 116 may lack these specific
isoforms. The cracked granules were controlled dnessive genes since both parents showed
normal granules (Katayaned al, 2002).

2.5.9. Enzymatic basis of free-sugar cassava mutant

The ordered arrangement of side chains and the tdragths of amylopectin render amylopectin
both crystalline and insoluble (Imbergy al, 1991; Gallanet al, 1997). The soluble free-sugar

clones are produced when enzymes responsible forlopsctin packing into organized
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crystalline structure are anti-sensed to produstoded crystallinity which is soluble sugar. An
a-(1-6) glucan hydrolases, i.e. a starch DBE, isessary for the normal formation of crystalline
starch granules. There are two types of DBE in tplaclassified according to substrate
specificity (Lee and Whelan, 1971; Doehlert and tspn, 1991). Isoamylase - type DBEs cleave
a-(1-6) branch linkages in amylopectin and glycogato smaller units ofa-(1-6)-linked
maltotriose polymers, but do not hydrolyael-4 bonds in pullulan (maltotriose). In contrast,
pullulanase - type DBEs, also referred to as R-ewsyor limit-dextrinases (Manners, 1997),
hydrolyzea-(1-6) linkages of pullulanef1,4- anda-1,6-glucan) into a smaller amylopectin, but
have little or no activity toward glycogen (the rstge polysaccharide found in zoological
muscle). Sequence comparisons among plant andridaet€1-6) glucan hydrolases indicate
that the pullulanase - type and isoamylase - tyjBE® have been conserved separately in
evolution (Beattyet al, 1999).

The mutation in DBE which results in the accumualatof soluble sugars and a water-soluble
polysaccharide (WSP) is termed phytoglycogen (Moamd Morris, 1939). Phytoglycogen is
similar to glycogen and it has approximately twite frequency of branch linkages as
amylopectin, a shorter average chain length, antbi@e uniform chain length distribution (Yun
and Matheson, 1993). Isul kernels, the reduction in amylopectin content apipnately
matches the abundance of phytoglycogen, suggestimiversion from biosynthesis of the
normal insoluble branched glucan to the water deldbrm. In maize and Arabidopsis the
mutation responsible for this specific phenotyps baen shown to directly reside in a gene that
code for an isoamylase - type DBE (Jarmeésl, 1995; Zeemart al., 1998). In cassava the
natural free-sugar mutant (CAS36) was describe@aywalhoet al (2004) as lacking amylose
and accumulating over 100 times more free sugam{yglucose) than commercial varieties.
The natural free-sugar mutant cassava is amylesewhilst the cassava germplasm collection of
Brazil from which it was discovered had a rangd&¥ - 25% amylose (Srirotét al., 1999b).
The presence of a glycogen-like starch indicatetiseuption in the starch synthesis pathway.
Gene expression analysis of the gene coding fomt@r enzymes in this pathway indicates a
lack of transcription of the gene encoding the bhémg enzyme, but not for the gene encoding
the ADPG-pyrophosphorylase small subunit. The ealton was abandoned because of its
extreme low starch (2%) content (de Albuquerqué&9)}3ompared with 6.9 — 69.3% in the
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traditional cultivars. It accumulates additionafjats such as glucuronic acid, galacturonic acid
and mannose. These sugars are components of #elictking glucan of the primary cell walls
of the parenchyma cells (Reitet al., 1999). Therefore, their presence in the waterkdelu
fraction in only clone CAS36.1 indicates the degtawh of the parenchyma cell walls during the

process of their adjustment for the accumulatiohigih amounts of free glucose.

2.5.10 Enzymatic basis of small granule mutants

Ceballoset al. (2008) reported the first cassava mutant with cedwstarch granule size (average
5.80 pm) which is about a third the normal size-25Qum), with a higher-than-normal amylose
content (30.1% instead of 20.7-22.2%). It also hew paste clarity (cloudy instead of
transparent gel), low peak viscosity (22 cP instef@76 — 1080 cP; vPeak in 5% starch solution
at 90°C using RVA), low swelling index (9.25 g.instead of 21.77 — 27.92 ggbut higher
solubility (36.8% db instead of 10.15-12.2% db) antime fraction of the dispersed phase.

Small granules were caused by a lack of (Cebaitas., 2008) or a decrease in (Burtenal.,
2002; Busto=t al., 2004) isoamylase activity which plays a role inyéopectin biosynthesis.
The lack of ISA is always accompanied by an inaemsthe number of granules initiated,
resulting in a decrease in starch granule sizeastava and other crops. As in other species,
there are likely to be three types of the ISA geinesassava: ISAL, ISA2, and ISA3. Of these,
ISA1 and ISA2are thought to be required for normal starch sygithin several plant species,
including potato (Busto®t al., 2004), whereas ISA3s thought to be involved in starch
degradation (Wattebledt al., 2005). Mutants with small starch granules lackeitiISAL1 or
ISA2 (Bustoset al., 2004; Dingeset al.,2001). It was noted that a lack of ISA in mutaists
linked to a low starch content (e.g., maize sugaryitants) but not always in potato ISA
transgenics. However it leads to an increase iobé®lstarch called phytoglycogen or water

soluble polysaccharide contents.

In addition to ISA, disproportionating enzymes (Dpllulanase and amglucan water dikinase
related to amylopectin biosynthesis (Joblatgal., 2004) are also potential site(s) of mutation.

Small deformed granules have also been observediiants lacking SS (Moredt al.,2003) or
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SBE (Lloydet al., 1996). High-amylose content is characteristic otants lacking SBE or one
of the isoforms of SS that are responsible for apgttin synthesis. Contrary to expectation, the
small granule mutant of cassava does not lack $8#fch is one of the common causes of a
high-amylose phenotype in mutants of other spe(@eballoset al., 2008). A penalty in root
yield was reported in high-amylose varieties frameo crops (Joblingt al.,2004).

2.6.1 Gelatinization

Starch gelatinization is a process that involveatihg starch in excess water to break down the
hydrogen bonds holding the macro-molecules togethtte granules and allowing free flow of
linear amylose out of granules followed by eventoallapse of the empty granular structure
mostly made up of amylopectin. The penetration atew into the semi-crystalline granules
increases randomness in the general structure eaddauses the semi-crystalline regions to
diffuse into the amorphous form and to allow wateenter the crystalline lamellae. The helical
structure of amylose is also converted into a lifeem that could easily leach out and form a
viscous paste outside the granules (Tester andakexk2004). As more amylose is leaching out
into the hot water, the viscosity outside the gtamuncreases until the peak viscosity is reached
(Hoover, 2001). At peak viscosity most of the linehains of the amylose are still hanging onto
their respective granules. The viscosity rapidlgrdases when most of the hanging chains of
amylose drop off from their respective granules #ralextra energy supplied by heating after
peak viscosity, begins to destroy the hydrogen bdiatween the bound water molecules and the
starch hydroxyl groups. On average the granulesdcawell up to 30 times their original size
(swelling power). When the crystalline structuretlod amylopectin keeping the ghost shape of
the granule also breaks down and dissolves, gedation is completed. The viscosity is then

reduced and the rheology-texture of the soluticamgies (McGranet al.,2004).

During cooling of a hot paste starch the viscositgreases (set back viscosity) due to re-
associate of amylose chains into a coiled stateaftied several hours very stable amylose semi-
crystallites are formed. The re-crystallization asfiylopectin side chains into a more ordered
semi-crystalline state, also referred to as re&dgtion, is much slower but the original crystal

stage is not achieved (Atwalt al, 1988). In the absence of emulsifiers, amylosehitradso co-
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crystallize with amylopectin, hence contributing starch retrogradation (Gudmundsson and
Eliasson, 1990). Retrogradation of starch is anomamt property to be considered, especially
when formulating food products, as it affects dyalacceptability and shelf-life of starch
containing foods because during retrogradation iptation, gelation, and changes in
consistency and opacity occur (Biliaderis and Tanofj991). Research reports show that native
cassava starch granules loose their granular steiethen heated in excess water at around
85°C (Fig. 2.7) to form a gel, and this loss igwersible (Paest al, 2008). This is different
from starch granules absorbing cold water and swgelto a limited extent below the
gelatinization temperature (GT), which is revemsiBlVurzburg, 1986). Retrogradation therefore
refers to the reverse process of crystal formatipon cooling and those molecules which could
not strongly re-associate to form solid crystats g&o a semi- solid phase called a gel (Vaclavik
and Christian, 2008). Gelation therefore refers tmore ordered structure than in the hot fluid
phase of the paste (Thomas and Atwell, 1999).

It was shown that potato amylose leaches at 62°iChwiits the experimental molecular weight
distribution (MWD) (Banks and Greenwood, 1968). Hwer pea amylose fractions leach at five
different temperatures between 62 and 85°C, whigjyasts a larger than normal MWD (Riety
al., 1985). Different stages in the gelatinization aafssava starch were visualized by light
microscopy (Fig. 2.4) while the starch suspensi@s Weated at 4°C/min from 25 to 95°C in a
hot-stage device (HSM). The granules showed difteséages of expansion during heating. On
average the expansion started around 60°C, was letatyp swollen around 70°C and
gelatinization was completed between 80 and 858Ctdmperatures higher than 80°C, granules
started to lose surface integrity and completeljapsed before 95°C was reached (Peteal.,
2008). Atkinet al. (1998) defined the starch granule surface to keottermost layer of the
granule that surrounds the majority of the inteqmalymers; and the starch granule ghost to be
the remnants of the envelope after structural pe#aand leaching of the majority of the starch

polymers, mainly (amylose).
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Fig. 2.4 Cassava starch granules lost its graraftacture when heated in excess water around
85°C to form a gel (Paext al, 2008).

The gelatenization is a phase transition that canobserved using Differential Scanning
Calorimetry (DSC), and it is manifested as an emelwhic peak in the DSC thermogram (Coral
et al., 2009). The characteristic temperatures of gelatron are the onsefl{), peak Tp),
conclusion T¢) or and endsetT{) gelatinization temperatures as measured by tHikerBntial
Scanning Calorimeter (DSC). Starches with higheeleof short chains had low&s, T, andT,

or Te temperatures, whereas higher contents of longang{BP 18-25 and DP 25-80) led to
higher gelatinisation temperatures. Degree of pelymation (DP) is the total number of
anhydroglucose residues present divided by the rumbreducing ends). Peroat al. (2006)
reported cassava and sweetpotato starches hawweg Tg temperatures of 61.5 and 62.8°C with

corresponding enthalpy changes of 10.4 and 12'@epectively.

On an industrial scale, energy input for gelatiictais a significant part of processing cost
(Ellis et al.,1998). This determines the temperature at whistaech paste takes on the desired
processing qualities. Gelatinization for nativeszas starch was shown to be between 58 and
70°C (Balagopalangt al., 1988) or 55°C and 85°C (Belitet al., 2004). Gelatinization
temperature depends also on the amount of damdgesh granules. These will swell faster.
Damaged starch can be produced, for example, daringlling process or when drying the
starch cake in the starch plant (Cauvain and YpR8@1). Various methods of modifying starch,

such as cross-linking or the addition of surfacastich as potassium palmitate, which prevent
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the penetration of water into the starch granuiesrease the gelatinization temperature
(Moorthy, 1985). These modifications stabilize thiscosity of the paste, making it more
resistant to damage by acids, heat, or shear foaoelsthus enhancing the performance of starch
during processing. A lower gelatinization temperattange is associated with reduced cooking
quality (Balagopalarget al.,1988).

The gelatinization temperature during cooking addadepend on botanical origin of starch or
flour, amount of water, pH, types and concentrabbisalt, sugar, fat and protein in the recipe
and the heating technology used. Gelatinization pggatures of starch also depend on
starch/water ratio as well as heating rate (Cazetsioet al.,2000). Although a starch: water
ratio of 1:3 is used to reach the maximum valuemhalpy of gelatinization, excess water is
essential for complete gelatinization of the stasciiResio and Suarez, 2001). Gelatinization
temperature provides a qualitative measure of allyst structure and is characteristic of
genotype of the plant. Gelatinization temperaturgy nalso be influenced by environmental
conditions. It is known to vary with amylose/amyéagin ratio, crystallinity, granule size, shape
and distribution, and quantity of smaller composdike phosphorus, lipids and proteins (Singh
et al.,2010; Goriiet al.,2008; Pérezt al.,2005). Gelatinisation enthalpiesH) increased with
degree of crystallinity (Gomanret al.,2010).

Shorts chains of amylopectin are mostly found e ¢hystalline structure located on the external
part of starch granules (Gidley and Bulpin, 198f)e presence of short chains with DP < 10,
decreases the stability of the double helix in apgttin molecules, which lowers the
gelatinization temperature as well as enthalpyegative correlation exists between the amount
of extremely short chains of amylopectin and geiastion temperature. Conversely, the work of
Sang-Ho and Jay-Lin (2002) on wheat and Albetrtal. (2005) on cassava revealed the
importance of long chains of amylopectin on pastimgperties. They suggested that a higher
proportion of longer chains (DP > 67) could be agged with amylose chain lengths forming
longer helical structures and giving high gelattian gel properties. Yamiet al. (1999)
suggested that these double helical structuresireequhigher temperature to dissociate than
shorter double helices. In agreement with this, &adl. (2008) reported negative correlations

between amylopectin long chain with viscosity bailed to establish higher convincing
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correlations between amylose and viscosity. This iagreement with Bategt al (1997) who
observed that when the amylose level is over 22%, flour quality for viscous products

decreased.

2.6.2 Viscosity

Viscosity is temperature dependent, decreases dynigeand increases when the paste is cooled.
Oladebeyeet al (2009) found that sweetpotato starch paste etedilhnigher viscosity values
than red cocoyam. Yuaet al (2007) compared viscosity of starches from yddogcorea
nipponicaMakino), cassava and potato using a Brabendeogiaph. They observed lower peak
viscosity, higher setback and lower breakdown \8ggdor yam starch compared to potato and
cassava starch. Differences in chemical composéemount for the variations in paste viscosity
of different starches. It is increased by esteaatfn or etherification. High phosphate monoester
content is known to increase paste viscosity wailencrease in phospholipids results in lower

paste viscosity (Singét al.,2003).

The common methods for measuring the pasting ctearsiics of starch are based on Brabender
Visco-Amylograph (BVA), Rapid Visco-Analyser (RVAand Brookfield digital viscometer
instruments. The RVA and BVA measures real timengea in the viscosity of starch
suspension with temperature and the results atee@lm an amylograph.

The root starches (e.g. cassava) contain very loaats of phosphorous and lipid compounds
which are covalently bound (Thomas and Atwell, 999nlike cassava, potato contains an
appreciable amount of bound phosphate ester graypsh are bound to the C-6 position of
glucose units of amylopectin molecules in potagrct. The number of phosphate groups in
potato starch ranges from 1 phosphate group pert@GM0 glucose units (Swinkels, 1985;
Takahataet al, 1995). The phosphate group can be consideredorasexchanging group
(Swinkels, 1985). The phosphate substituent cordqrslyelectrolyte property on the starch and
the charged groups repel each other, forcing thkecules to disperse into aqueous solutions.
Generally, potato starch shows a higher paste siigcthan other starches when compared at
similar conditions. A higher phosphate contentatapo starch results in a higher viscosity. The

40



root and waxy starches also tend to have a highstepviscosity (Swinkels, 1985). The larger
proportion of amylopectin long-branch chains haeerbreported to increase viscosity of starch
paste (Lwet al.,2008; Charlest al.,2005; Shibanumaet al.,1996).

Peak viscosity and breakdown of starch increased increasing tuber size (Christensen and
Madsen, 1996). Liet al., (2003) also found that starch obtained from pestwith a shorter
growth time had higher gelatinization and pastemperatures, lower peak viscosity and higher
final viscosity (Christensen and Madsen, 1996).)cRhamasingheet al (2009) reported a
positive relationship of peak viscosity and medarticle size of the starch granule and a
negative correlation with small granules. Howeviean et al. (1991) reported only a positively

correlation with granule diameter.

According to Shuey and Tipples (1982) the viscosity¥5°C in relation to the peak viscosity
reflects the extent of fragility of the swollen gtades. In most cases, correlation between cooking
guality scores and points on the amylograph wetestadistically significant, suggesting that it is
difficult to predict cooking quality using the amgraph, confirming previous reports (Asaaka
al., 1992). The increase in viscosity when the pasteoled to 50°C shows the extent of
retrogradation of the starch paste. In all vargtsalt reduced retrogradation as compared to the
control. Retrogradation leads to increased rigidityhe starch gel as a result of reassociation of
the starch granules upon cooling, which leads lEase of water called syneresis. Low amylose
granules yields lower paste viscosity and theyfgstier upon heating than granules with higher
amylose content. Pasting temperature was negativetelated to swelling power € —0.518,

p < 0.05), peak and final viscosity € —0.616, —0.668, and —0.611, respectivply 0.005).

2.7 Starch modification

Starches in their native form have limited appl@atn industries due to extreme conditions like
pH, temperature and shear during processing. Natasehes are modified to improve on their
low shear stress resistance, thermal decomposttigh, retrogradation, and syneresis (Fleche,
1985). The limited application of native cassawdtes in industries can be enhanced through

physical, and chemical modification or mutation dalmg. Modification changes starch
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properties and greatly extends the range of stamgblications beyond the native starches
(Jobling, 2004).

2.7.1 Physical modification

There are several types of physical modificatiganegelatinization, heat moisture treatment and
irradiation treatments. Pregelatinized starch @&scét that has been gelatinized and then dried.
Pregelatinization methods include roll drying, eston and spray drying. Pregelatinized starches
are used as thickeners in foods that require mininesting. Two types of heat-moisture
treatments exist, i.e. heat-moisture and annealdgpt-moisture treatment involves heating
starch at temperatures above its gelatinizatiorpegatures but with insufficient moisture levels
(<35%) to cause gelatinization, while annealingoimes heating starch in excess water (>60%)
for prolonged periods below gelatinization tempearas (Vaclavik and Christian, 2008; Thomas
and Atwell, 1999).

Both heat-moisture treatment and annealing have beewn to change functional properties of
native starches. Heat-moisture treatment of pottd corn starches decreased granular
crystallinity of potato and corn starch and inceza®nthalpy and onset temperature of the
gelatinization but no significant differences ingdee of retrogradation were observed (Lem
al., 2001). Heat-moisture treatment of sago starchltr@swa change of the X- ray diffraction
pattern from C - type to A - type, a decrease giidavisco-analyzer peak and breakdown
viscosity and an increase in final viscosity pagtiemperature],, T, andT. of gelatinization
(Pukkahuta and Varavinit, 2007). Singhal (2005) also found a decrease in peak viscositly an
an increase in cold paste viscosity following heaisture treatment of sweetpotato starch.
However, there was a decrease in onset and gekion enthalpy. This indicates that different
starches may respond differently to physical modifon. Jayakodyet al. (2009) found that
starches from different cultivars of yanDigscorea spp) responded differently towards
annealing. Annealing caused a decrease in crystaland increase in set-back viscosity in the
Nattala cultivar but an increase in crystallinitydea decrease in setback viscosity in the Raja-ala
cultivar. These differences were shown to have hefnenced by the different chemical

composition and molecular structure of the starches
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In irradiation treatment, there arn@ situ and ex situ starch modifications. Then situ
modification is a genetic modification or breediagproach in which the planting material is
irradiated with the physical mutagen to induce dggme(s) with anin planta modified useful
starch for selection and the desirable plant isppgated thereafter. In thex situ starch
modifications, the native starch could be bougbirfthe market and irradiated at various doses
and the dose rate producing desirable characteistused commercially. The application of
ionizing radiation (gamma and electron beam) isoren to generate free radicals that are
capable of inducing molecular changes and fragmientaf starch (Ciéslat al., 1991; Grant
and D’Appolonia, 1991; Sabularset al., 1991; Sokhey and Hanna, 1993). Durieg situ
irradiation, the glycoside bonds are broken and meacromolecules with smaller chains are
created in starch granules (Ra#fi al., 1981a; b; Hayashi and Aoki, 1985). The crystalline
content of granules decrease as a result of dmtorh the semi crystalline and crystalline
regions of amylopectin (Ciéskat al.,1992). These unique properties led to desiredtiomal
properties such as reduction of viscosity and kvgker solubility (Bhat and Karim, 2009; Leé
al., 2003; Bao and Corke, 200&x situradiation modification is an environmentally frigynd
physical process, in contrast to chemical modiieat It is economically viable, safe, and
possesses several advantages over other convéntietlzods employed for modification and

cross-linking of starch (Bhat and Karim, 2009).

2.7.2 Chemical modification

Chemical modification of starches involves threeocpssses; cross linking, stabilization
(substitution) and conversion. Cross linking im@e\process tolerance such as heating, stirring,
pumping and packing. Cross linked starches areapeelpoy exposing an alkaline slurry (pH 7.5-
12) of granular starch (30-45%) with a cross-likireagent, e.g. phosphorus oxychloride or

sodium trimetaphosphate, in the presence of astmperatures between 25 and 50°C.

Stabilization helps reduce retrogradation tendenafestarch. Stabilized starches are prepared by
acetylation (esterification) and hydroxypropylatioAcetylated starch is prepared by slow
addition of acetic anhydride or vinyl acetate tostrch slurry at pH 7.5-9.0, while
hydroxypropylation involves the reaction betweenpgytene oxides with starch in an aqueous
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alkaline slurry. After the reaction the pH of adatgd and hydroxypropylated starch slurries is
adjusted to 4.5 and 5.5 respectively and starclrecovered by filtration and washing.

Dihydroxypropylation of Brazilian cassava starclereased the swelling power, viscosity and
freeze-thaw stability, and reduced retrogradatesrdéncies of the starches, thus improving their

application in the food industry (Schmagal.,2006).

Conversion is mainly employed to produce starchéh weduced molecular weight, hence
reduced viscosity of starch pastes. Three typeaftions are involved in this process; acid
hydrolysis, oxidation and pyroconversion or dexga@tion. Acid hydrolysis involves addition of
an aqueous solution of an acid, usually sulphuigSQ,) or hydrochloric acid (HCI), to starch
with a certain period of incubation. During thiopessa-1,-4 anda-1,-6 glycosidic linkages are
hydrolyzed. Oxidation of starch is carried out bywdy adding an oxidizing agent, e.g. sodium
hypochlorite, to the alkaline starch slurry. Aftmmpletion of the reaction the starch slurry is
neutralized and washed. Pyroconversion or dexaiim involves dry roasting of acidified
starch (Thomas and Atwell 1999; Rutenberg and 8kJdr984).

Chemical modification alters properties of natit@rshes depending on the modification method
employed. Starches from different sources may alespond differently to chemical
modification. Acid hydrolysis of cassava starch niroNigeria increased gelatinization
temperature, viscosity and produced more stabléepa@Ahmedet al., 2005) while acid
modification of starch fron€Canavalia ensiformisa Mexican jack bean, resulted in reduction of
viscosity, swelling power and retrogradation ter@yeand an increase in solubility but no effect
on gelatinization temperatures was observed (Bataand Chel, 1997). ;,Tand enthalpy of
gelatinization of sweetpotato starches grown inidnsignificantly decreased following acid
hydrolysis but peak viscosity and cold paste vidigss of the starches remained unchanged
(Singhet al., 2005) while increases in,IT,, and & but decrease in enthalpy were observed in

acid-hydrolyzed rice starches (Thirathumthavorn @hdroenrein, 2005).
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2.8. Mutation breeding

Induced mutations are highly effective in enhananagural genetic resources and have been
used in developing improved cultivars of cerealsit§ and other crops (Lest al.,2002). It is a
simple, efficient, rapid and cheap option for obirag desired genotypes from recalcitrant
species. Mutagens differ in the “spectrum” of miotad¢ produced (Lundgvist and Lundqvist,

1998) but this has little relevance for practicaitation breeding.

Although breeding of new varieties may take 12 %oy&ars of intensive effort, identification of
“stone mutants” among vegetatively propagated croges significantly reduce the breeding
period. Immediately after irradiation, mutation haken place in the planting material. The use
of inappropriate chemical screening tests for gdaopulation of induced plants is chief among
causes of unnecessary delay in noticing a mutatt plith desired traits (Micke, 1962). To
increase the efficiency of mutation breeding, inweroent of screening methods is more
important than length of trials used for raisingtation probabilities (Makino, 2001). Selections
from directly observable monogenic traits (seealyéir and stem colour and early flowering) are
easier than selection from hidden quantitativetdrauch as starch, protein, oil, and inorganic

components (quantitative traits) that require dperistruments for analysis (Makino, 2001).

The identification of threshold characters amongmgitiative traits could be encouraged to speed
up the screening process of useful traits. Amykodabits a threshold character because it has a
differential staining with iodine — thus a normatyose content of starch (> 10%) stained bluish
black and a novel starch stained reddish browngesstgqng a lower-than-normal level of amylose
(Ceballoset al., 2007). Waxy YWXY maize starch shows properties similar to thoseassava
starch (Watson, 1988). Apart from the field iodiast, the field glucose oxidase-peroxidase strip
test shows a brown color for higher glucose con{@atrvalhoet al., 2004). These threshold
properties for quantitative traits have commeraalvantages that have been extensively

exploited to speed up the screening process in spiaetitative traits.

The one plant one grain method, in which one graitaken from each M(M1V;) plant to

sacrifice for the M (M1V2) generation is the most effective method for telecion of easily
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discernible mutations in self-fertilizing crops (&toda, 1962). The spontaneous photon
screening system which allows 600 samples to besumed in an hour to discriminate resistant
mutant plants among a body of susceptible planssteen developed to speed up mutation
detection in grains (Makino, 1998).

2.8.1 Basis of mutation breeding of plants

Mutation breeding induces variations in traits thppear to be recessive compared to the wild
type plant (Muller, 1958; Bhattacharygaal., 1990). At the molecular level, mutations could be
due to base pair changes, recombination or traitgposvhich are independent on the mutagen
used (Burr and Burr, 1989; Walbot, 1988). Cytolaflic mutations can be unnoticeable gene
alterations, insertions or deletions (INDEL) oriwas forms of translocation. The combined use
of induced mutation techniques with vitro culture methods has great potential in breeding
programmes (Leet al.,2003).

Variation at DNA and chromosome levels is the baigermanent mutation. Varieties differ in
their mutability and the kinds of mutant alleleattimay be obtained (Lundqvist and Lundqvist,
1988), because the gene(s) controlling the desiagtdmay not mutate, or the mutated gene may
not be expressed, or transmitted or may have alleffect on the plant and therefore cannot be
selected (Marie, 1967). All genes are induced aistime time but cannot mutate at the same rate
because of differences in gene sizes (number o pag's), gene location and chromosome
structure. House-keeping genes occur in multipfgeand may mutate but the mutation cannot
be recognized phenotypically. They may exist oyaaryptic genetic variation to some extent
comparable with the situation of recessive mutatiom polyploids. The number of such
duplicated genes seems to be substantial.

Genes are no more regarded as beads on a strivg atiered one by one or knocked out by
irradiation (Mike, 1991). A gene may contain 1000000 base pairs and codes for hundreds or
thousands of amino acids making a complicated prot€his seems to open only two

possibilities for mutagenesis: (a) an alteraticat thas a negligible effect on the protein - such a
mutation will not be noticeable or (b) an alteratithat changes the gene structure and the

function of the gene product. Gene alteration mesult in impaired or lost gene function with
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multiple consequences due to gene interactiony theiension depending upon the role of the
particular gene in the metabolism of the cell @ phant (Nathart al.,1991). Such an impaired
gene function should not be confused with the phermn of “dominance and recessivity”. If
such an impaired gene function requires homozygdsitbe noticed, we deal with a typical
recessive mutation but if the impaired functioraiiieady noticeable in the recessive condition,
we deal with a dominant or at least semi- domimantation (Yamaguchi, 2001). Freshly arising
mutations probably start in a heterozygous comdlifwith very rare exceptions). Those that
express are immediately subject to selection. Istrases, the cell(s) carrying such a mutation
will have a handicap and eventually be eliminatedinfthe meristem by a kind of intrasomatic
competition. On the other hand, detrimental mutetithat require homozygosity to be expressed
can be tolerated by the heterozygous cell and eanabried along without problems through
mitosis, as long as DNA replication is not stopping mutation site.

It is difficult to detect and evaluate the variasoat DNA level accurately and this has been an
obstacle to improve the efficiency of mutation lolieg (Fukui, 2001). Various methods have
been developed to detect variations at DNA and mbemme levels. Florescende situ
hybridization method (FISH, e.g., Ohmidbal., 1998) is frequently used to detect chromosome
aberrations. It allows detection as small as Bwn in a plant chromosome. A modified FISH
method (M-FISH) allows chromosomes to be paintedifierent colours (Ohmidet al., 1998).
Genomicin situ hybridization (GISH) (Schwarzachet al., 1992; Jacobseet al., 1995) is also

an effective method to detect genomic belongingshodbmosomes in allopolyploid species. In
contemporary times, many PCR based methods areamailable. The identification of mutants
using the targeting induced local lesions in gero(Mé_LING) method (McCallunet al.,2000)
can deal with any population size due to its paplistrategy of samples. Mutation,
biotechnology, genetic engineering and conventibmaéding methods could employ molecular

tools to speed up the screening process and catiomof desired traits.
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2.8.2 Gamma irradiation

Gamma rays are electromagnetic radiation emittechbypactive decay and having energies in a
range from ten thousand ()@o ten million (10) electron volts (EV). Gamma ray treatment of
plants produces mainly chlorophyll variants i.ébojreo and viridis were predominant. Khahal.
(1998) also reported more chlorophyll variants ugacane after gamma ray treatment.
Although other variants such as plants with thid @orled leaves, vitrified and plants with
comparatively smaller and narrow leaves were alsserved. Lethal and mutagenic effects of
ionizing radiation result principally from incompédy or incorrectly repaired DNA lesions
(Ward, 1994). Among these lesions, strand breaks@msidered to be the most important @li
al., 2007) as they interrupt the continuity and intiggaf the DNA double helix. An unrepaired
single stranded break (SSB) in ssDNA (Fiers andl&imer, 1962); an unrepaired double strand
break (DSBs) in dsDNA (Frankenberg-Schwagfeal., 1981) and cross linking of DNA to itself
or to proteins (Cresst al., 1991) has been shown to be responsible for thwlletffects of
ionising radiation. Ward (1995) reported that réidra induced mutagenesis is due to the
involvement of multiple damaged sites (such as toatvand breaks).

Gamma irradiation (from &Co source) accounts for 80% of mutant plant vaseteleased in
China (Nagatomi, 1992) and 61% of more than 20€cthuse mutant varieties released in Japan
(Hitoshi, 2008). In rice it was successfully atteatpto extensively induce low amylose content
for a better taste. Cooked grains from high-amylose types are usually firm, dry and not
adhesive, while those of low amylose content areeradhesive, moist and soft (Mossnedral,,
1983; Sowbhagyat al, 1987). The most preferred rice in Japan is ‘MiBueen’ (Iseet al.,
2001) which is a mutant with a low amylose cont@%) and excellent taste relative to the
parent ‘Koshihikari’ (with 17% amylose). The tasi€ cooked rice depends on the amylose
content of the endosperm and lower amylose comesniits in a better taste (Is¢ al., 2001).
Some of the gamma-ray mutagenesis include muteatwith a semi dwarf alleled1 from the
USA (Yamaguchi, 2001), mutant cassava ‘Tek bankyéh high dry matter content (40%) and
good poundability; mutant cacao ‘Upper Amazon T89/7Awith resistance to cocoa ‘swollen
shoot’ virus from Ghana (Dang al., 2008); mutant rice ‘Zhefu 802’ with early matyreand

high yielding potential even under poor managenaack infertile conditions, wide adaptability,
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high resistance to rice blast, and tolerance td é@m China; aromatic rice types ‘RD6’ and
‘RD15’, from Thailand (Ahloowalicet al, 2004); a shorter barley mutant ‘Diamante’ with a
increased grain yield from Czechoslovakia (Boumd @mnoutka, 1991); and mutant flowers
and horticulture cultivars from Europe (Lundqvizd08).

2.8.3 Radio Sensitivity Test

The success of mutation breeding greatly dependshenrate of mutation, the number of
screened plants, and the mutation efficiency. Th&ation rate is affected by the total dose of the
mutagene employed, and can be modified by physiod biological factors. Higher doses
inevitably bring about mortality, high pollen andesl sterility and deleterious mutations. To
avoid excessive loss of actual experimental madsgmadio-sensitivity tests must be conducted
to determine LI (the safe dose at which half of the planting makesurvive) doses before
massive irradiation of similar materials are acedpiThe LI}, values vary with the plant parts.
For example, cassava cuttings were given a sefigsadiations after the appropriate doses (25
and 30 Gy) had been determined (Asare and Safoakkafl997). Radio-sensitivity tests on the
regenerated cassava plantlets indicatedoldd 40 Gy, and doses of 25, 30 and 35 Gy were
identified as suitable fan vivoandin vitro grown plants (Ahiabet al.,1997). Reference doses
could be obtained from the international Atomic EyeAgency (IAEA) for some seeds or
sourced from literature. This is helpful for ressaars who lack the facility to conduct their own
tests before the actual mass irradiation. AbouDldtanical cassava seeds were irradiated with
200 Gy f°Co) based on previous experience at the Interretistomic Energy Agency (IAEA)
with cassava as well as with other crops whosessbade similar size as those of cassava
(Ceballoset al., 2008). A 50 Gy ofy-rays was determined to be the optimal dose fongirdy
mutations in a cyclic somatic embryogenic systeroassava PRC 60a under invitro propagation
(Joseptet al.,2004). A radio sensitivity test in six indica ricarieties to determine the optimum
dose 0f*®Co gamma irradiation showed that the optimum doseplianting materials is variety
specific. Based on seedling height reduction, theedate of rice ranged from 200 - 300 Gy for
IR29, 300- 400 Gy for IR51500, 300-400 Gy for IRB27400-500 Gy for IR58430, 300-400 Gy
for Pokkali and above 500 Gy for Nona Bokra (FAGEK\ 1998). After irradiation of 1400

botanical seeds, Ceballes al. (2008) found three mutants from the same mothlered sister
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M, genotypes were derived from the samgrvbther (progeny which was not irradiated serving
as a source of many mutants) and that was a sindingation that within the same species, some
cultivars are more radio-sensitve than the othBn& radiosensitivity genes were discovered in
soybean which could be used to screen cassava lgsmpThe differences in radiosensitivity
between the varieties were found to be controllgdalsingle recessive gene; fBhe second
recessive gene gsacts only in seed irradiation (Takagi, 1969). Tadio sensitive test or Ly
dose of the similar test material must be knownoteefmass irradiation of the test sample
follows. The greater the number of test plantingemal to be irradiated, the higher the chances

of finding a useful mutant.

2.8.4 Mutation breeding of cassava

Mutation screening may be rapid when cassava rdgplaie used for mutagenesis, so that all
mutants are immediately expressed (Josetphl, 1999). Cassava is an out-crossing crop with
heterozygous seeds produced under natural corglitioadiated cassava seeds should be well-
suited to exploiting mutation breeding because tay® propagation allows immediate fixing
of useful traits found in any one of the segregapedgeny. In vegetative propagation of
mutagenized cassava stem cuttings, the obvioustaya is that a superior plant, identified at
any stage of evaluation, can be cloned indefinitéfyis genotypic integrity is maintained
through successive generations of cloning. Suckrsupuseful variations are totally due to the
irradiation effect if the putative mutant and thentrol are stakes (stem cuttings with average
five adventitious buds) from the same original paravhich was compared in the same

environment or .

2.8.5 Mutation breeding of seed propagated plants

In cross pollinating seed propagated plants, domtiradleles provide vigour. One of the
homozygous dominant alleles may become defectivmglurradiation and the dominant allele
left will often show optimal functioning at the gie dose level. Most alleles that have one
detrimental allele are eliminated by selection. sTig in line with observations that cross

pollinating crops like maize tend to accumulatestiious recessive alleles (thereby assuring a
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gene dose of one for dominant alleles) and de@véthess advantage from this (Saleetal.,
1981; Russett al.,1963). In self pollinating seed propagated plantsere homozygosity is the
normal state, dominant and recessive alleles shwand an equal chance to contribute to fitness
as well as good performance in a crop plant (Simagag, 1989). Mutation screening methods
for self-fertilized species are inappropriate f@en-pollinated cross-fertilization species due to
random mating which results in a very low frequermfyhomozygous mutants, which may

segregate from generation to generation (Ukali, 1990
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CHAPTER 3

Identification of novel morphological traits in induced cassava mutants
3.1 Abstract

The morphological characterization of induced cessdants established from irradiated stakes
with Cc®® gamma rays led to the identification of solid nmsawith linear leaf shape and
various chimerical mutants at the;WA stage. The solid mutant was confirmed at th&/ M
stage. These observations indicated that the 3&d@te dose applied could also be effective in
causingin planta modification of starch in roots. Four putative amit plants were identified
with an iodine test. They displayed exceptionalcktajuality characteristics at the;Wh stage,

which could possibly indicate free sugar plants.
3.2 Introduction

Induced mutation has created new genetic variatiatisn crop varieties where natural genetic
variation was limited and insufficient (Ahloowalks al, 2004;Maluszynskiet al, 2001). It also
increases mutation frequency relative to naturantgmeous mutation. Induced mutations are
more acceptable to the consumer than geneticallgifrad organisms (GMO) (van Harten,
1998) because variation caused by induced mutaisongt essentially different from that which

originates from spontaneous mutations (Sigurbj@ams$977; Heinze and Schmidt, 1995).

Gamma rays are energetic electromagnetic waveshwdhac not leave charged particles like
positrons or electrons in their targets. Excesganmma irradiation is lethal. To prevent killing of

all the planting material, a pre-test for survigplanting material is carried out at various dose
(radiosensitivity test). The safe dose at which bélthe planting material survives (lsE) is
noted as a reference dose (Brunner, 1995). A mecisthod for survival estimation was
proposed by Nevilleet al (1998). The common approach is to estimate tfextafe radiation
dose which is accessed through the physiologicgamse of the irradiated stakes (stem cuttings
with an average of five adventitioud buds). Othesrelarchers reported the dose rate that caused a
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50% reduction of vegetative growth of the treatdanp (LDsg) with respect to the control
(Predieri, 2001). The LE for cassava stem cuttings was determined in pusviesearch as 32
Gy (1 Gy = 1 J kg'= 100 rad) (Amenorpet al, 2004). The radiosensitivity test result was used
to estimate the most suitable single acute dosdede®r mass irradiation of similar planting
materials in ensuing experiments. Heinze and Sah(ii@95) suggested a single acute dose
range of L3y (£10%), or an acute dose resulting in 20% survofdfeated material, could cause

effective mutation estimation in the test materials

Identification of cassava genotypes using morpholdgcharacteristics is reliable (Maduakor
and Lal, 1989; Soyode and Oyetunji, 2009). Instefadescribing plant morphology in abstract
terms as in molecular biology, the real morpholabfeatures could help farmers, herbalists and
botanists to recognize functional parts without muambiguity. In a particular farming

community, farmers know observable morphologicarahbteristics very well, as these traits

dominate their vocabulary during communication.

Selection of desired mutants is very effectivet iisi controlled by a single gene (Kearsey and
Pooni. 1996). For example, in the local market&béna, single gene traits such as pink or red
ring colour is associated with mealiness, and gwraots with such colors are sold faster and at

a higher price than the white ones (Amenorpe, 2002)

Plant height, yield, and starch contents are qteive traits which are predominantly controlled
by polygenes. Each gene contributes a small effeuich is called an addictive effect. Due to
genotype x environment (GxE) interaction, the egpi@n of quantitative traits fluctuates and is
therefore not as reliable for morphological chadzation as qualitative traits. Hence,
phenotypic variance in cassava is higher than geimtvariance for traits of agronomic
importance like tuber weight (Mathued al., 1986). Therefore it is difficult to make a precise
description of all the morphological traits dueattarge number of cassava genotypes cultivated
commercially in a large diversity of ecosystems rgheonstant GxE interaction occurs.
Cultivars with more stable yield are therefore eredd. Among morphological descriptors
commonly used in cassava are (i) apical leaf colgrapical leaf pubescence; (iii) central lobe

shape; (iv) petiole colour; (v) stem cortex colo(iv) stem external colour; (vii) phyllotaxix
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length; (viii) root peduncule presence; (ix) roateznal colour; (x) root cortex colour; (xi) root
pulp colour; (xii) root epidermis texture; and flering (Alves, 2002; Benesi, 2002; Nassar,
2005). The reliable morphological traits form thasis for phenotyping of populations.
Morphological markers and molecular markers complatneach other in diversity studies, since
no marker can solely provide all the informatioreded in plant adaptation, breeding, evolution
and conservation programmes without support froherotechniques (Thormaret al, 1994;
Karanjaet al, 2009).

Cassava stems bear a large number of dormant #dwentbuds which can give rise to
adventitious shoots. Adventitious shoots are tlealignaterial for inducing desirable mutations
in asexually propagated plants (Mikkelsen and Sli8i,8) because they ultimately originate and
develop from a single cell which promotes solid ami$ (Broertjes and Keen, 1980; Broerges
al., 1980) or homohistant mutants (Broertjes, 1977;00ud992). Large numbers of solid, non-
chimeric mutants obtained from adventitious buchmégues that have been commercialized,

have been reported by Broertjes and van Harter8j197

Cassava seeds contain multicellular embryos whieh @one to chimera formation. The
occurrence of a chimera can affect the stabilityaahutant and is therefore undesirable. For
example, a chimera was reported to be responsibléhé occurrence of amylose synthesizing
clones derived from an amylose-free potato mutaah (der Leijet al., 1992). Most of the
chimeric plants do not survive, but if they do,fsgbllination will allow segregation and
desirable plants could be selected. Self pollimaig meant to allow duplication of recessive

mutant genes (GBSS responsible for waxy starchgxpression (Ceballat al, 2008).

Cassava seeds are allogamous (cross-fertilized) hagialy heterozygous (Jennings, 1963;
Umanah and Hartmann, 1993). Moreover, low rateffoafering, difficulty in seed germination
and the long breeding cycle further render seeddasutation of cassava arduous (Jennings and
Iglesias, 2001). It is prone to inbreeding depogswith disomic inheritance (Ragit al, 2009).

Due to seed characteristics, the variability geteerdy segregation in hybrid progeny is so great
that there is little chance of the selection of iayed types among seedlings and at the same

time retaining the general traits of the adaptdtveus from generation to generation (Ceballos
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et al.,2008). Variation as a result of irradiation of deenay overlap and confounds the natural
hybrid genetic segregation that makes each botaseea unique. Since the variability generated
by irradiation of seeds is often confused with ahility generated by segregation of progeny
from seeds, there is a need to test nodal stenmgsittvith dormant adventitious buds to study
the effect of gamma irradiation on cassava steningst In this chapter, morphological variation

caused by gamma irradiation observed in th#//Mstage and confirmed in the,;M, stage, is

reported.
3.3 Materials and methods
3.3.1 Sources of materials

The four controls used in mutagenesis were amoedgdp ten dry matter, starch, sugar and
cyanide safe landraces which were selected aftgiuating 250 cultivated species collected
across Ghana (Amenorpe, 2002). The controls wered80OHO001, UCC090 and UCCO026.

The souce materials were grown vegetatively inddume environment and were of the same

age before acute mass irradiation of stakes fartiplg was done.
3.3.2 Radiation treatment

Heinze and Schmidt (1995) suggested that a dogg rainLDso (+10%), or a dose resulting in
20% survival of the treated material, could cauSecgve mutation in the test materials. A
radiosensitivity test was conducted for similardeates (HO 008, Ankra and Medzontem) used
in this study earlier and a 35 Gy kfdose was reported (Amenorpeal.,2004). A total of
1689 stakes were irradiated with 35 Gy gamma nays 2 C8° source and stakes planted with
unirradiated control (HO008, HO001, UCC090 and UE&)0stakes. The 35 Gy chosen was
based on extrapolation from the erradiation respansve obtained in 2004. The 35 Gy was
expected to cause 28% survival following the metlbbdHeinze and Schmidt (1995). The
irradiation was done at the Gamma Irradiation Ge(®IC) of Biotechnology and Agricultural
Research Institute (BNARI) in the Ghana Atomic ByeCommission (GAEC) on 13 June
2007 and planted the following day.

81



3.3.3.1 Field establishment of MV and M;V>

The mutation breedingxperiments were established at the GAEC’s Greeuseéldresearch
farm on high clay content loam soil belonging te thdenta series (Brammer, 1960) with
irradiated stakes from four landraces planted dtez another on the same field. The\W and
M,V fields were 1 and 3 acres respectively. The pigntvas linear and serpentine with 1 m x
1 m inter crop and inter row distances. There waseplica of the same stake for replication
immediately after irradiation because mutagene adisinistered to change the adventitious
buds before they germinate and developed into shootthe same irradiated stake planted.
That means adventitious buds on the stake (stetmguwvith an average of five adventitious
buds) would not maintain the same genetical cargiit after irradiation. Induced plants
derived from such nodes were therefore assumed thfferent. The four controls were plants
germinated from the four un-induced HO008, HO0O0L,AO90 and UCCO026 stakes. Some
alterations in morphology observed on the fielddvig¥/1 and MV, were characterized using
standard cassava descriptors (Guktlal., 1983) in addition to revised descriptors (Fuketla
al., 1998).

3.3.3.2 Coding based on surviving M/, and expected MV, plants

The generated codes for;Wh and MV, fields are shown in Table 3.1 with the survivegvy

and M)V, plants. The coding for the M; field was based on the number of irradiated stakes
that survived. The codes from N1 to N349 were foluced HO008 plants and N350-N390 for
HOO001, N391-N432 for UCC090 and N433-N476 for UCQ®énts. The coding of the M

field was based on the number of induced stakestgdafrom each MW/, plant. Each MV
code had an “N” “prefix” and “P” “suffix”. The “N’referred to the specific W, plant that
survived the irradiation and the “P” is the plamtsiions of sub-plants of “N” on the M,
field. Therefore P1, P2, P3... Pn showed the fosthe last number of stakes planted on the
M.V, field obtained from the “N”.
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Table 3.1 The generation of codes for W1 and M;V; cassava fields

Landraces Survived M1V 1 Codes M1V codes
HOO008 349 NOO1 - N349 NOO1P1, NOO1P2,... NOO1PMIN&4OP1, N349P2,...N349Pn.
HOO001 41 N350 - N390 N350P1, N350P2,... N350Pn 8eRP1, N390P2,...N390Pn.
UCC090 42 N391 - N432 N391P1, N391P2,... N391PMN#B2P1, N432P2,...N432Pn.
UCC126 44 N433 - N476 N433P1, N433P2,... NA33PIN®/6P1, N4A76P2,...N476Pn.

3.3.3.3 Field and laboratory iodine test of starcln cassava storage roots

Potassium iodide 2% (2.0 g KI dissolved in 75% ethawas sprayed on a fresh slice from the
central pith part of each storage root, both onfigld and in the laboratory. Blue-black staining
of cassava starch is typical for normal amyloselapgctin content whereas reddish-brown

staining is typical of amylose free starch.

3.3.4 Results

3.3.4.1 The survival rate of irradiated stakes

Generally, 28% of the total irradiated stakes sigdlithe acute mass irradiation dose of 35 Gy,
representing 476 plants established in th&/Mield in 2007 (Table 3.2). The survival rate of
induced plants across four landraces ranged froi® 38.6%. HO008 induced plants had the
highest frequency of survival (73.3%), followed RYCC126 (9.2%), UCCO090 (8.8%) and
HOO0O01 (8.6%). The survival rate for a particulandeace was termed “the specific landrace
survival” whilst the survival rate across differelsindraces was termed “across landraces
survival” or “between landraces survival” where teem “across” or “between” denotes inter-
relatedness of different landraces. The “speci@cidrace survival rates therefore ranged from
41.5% to 8.3%. Induced HOOO08 plants had the higkestific landrace survival (41.5%)
followed by UCC126 (34.9%), HO001 (18.8%) and UCC(3.3%).
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Table 3.2 The survival rate of irradiated cassavatakes

Landraces Irradiated  Survived Landraces survival
(%)
Across Specific

HOO008 840 349 73.32 41.55
HOO001 218 41 8.61 18.81
UCCO090 505 42 8.82 8.32
UCC126 126 44 9.24 34.92
Average 422 119 25 28.18
Total 1689 476 100

Correlation(A:B) 0.86

3.3.4.2 Alteration of morphological characteristicof induced plants
Table 3.3 shows morphological differences betweeiirnadiated and irradiated plants. There
were three morphologically different plants (in dkats) identified at WV, and confirmed at

the MV, stage.

Table 3.3 Morphological differences between conrand induced cassava plants

Control(Induced) A B C D E F G H | J K
HOO008 (N167) 9 1(2) 5 4 1 3 1 2 2 0 2
HOO001 (N375) 3 1 3 1 3 4 3(1) 2 3 0 1
UCCO090 (N422) 7(5) 1 7 4 3 3 1 2 2 6 2
UCC126 5 1 7 3 3 3 1 2 2 4 1

A. Colour of unexpanded apical leaves: 3=light gréentark green; 7=greenish purple; 9=purple

B. Shape of central leaf lobe: 1=oblanceolate (Fij); 2=linear (Fig. 2b); 3=elliptic; 4=pandurate;|&rceolate

C. Petiole length: 0=absent; 3=short (5-10cm); 5=medili5-20cm); 7=long (25-30cm)

D. Petiole colour: 1=light green; 2=dark green; 3=gisie purple; 4=purple

E. Stem colour: 1=silver green; 2=light brown or oreng=dark brown

F. Storage root surface colour: 1=white, 2= creamlj@# brown, 4= dark-brown (Fig. 6a)

G. Colour of root cortex (Rind) at harvest: 1=whitecogam, 2=yellow, 3=pink, 4=purple (Fig. 6a)

H. Colour of root pulp (parenchyma cells making thetc pith) at harvest: 1=white, 2= cream, 3=yell@wpink (Fig. 6b)

I. Number of levels of branching at harvest : 1=1e¢lle2=2nd level; 3=3rd level

J.  Average number of Tillers formed under the firgiraaluctive branch at harvest: 0 = no tiller; 1 = diler...
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K. Height to first reproductive branching (m) at hatvé= no reproductive branch; 1 = first reprodeetiranch at 1 m and below, 2 =
first reproductive branch between 2m and 1 m

3.3.4.3 Changes of leaf shape

The change from an oblanceolate to a linear shagiee@entral leaf lobe is shown in Figure 3.1.
Before irradiation, the shoot and root systemshefihduced HO008 plant had a purple colour of
unexpanded apical leaves, oblanceolate shape dfethteal leaf lobe, medium petiole length,

purple petiole colour, silver green stem coloughtibrown storage root surface colour, white
coloured root cortex (rind of peel) and white cobml root pulp. It also had two levels of

branching, no tillers and the first reproductivarnmh was between 1 to 2 m high (Table 3.3).
After irradiation, one induced shoot of HO008 wathly linear shape of central leaf lobes (solid
mutant) was observed sharing the same stake glgih&67) with another shoot bearing

oblanceolate central leaf lobes (normal) at th& Mstage (Fig.3.1a). The two un-identical shoots
of N167 were separated at Wb stage. The solid mutant was observed to maintaen t

production of only the linear shape of central lledles as confirmation of solid mutant status at
the MLV, stage (Fig. 3.1c).

S

Fig. 3.1. Cassava mutant plant N167 with linear leaf shape. Blanceolate (normal)
and linear (mutant) shape of the central leaf lobes shoots gainated from the
same stake at MV, stage (a), and were separated into homohistant oblanceo&t(b)
and linear (c) leaf types at M,V,, .

The confirmation of mutant expression in theM showed that the mutant could be
maintained through mitotic cell division and clopabpagation.
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3.3.4.4 Changes of rind colour

Figure 3.2 shows changes from pink to cream an&ighncream rind colours of N375. The
control HOO0O01 had a light green colour of unexpahagical leaves, oblanceolate shape of the
central leaf lobe, short petiole length, light grgeetiole colour, dark brown stem colour, dark
brown storage root surface colour, purple colouded cortex (rind), and cream colour of root
pulp. It also had three levels of branching, ntersl and the first reproductive branch was
between 0 to 1 m high (Table 3.3). After irradiatichanges from pink to cream and pinkish
cream colours were observed under the same N37& pla

. B“< CREAM

”

Figure 3.2. Cassava mutant plant N375 with alteratin in rind colours. MV,
clone N375 with pink (A) cream (B) and a pinkish am (C) rind types.

3.3.4.5 Changes of unexpanded apical leaf colour

The UCCO090 control had a greenish purple colouurséxpanded apical leaves, oblanceolate
shape of the central leaf lobe, long petiole lengtirple petiole colour, dark brown stem colour,
light brown storage root surface colour, cream golaf root cortex (rind) and a cream coloured
root
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Fig. 3.3. Cassava mutant plant N422 with alteratioin unexpanded apical leaves
colours. M,V, clone with both apical leaf types (a), and W, clones with normal
purplish green (b) and mutant dark-green(c) leafypes.

pulp. It also had two levels of branching, sixetif on average and the first reproductive branch
about 1 to 2 m high (Table 3.3). After irradiatiohUCCQ090 stakes, some tillers of N422 were
observed to change from purplish green (normal) tb)Xark-green (mutant) (c) colour of
unexpanded apical leaves (Fig. 3.3) at th&/ Mstage During the MV, propagation stage, the
normal and the mutant shoots of induced N422 plemé separated into respective plants.

3.3.4.6 Induced UCC126 plants

Control UCC126 had a dark green colour of the uaagpd apical leaves, oblanceolate shape of
the central leaf lobe, long petiole length, grelemuarple petiole colour, dark brown stem colour,
dark brown storage root surface colour, cream gelbuoot cortex (rind) and the cream coloured
root pulp at MV, stage. It also had two levels of branching, fdlers and the first reproductive
branch height between 0 to 1 m (Table 3.3). Indygadts of UCC126 however, did not show

any observable morphological differences from thetiol during the MV stage.
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3.3.4.7 Variations which were not expressed in W but in M,V

The morphological changes that were observed oni:V, plants are presented in Figure 3.4.
The variation in chlorophyll pigmentation (a), mplé shoots from the same node with different
leaf forms and colours (b), stony head with retdrgeowth (c) and variation in plant storage root
numbers as a result of increase in plant root vigdrwere common across the four induced
landraces.

Fig. 3.4. Common changes in morphology and vigouff induced cassava at MV,
stage. M,V clones with chlorophyll variation in leaves (a), mltiple shoot with
deformed leaves (b) stony head with retarded growtrand vigor (¢) and variation
in storage root numbers (d).

= NG 2 i

When the cut roots were subjected to the iodini défference in reaction of iodine with starch
in the central pith was observed (Figure 3.5). @tan most of the induced plants and their
controls reacted with iodine solution to turn blblack except induced plants N281P16,
N357P5, N394P82 and N441P54 with shades of redatistvn or yellow or Khaki colours
(Figure 3.5 (d) lab.).
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i o A
Fig. 3.5. The cassava root structure and preliminary field ad laboratory iodine
tests of M,V,, plants. M,V, clones showing root structures of peel (a) and flesh (b),
and changes of the central pith colour from blue-black (nornal) (c) (d) to brown
(d) in N281P16, N357P5, N394P82 and N441P54 clones only odit4d00 M,V,
clones tested in MV,

3.5 Discussion
3.5.1 Survival rate of irradiated stakes

The germination of stakes in the field depends atew air, genotype and the irradiation dose.
Since planting of stakes from different landracess wlone in the the same homogeneous field
and location, then the variation in environmentadtérs must be assumed to be negligible. In
addition, the effect of genotypic variation befareadiation was nullified since stakes for

induced and control plants were originally from @anenon cell lineage of the same landrace.
After irradiation of stakes, any significant difégrce experienced in the induced plants in terms

of survival, morphology and reaction with iodindwgmn could be due to irradiation effect.

The survival rate varied across the four landradéss agrees with Briggs and Konzak (1977)
and D’Amato (1992) who reported that radio-sengitivaries with the physiological condition
of the plant. The survival rate of induced HO008.8%6) was the highest, followed by UCC126
(9.2%), UCCO090 (8.8%) and HOO0O01 (8.6%). The numtleirradiated stakes had a strong
positive correlation (r = 0.86) with the survivate of induced plants. This suggests that the
more stakes irradiated the higher the chance dimbty survivors. Although the number of
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irradiated stakes for UCC126 was the least, itthadsecond highest surviving rate, which may
indicate that a higher number of stakes alone mightbe a sufficient factor controlling the
survival of induced plants, therefore may alsolm®enough evidence for explaining the survival
rate of all induced plants. This confirms that niotais a random phenomenon and could not be
totally controlled. Irradiated stakes with sufficiemoisture might have higher chances of
germination in moist soil than drier ones. Theetiéince between the survival rate of HO008 and
others was due to a larger number of fresh stakasable for irradiation. This suggests that
HOO008's stakes might have had a higher moisturéecbrcompared to the other landraces and
therefore had a higher frequency of specific laodrsurvival than UCC126, followed by HO001
and UCC090. This was supported by a report thatbst frequent primary target of ionizing
radiation is the water molecule because correlatimetween the physiological status of plants
and their radiosensitivity are often determinedtly water content of the tissue (Britt, 1996).
The irradiation of tissue is affected by hyperhgiy, which can increase the frequency of
individual mutations (Cassells, 1998). The spectiigvival rate measures the physiological
condition of the stake just before planting, vamethin each landrace because moisture content
of main stem and branches differ. Therefore theciipdandrace survival rates could be an

additional factor controlling the survival rate.

The numerous dormant adventitious buds (axillargshuwon stems were comparable to seed
embryos awaiting favourable conditions to develdp shoots (Konaet al.,2006; Ogbeet al.,
2001). Under good soil moisture, length of the stalanted, number of adventitious buds on the
stake and the orientation of stakes to the soilasar one to three adventitious buds could
germinate into one to three main shoots (Fig. 3.B@pending on plant height, reproductive
branches, age and tillering habbits of the thre®t) an explosion in the number of\¥4 plants
could be experienced since the number of stakesnaat from each MW/, plants ranged from 2-
183 (data not shown). This emphasized that the eumibinitial cassava stakes required to start
mutation breeding cannot be in tens of thousark@sdassava seeds. Otherwise, more pressure
was to be placed on land, labour and capital redquio select the few useful mutants from ~
7616 induced stakes planted on the/Mfield.
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3.5.2 Changes in leaf shape

The change in leaf shape and colour of N167 imditation of two genes that mutated together
and might belong to the same linkage group (locatethe same chromosome) but are separated
by vast stretches of introns. In cassava theretvaoedistinct types of leaf types: broad and
narrow. Jos and Hrishi (1976) concluded that theowaleaf shape is dominant to the broad
shape and that the trait is monogenic. The linganarrow trait observed is a dominant
monogenic trait but it cannot be determined whethemutant plant is heterozygous or
homozygous for the dominant allele by simple obston. This is one of the rare cases where a

recessive trait mutated into a dominant trait.

If somatic or a genetic mutation was induced aceal&ntitious buds of the same stake planted
differs, then different morphological shoots coldd observed on the same irradiated stake
planted at the MW/, stage (Fig.3.1a). The linear shape of the cemafl lobe obtained from
N167 is a solid or stone mutant that originatednfra single cell or very few cells in the
adventitious bud which developed into a single sh8olid mutants like N167, were selected at
the MV, stage because it could be spotted easily as pknng vigorous growth of uniform
healthy linear leaves. This experiment therefomaalestrated the identification of solid mutants
in the first generation, followed by cloning angbaeation of mutant shoots from the non-mutant
shoots in the second generation. This agreed withriger (1995) who reported that the selection
of mutants usually begins in the second or lateregation for vegetatively propagated plants,
because it will be much easier to recognize mutaadsthey segregate. Through mitotic cell
division and cloning, as in vegetative propagatiooth altered traits were fixed permanently.
That means that a new kind of plant has been dpedl@nd established in this experiment.
Irradiation effects might be somatic or a genetigtation. Somatic mutation occurs when the
mutant cell continues to divide mitotically to sapp growth and development. This is an
epigenetic mutation which causes the formation isefirttt cells, surrounded by un-modified
tissue (Brar and Jain, 1998). In vegetatively pgaped crops such variation could be identified
early if an appropriate screening strategy is astbptt is established permanently through
cloning, provided that it is identified with noveseful traits. In seed propagated crops most of

the somatic mutations are not inherited and sudati@ns will disappear in the next generation.
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But when the trait is a genetic mutation, a permaobhange in the DNA sequence that makes up
a gene isnvolved. It might originate from the changes isence of bases which are located in

exons or introns.

The two morphological types observed in the N16Y hmave been due to two adventitious buds
close to each other which had experienced indep¢ndetagenic effects. This underscores the
importance of evaluating each shoot individually éasuspected or putative mutant) and never a
collection of the same plant from the same stot&rafradiation. The focus is mainly on the
selection of a few useful traits and rejecting tands of induced plants which share similar
characteristics with the control already in cir¢cida among farmers. The extent of variation of
putative mutants from the control is a useful iatlic of successful mutation in vegetatively

propagated crops.

3.5.3 Changes in leaf and rind colours

The most reliable prominent morphological traitediby farmers to identify their varieties in a
particular location are colour variables (Eleisal., 2001; Alves, 2002). Some morphological
traits such as colour variables, especially cotduapical leaf, leaves, stem, petiole, root surface
rind (cortex) and pulp of root appear more saliwain others, which is not surprising because
colours of above ground parts are salient traitsdentification, and colour of the pulp is under
strong diversifying selection (Eliast al, 2001). Colour variables are those that show ¢lastl
intra-varietal variability. In the field, colour xiables seem to play an important role in
assessment of similarity, as they do for other Aonéan cassava cultivators (Boster, 1985). An
induced plant may have the same morphological nditdiffer in root cortex colour; therefore
root system features could supplement the shodersy$eatures in accurate identification of
mutant. Some salient traits were, however, higlagable in a heterogeneous environment, and
this might cause confusion between varieties. Qol@uiables are monogenic traits which are
highly heritable compared to polygenic traits.

There is a difference between how the solid muyptanit N167 and chimeric mutant plant N422

were developed. In plant N167, two different shagseloped from the same stake of 15 cm
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with an average adventitioud bud of 5, while ontieshoot was produced in plant N422, which
later developed different tillers. At one side lo¢ tstem of plant N422, normal apical leaf colour
tillers were produced, whilst the other side preetutllers with mutant apical leaf colours. This
shows that in plant N167 only one cell was fullytatad whilst in N422 a layer (or chimera
cells) was mutated which later developed intortiffeitants. A tiller mutant is described here for
the first time as a vegetative shoot below the feproductive branch with novel features caused
by mutation. The chimeras could be depicted asclpgal, mericlinal and sectorial. Periclinal
describes the stable, "hand-in-glove" arrangemdnthe tunica-corpus region; mericlinal,
describes a type of periclinal where only part ¢dyger is mutant, and sectorial, describes a form
where a solid sector through all apical layers istant (Satina and Blakeslee, 1941). Those
adventitious buds located in the sectorial chintaezgion of the stem later developed into shoots
with new morphology whilst the non-chimaeric regimaintained the nature of the control. The
observation of tiller mutants in N422 at both;\Md and MV, confirmed that it could be

sustained through mitotic cell division and clopedpagation.

The identification of three different cortex (rindplours under the same plant may be an
example of distortion of an enzyme responsible f@intaining the integrity of pink colour
formation in plant N375. Generally, the productionsolid mutants, without chimeric sectors
which is an imperative for vegetatively propagateaps, usually take up to a minimum of four
cycles of clonal propagation to generate homohist@ven undem vitro culture conditions
dealing with less tissue. In Figs. 3.2, 3.3 fotanse, dissociation of chimeras into solid mutants
is still required at the MW/, stage in order to separate the different typetea¥es and rind

colors, respectively, into individual plants thandreed true.

3.5.4 Other phenotypic changes observed in the M, stage

The conventional method of describing the genotyddhle tunica and corpus regions is the use
of the abbreviations L.I, L.1l, and L.IlII which regsent the outermost layer, the next tunica layer
and the corpus, respectively (Satina and Blaked!@41). Such designations are, in the case of
chlorophyll chimeras, generally based on the agrear of leaves and other organs produced by

derivatives of the apical meristem. This may ndenéo the precise meristem cell layers, since
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chlorophyll is not synthesized or detectable intiln@ca and corpus cells of the meristem itself
(Dermen, 1960). The variation in chlorophyll pigrtegion (Figs. 3.4 a;b;c) is one of the

physiological damage symptoms with albinism behgmost common.

The ability of the middle tunica layer cells (L. divide into the outer layer (L.1) and inner
layer (L.III) was reported in potato and was thasmen why amylose-free chimera mutants
suddenly started developing both amylose and wakegrs (van der Leigt al., 1992). In this
study, normal appearing M; plants suddenly developed chlorophyll variatiorldaves at the
M,V stage because they were harbouring chimeric ell.cThese cells were waiting for apical
dominance to be removed before they could be dpedland expressed during the\M stage.
During vegetative production of stakes from\M plants as planting material for the W4 field,

the apical dominance was broken, allowing chimeritcells to divide and produce new shoots
with a variegated chlorophyll pattern and othemwdric expressions (Fig. 3.4a-c). Thus, the
vast majority of variegated-leaf chimeras haveearisy spontaneous nuclear or plastid mutation
(Kirk and Tilney-Bassett, 1978). Gamma ray mutagenés responsible for the chlorophyll
variants observed in shades of green (Fig 3.1aBd33.4a). This agreed with Khahal. (2009)
who had reported several chlorophyll variants igasaoane after gamma ray treatment. It is
likely that adventitious shoots are derived frone @n a few cells (Hovenkamp-Hermeliekal,
1987;Broertjes and van Harten, 1985) and if they diddarhimeric L.1I cell which segregates
into two genotypes, a new vegetative shoot is eesewith normal or variegated leaves on the
same plant. If the adventitious bud is originatexhf a single cell or very few cells, the chances
of obtaining chimaeric plants would be drasticatgduced and there would be a higher

probability for the mutated cells to develop inthid mutant plants.

A node is expected to produce one adventitiousviZuidh later develops into a single shoot but
a node depicted in Fig. 3.4b rather produced maltghoots with narrow, thin, smallish and
physiologically damaged curled leaves. Leaf abnétims could be due to chromosomal
breakage, disrupted auxin synthesis and accumnlaifofree amino acids (Sparrow, 1961;
Kanakamanay, 2008). This shows a disorganizatianaddventitious bud by gamma irradiation
which resulted in nuclear and plastid mutation witese symptoms. Cytokinins cause initiation

of mitosis and rapid cell division and cells withocytokinins cannot progress to mitosis
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(Valenteet al, 1998). After cell division, gibberellins stimudatells and stems to elongate and
grow (Berg and Berg, 2007). It implies that numerousoshobserved at a single node were due
to over stimulation of cell division by cytokinirend cell elongation and differentiation into
shoots by gibberellins (Fig. 3.4b and in Fig 3.4unfortunately the rapid shoot production was
not supported by rapid root development, hencetlgl@nwere not adapted well enough to absorb
enough soil nutrients to survive in the field, lésg in physiologically retarded growth.
According to Kovacs and Van'thof (1971) the redugedwth could be attributed to a delayed
onset of first mitosis and an inhibition of DNA dkesis. Radiation induced mutagenesis is due
to the involvement of multiple damaged sites (Wai®95), which are incompletely or
incorrectly repaired DNA lesions. Strand breaksamesidered to be the most important lesions
(Ali et al.,, 2007) as they suspend the connection and retyalii the double helix. An
unrepaired single strand break in simple strand ONArs and Sinsheimer, 1962); an unrepaired
double strand break in double strand DNA (Frankegi&ehwageret al., 1981) and cross-
linking of DNA to itself or proteins were identiflewith the lethal effects of ionizing radiations
(Cresset al.,1991). This, and the fact that over-productiorefs, which were not supported by
cell differentiation at the apical meristem, weaaitributing factors to the stony head observed.
Therefore the ratio of auxin to cytokinins in cartglant tissues determines initiation of
specialized meristematic cells such as root veshost buds and their further differentiation into
various plant organs. Gamma irradiation could ttoeeedistort this ratio and alter the course of
normal shoot and root developments into alteratstraostly observed.

3.5.5 Changes in iodine interaction with starch

The extraction of starch from the putative freeasugiutant was difficult and as a result little
starch was available for other physical and biodbhahanalyses. The detailed enzymatic basis of
free-sugar cassava mutants was explained in Chaf@e-10. Some scientists explained free-
sugar mutants in terms of reduction in amylosdjiteato over accumulation in an excess of 100
times more free sugar (mainly glucose) than comiakevarieties (Carvalhet al, 2004). Weak
acids such as glucuronic acid or galacturonic ad minor sugars such as mannose, also
accumulate in free sugar plants (Reiggral., 1999). It is the amylose fraction of starch that

reacts with iodine to give a blue-black colour iormal starch granules. It was reported that
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amylose-free starches, such as those from waxyaeasand cereal mutants, stained red with
iodine solution. However, some other cereal endosp@utants also stain abnormally with
iodine solution. For example, the endosperm of su@amutants of rice contains a red-staining
soluble glucan called phytoglycogen, as well ag4staining starch granules (Nakametaal.,
1996). Therefore a failure of starch to turn blleck with iodine solution implies that waxy
mutants and free-sugar mutants are suspected.dfakylose in addition to the observation of
the blue-black colour implies that a waxy mutantth® most probabable candidate. The
reduction in amylose content, in addition to theussulation of reducing sugars, makes starch
turn reddish brown with the iodine solution, theref makes the free-sugar mutant a prime

suspect.

The importance of field (Fig. 3.5¢) and laborat¢Rrg. 3.5d) iodine tests is in its ability to
identify amylose containing plants from amylosesfamylopectin) mutants at an early stage in
order to reduce the cost of mutation breeding. Wthenamylose level of starch falls far below
10%, the brown colour deepens, signifying the preseof more waxy starch. The brown colour
clearly signifies that starch (amylose) biosynthesias altered in plants N281P16, N357P5,
N394P82 and N441P54 (Fig.3.5 c-d) affected by gannradiation. Comparing Fig. 3.5d to the
reported free-sugar pictures of Carvalitoal. (2004) (Fig. 3.6, PANEL A) and reported free-
amylose pictures of Ceballes al. (2007) (Fig. 3.6, A and B), and personal commuiocaDr.
Hernan Ceballos (author of 64) led to the conclusi@mt the putative mutant may be similar to
the free sugar cassava mutant reported by Canetltad. 004). Therefore plants N281P16,
N357P5, N394P82 and N441P54 might be novel freessogitants.
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PANEL A
1AC 12-829 Al

PANEL B A
[ LAC 12-829 B1
iw
CAS3IG. I B2
id
el

CAS36.0 A3 Source: Ceballoset al. (2007)

B3

Source: Carvalho et al. (2004)
Fig. 3.6. The reaction of iodine solution with storage root assava starch. Normal

starch reacts with iodine to form blue-black but mutant starch form a reddish

brown colour. Brown colour could mean free sugar is present & in panel A

(CAS36.1 and CAS36.0) (Carvalhaet al., 2004 ), or amylopectin is present as in A

and B (Ceballoset al., 2007). To know which one is present, a glucose strip test is

required. Free sugar forms a brown colour (B2 and B3) with a glicose strip (panel

B. Carvalho et al.. 2004) but amvlopectin does not react (B1)
Other scientists explained the free-sugar casskrdaspin terms of a reduction in amylopectin
production which leads to an accumulation of fragass. Although starch is not soluble, it
becomes water soluble free-sugar starch (phytogbmp only when enzymes responsible for
amylopectin packing into an organized crystallitracture (debranching enzyme responsible for
x-1-6 glucan hydrolysis) are anti-sensed to prodiistorted crystalline structure (Taylet al.,
2004). This is in agreement with Carvalkioal. (2004) who reported a free-sugar cassava with a
glycogen-like starch. It possessed the gene coftinghe ADPGpyrophosphorylase small sub
unit needed for glucose residue production butdedcthe gene coding for branching enzyme.
The reduction in branching activity could mean gwerduction and accumulation of linear1-
4 amylose, increase in amorphous region, decreasenylopectin and decrease in crystalline
region of starch granules. The excess amylose ptietucould lead to a shut down mechanism
of amylose biosynthesis pathway but activationreéfsugar parthway. As over activity of gene
coding for the ADPGpyrophosphorylase would causa@umulation of glucose residue which
accumulates as phytoglycogen. This is a diversimmf normal water insoluble starch

biosynthesis pathway to abnormal water solubleagadike starch pathway.
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3.6 Conclusions and recommendations

The early characterization of M; plants developed from cassava stakes irradiatélul @df°
source of gamma radiation was helpful in the idexatiion of a linear shape solid mutant and
chimerical mutants. Most of the chimera mutantsensot expressed in the;M; stage due to
apical dominance in the shoot system but were felpressed during the M, stage when
apical dominance was destroyed by removal of thex &b induced plants during the vegetative
cutting of stems to be used as planting materighénM,V, stage. Since apical shoot dominance
had no effect on the root system, a chimera waalglexpressed in the root rind colour at the
M,V stage. The good aspect of the chimera was tladitates whether dose rate applied was
efficient or not for predicting mutation rate iretipopulation. The identification of chimera and
solid mutants among plants indicated that the iataah dose applied was effective and could
lead to identification ofin planta modified starch. Eventually, four putative mutamtsre
identified with the iodine test to possess altestatch qualities, suspected to be a novel free-
sugar cassava mutant at theylstage. It is recommended that blue-staining stgrahule tests

be conducted on putative free-sugar mutants N281RB67P5, N394P82 and N441P54 for
confirmation of their free-sugar status in the spgent mutation breeding stages, which was not

covered here due to a lack of funding.
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CHAPTER 4

Variations in the anatomy of starch granules of indiced cassava mutants

4.1 Abstract

Induced plants were evaluated individually basednmrphological traits of starch granules
using light andscanning electron microscopy. Many planta mutations of starch granules
occured, but not all of them are useful. A smainber of useful ones were selected. Control
landraces produced only up to trivalent compourdcht granules, but induced putative free-
sugar mutant N357P5 produced up to dodecavalent dd@pound starch granules. Linear
central leaf lobe solid mutants (N167B, N169P4) anthtive free-sugar mutants (N281P16,
N357P5, N394P82 and N441P54) produced fissuredutgamut plants N398P3 and N481P26
showed highly fissured granules with higher watescaption properties and flake production
properties than the rest. A monovalent granule yeogy plant (N110P2) simultaneously
produced small uniform granules with smooth sudagghout dents/holes or compactness and
fissures and were therefore suspected of havingehigesistant starch properties compared to

the control.

4.2 Introduction

A starch granule is solid material with a densityapproximately 1.5 g/ml (Hoover, 2001). On
average, a normal granule contains one-quarteraa®ydnd three-quarter amylopectin. These
macro molecules are insoluble in water at room tmatpre. They therefore exert a minimal
osmotic effect on the plant cells in which they fmend. Starch can be found in leaves, stems,
pollen grains, roots (cassava and sweet potatogrsupotato, yam), cereal grains (wheat, rice,
corn, oat and barley) and fruits (banana, plantaing sugar produced from photosynthesis is
stored in leaf chloroplasts as small transitorycstagranules during the day and in the night
excess granules are hydrolyzed to sugar and tratskb through the phloem to amyloplasts for
storage. Transitory starch has a smaller granake thian the reserved starch. The sizes of the

cassava starch granules range from 2 ud0(Moorthy, 2002). The size and shape of the
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amyloplast is species dependent (Dagisal, 2003). Mutation induction could be used to
modify the size and number of amyloplasts which Moresult in tailoring granule size
distributionin planta(de Pateet al, 2006; Shaptest al.,2008). Small sized amyloplasts could
produce small sized starch granules and vice @es#&ateet al, 2006). The modification of
starch is relevant when considering the mechanisstanch degradation by enzymes, because
enzymes are bond specific and can therefore hyskabyly substrates complementary to their
active site. As a result selective hydrolysis ofylise leaving amylopectin lamellae can be
achieved when amylose specific enzymes are emploltaslould not make much difference to
acid hydrolysis of granules since acid providesadl@ase hydrolysis of both amylose and
amylopectin bonds at the same time. Many glucarabudizing enzymes were inactive to
native starch granules (Buléat al, 1998). Smaller granule sizes present a supstidace
area to volume ratio for a faster rate of enzynydrblysis (Shapteet al.,2008). Varieties of
maize with small starch granules were reportedaeehow amylose content (Sandhtial.,
2004; Choiet al, 2004). Large wheat granules were reported to laavimcreased enthalpy of
gelatinization, lower gelatinization temperaturBerfget al, 1999; Singh and Kaur, 2004) and
result in softer textured flours than smaller gtasyGaine®t al, 2000).

Larger than normal pores or holes in granules caltb be induced by mutagens. The
dents/holes, pores, pinholes or fissures on tHamiof granules could aid hydrolysis of starch
(Fannonet al, 2004; Benmoussat al, 2006) because they funnelamylase enzymes directly
to the centre of granules (Huber and BeMiller, 2081d erode granules inside out (Fanebn
al., 2004). The dents/holes, pores, pinholes or fiesswould therefore increase cassava starch

digestibility and expand its end uses.

Light microscopy (LM) produces coloured pictures iebh is ideal for nearin situ

characterization of starch granules. Scanning relectnicroscopy (SEM) produces three
dimensional monochromatic images which could bel usestudy the ultra-surface structure of
dried granules as a complementary tool for LM (QiGell et al, 2008). In the previous chapter
solid mutants and chimerical mutants were iderdtibethe MV, stage which was confirmed at
the MV, stage during plant morphology amul planta starch modification studies. In this
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chapter LM and SEM were used to identify inducedseaa plants with usefuh planta

modified starch granules.
4.3 Materials and methods
4.3.1 Irradiation, planting and harvesting of surviving M;V; and M1V, plamts

A total of 1689 stakes (stem cuttings with an ageraf five adventitioud buds) from four elite
landraces of cassava were irradiated with 35 Gha@tGamma Irradiation Centre (GIC) of the
Ghana Atomic Energy Commission (GAEC) on 13 Jun@72fbr in planta modification of
starch (see chapter 3 sections 3.3.1-3.3.4 foilsletaradiated stakes were planted on th8 a#
June, 2007 at the GAEC research field without Ifeatiion, with un-irradiated four landraces
serving as controls. The field was planted in Bne in continuous serpentine turnings. All of the
M,V plants were harvested one year after plantingaaradysed with LM and SEM. The M,
field was planted with 8442 induced stakes fronivMplants (HO008 (4966), HO001 (353),
UCCO090 (1614) and UCCO026 (1509)) in 2008 which Wwasvested in 2009. Though all the
plants’ storage roots were tested with iodine, albthe M)V, plants were harvested, due to the
large population size and the need to evaluatetplandividually. The following sampling
strategy was used: Plants with clean to mild leeglafrican Cassava Mosaic Disease (ACMD)
were identified and three plants with bigger disenetf the basal stem were randomly selected
from plants arising from common cell lineage of\M or related to the sameM;. These three
plants were harvested and fresh root weight detexthseparately with a scaled-pan. Percentage
starch content was determined on a fresh root webgkis for each plant using the specific
gravity method of Brautlecht (1953) as modified iy Danish EU-directorate (1996). Root
samples from each plant were taken for charactesizavith LM and also for starch extraction

for ultra-structure evaluation with SEM.
4.3.2. Characterization of granules by light microsopy

The transverse section of a freshly harvested ggoraot was pressed on a clean microscope

slide to leave prints of starch granules neagitu (it is assumed that the storage root prints draw
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the picture of the transverse surface of the cassast on the slide with starch granules that are
not mechanically damaged and are representatitieecdame state as found in the living root.
The root prints were used for establishing the titleof plants. The starch prints were stained
with a drop of 2% potassium iodide (2.0 g Kl dissal in 75% ethanol) solution and covered
with a cover slide. Care was taken not to dislodgeshift the components of compound
granules. The samples were examined with an Ex@ptacal Technology microscope (Mod.
B3, S/n 220434, Germany). Ten pictures were rangdaken across each slide at 100x fixed
magnification of the microscope and 4x fixed maigation of the digital camera attached to the
microscope, thus making a total of 400x magnifmatfor each sample examined. Three
diameters were determined for three radomly sedegtanules from each picture, and a total of
30 diameters were measured across 10 picturesepetygpe. The average image diameter size
per genotype was determined and the object diamizieicalculated using a formula:

. . image size
Object size = 9

(D).

magnification ars wEs wan waw ommw wms wws wwn owas

The object sizes were used to classify the sizgrafiules as small (1-10m), medium (11-25
um) and large (>2um) (Lindeboomet al, 2004). Other morphological features of granules
were determined based on the descriptors develmpeég@resented in Figures 4.1: 1-11.

4.3.3Ex situ characterization of granules by scanning electron mroscopy (SEM)

4.3.3.1 Starch extraction and drying

Peeled cassava roots were washed with tap wateb@hd) was chopped into 2- 4 Erhips
with stainless steel knives. It was blended in B@l0tap water at 2000 rpm for 5 min in an
industrial blender. The slurry was then mixed withtre of tap water and sifted through a 500
um mesh sieve (Endecotts Ltd., London) into a ptasticket. Another litre of tap water added to
the starch slurry, mixed and the starch left tdlesdbr an hour. Well extracted cassava starch
settles between 30 - 60 min and gives a good yubligh is free from colour, proteins and fats
(Moorthy, 1994). The supernatant was decanted lamdesidue dried at room temperature under
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ceiling fan until the moisture level dropped bel@@f%. Dried starch was bagged, labelled and

sealed until further use.

4.3.3.2 SEM of starch granules

An aluminium pin stub was dipped into the dry dtawith a moisture content between 8.5-
11.9% determined with near infrared spectrometrypél 8100 No. 334, PerCon Prifgerate
GmbH, Germany) to pick up granules which were refadysputter coating. For flake property
determination of granules, two dry aluminium pinbst were dipped simultaneously into the
starch sample to pick up some granules by adhesidrthe granules were crushed between the
two stubs before sputter coating. Mounted star@nges were coated with gold (20-30 nm
thick) for 135 s at 20 mA in a Biorad sputter coafilicroscience division, England) and
examined using a Jeol 6400 SEM (Tokyo, Japan). émagere captured by Orion version 6
digital capture cards (E.L.$prl, Belgium).

4.3.3.3Water absorption properties

Moisture in the dry starch sample (50 g) was iliftidetermined by near infrared spectrometry
(Inframatic 8100, No. 334, PerCon Priufgerate Gmig€rmany). Starch was dried under
vacuum for 24 h and after being re-exposed to ghhexsc moisture, the moisture was
determined daily for a 12 day period. This was iedriout to compare the moisture content,
moisture loss and moisture re-absorption of casstar@h from control landraces to two flaky
starches obtained from induced N398P3 and N426R2isp

4.4 Results

4.4.1 The surviving stakes of the W; and M,V

Table 4.1 represents the number of surviving plémts the MV; and MV, stages. Control

landraces were HO008, HO001, UCC090 and UCC026sandving induced plants (enclosed)

are presented in column 1. A total of 476\Mland 8177 MV plants survived. Also the average
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numbers of surviving MW/; and MV, plants were 28% and 97% respectively (a 69%
difference). The number of M, plants was 1617.9% more than\¥ plants. The number of
cuttings of MV, plants had 100% specific landrace survival exd#P0D08 which had 95%
survival.

Table 4.1 Plant survival rate at the MV, generation

Plants Number of stakes Number of stakes from MV plants

Irradiated Survived Survived within Survived within
LandracdInduced) (My) (M.V4) a landrace (%) Planted Survived a landrace (%)
HOO008 (N1-N349) 840 349 41.55 4966 4701 95
HOO1 (N350-N390) 218 41 18.81 353 353 100
UCC90(N391-N432) 505 42 8.32 1614 1614 100
UCC26(N432-N476) 126 44 34.92 1509 1509 100
Average 422 119 28.18 2111 2044 97
Totals 1689 476 8442 8177

4.4.2 Morphological descriptors for characterization of granules

The morphological descriptors developed for naaitu andex situcharacterization of cassava

starch granules are shown in Figures 4.1:1-11. &kdescriptors covered the size and shape of
granules, the presence or absence of compoundlgsamoultiple-head granules, dents or holes
in granules, compact granules, smooth or roughaserbf granules, deep fissures and surface

protrusions.
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Figure 4.1.(1-11). Descriptors for near in situ characterization of cassavi starch
granules using coloured LM (400x enlargement) photographsand ex situ
characterization using monochromatic SEM photographs.

1. Types of monovalent starch granules from root pulp (Parenhyma) (400x).

An “A” granule is half
bowl shaped (A). The “B”
granule is round or oval
(B). The “C” granule is
irregular in shape and
smaller than “A” and “B”

(©).

2. Size of starch granules from root cortex (rind)
(400x) *Care should be taken to avoid contamination
of root pulp granules with cortex granules on slidg

small (1-10pum)
1 small (1-10um)

2 medium (11-25um)
3 large (> 25pum)

1 small (1-10pm)

2 medium (11-25p 3 L
3 large (> 25um) -y N
’
)
-l . o N
small (1-10um) (11-25pum) C (>25um)

*Cassava granules should be classified as smab (R}, medium (10-2xm) and large
(>25um) (Lindeboomet al.,2004).

4. Form of starch granules from root pulp (Parenchyna) (400x)

1 uniform*
2 non-uniform

uniform non-uniform
* A granule is uniform when 2- 10 photographs takenoss a slide produce similar
daranule sizes. and if there is not much variatiogizes of aranules in a particular phe
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5a. Type of compound* granules of starch from roopulp (Parenchyma) (400x)
(*compound granules composed of two or more largegjes stacked together)
monovalent (MoNoV e .

divalent (div) -
trivalent (triv)
tetravalent (tetrav)
pentavalent (pentav
hexavalent (hexav)
heptavalent (heptav
octavalent (octav)
nonavalent (nanov)
10 decavalent (decav) =

11 undecavalent g
12 dodecavalent

i . - -
monova ‘ent ~ divalent trivalent

O©CO~NOOA~WNEPER

/~

>

g
o

I - - .
tetravalent dodecavalent undecavalent

5b SEM pictures confirming the presence of diffenat compound granule types witl
large marks all over the surface. g

Tetravalent (a) and hexavalent (b) types
compound granules with three and five la
marks on the surface of disengaged granule

6a. Multi-head* of a starch granule from root pulp (Parenchyma)(400x)
(* Multi-head granules composed of many small glasattached at one side)

1 present : ‘A/ t
2 absent p =

present . present absent

6b. SEM pictures confirming the presence of multi-headed* ganules

*Confirmed with SEM by many small attachment poiat®ne side of disengaged granules

The disengaged granular marizz=ss
(c-e) left on the head of granule
were small and more than thos
normally observed on the surfad
of compound granules.
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7a. Dents/holes on the surface of starch granula®i root pulp (parenchyma)(400

1 present E ' ‘~ : \ . Nt
2 absent N ¥ ( .\

absent

present

7b. SEM pictures (e-h) confirming presence of dent/hole onhe surface ofstarcl
granules.

8a. Compact* starch granule from root pulp (parenclyma) (400x)
* occurred in high yielding clones when individgaghnules are in physical contact,
these contact marks are irregular.

1 compact
2 Non-compact

compact compact non-compact

8b. SEM pictures (a-d) confirming the presence of compact granules
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9a. Smooth or rough surface of starch granule fromoot pulp (parenchyma) (400x)

1 smooth surface
2 rough surface

smooth surface rough surface

9b. SEM pictures confirming the presence of smooth (a) and nagh (b-d) surface of
granules

10a. Deep fissures on the surface of starch gransl&om root pulp (parenchyma)
(400x)

1 present
2 absent

present

10b. SEM pictures confirming the presence and absence of dedissured starch
granules

Presence of exceptional gk
fissured on granules of
clones N398P3 (a) and
N426P26 (b) but absent
(c) in the native clones
UCC90 and UCC26.

present present absent
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10c. SEM pictures showing the flaking potential of fissuredtarch granules

The fissured
granules from gz
irradiated clone
(a) produced
flakes (b-
c)(N398P3,
N426P26) but g
non-fissured ]
granules of
native clones (d
produced a pas
(e-f) instead of
flakes

1 present
2 absent

4.4.3 Characterization of cassava starch granulesith light microscopy

Figure 4.2 shows the histogram of starch granuésedb on the neam situ characterization of
1302 storage roots sampled from\W cassava plants according to the classificatioteays
described in Figure 4.1. There were 108 plants yriogy small (1-10um) size granules,
representing 8% of 1302 plants analyzed. This wlewed by 628 medium size (48%) and
566 large size (43%) granules. The total numbeplarits producing uniform granules was the
same as non uniform granules (50%). One-quarteb) (82 plants had compound starch
granules and three-quarter (977) had single stgrahules. Only 108 plants (8%) produced
granules with multiple heads and the rest (1194609®ith single heads. The number of plants
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Present, 108, 8%
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SIZE FORM COMPD

GRANULES

MULTIHEAD | DENT OR HOLE |COMPACTNESS| SMOOTHNESS FISSURES

Figure 4.2: Light microscopy (LM) characterization of starch from 1302 M,V, cassava plants into
size, shape (form), compoundness, multi-head, dent/holepmpactness, smoothness and fissures on the
surface of granules. A-H are keys for various surface features of granules as explainec under Table 4.2.

with multi-heads (108; 8%) was very small as wase with small granule sizes. Granules with
dents/holes were found to be common (1121; 86%)pemed to granules without them (181;

14%). The percentage of compact granules (656; 5086)the same as non-compact granules
(646; 50%). The smooth surface granules (833; 6d4& e more than rough surface granules
(469; 36%). Granules with fissures were smallenumber (216; 17%) than granules without

them (1086; 83%). Based on 1302 rinds analyze@# also observed that all cassava rinds (root
cortex) produced smaller size compound starch ¢garthan storage root flesh. Care should be

taken that these are not transferred during cuftinthe preparation of the microscope slides.

Figure 4.3 shows detailed LM characterization aefrcdt from 1302 MV, cassava plants into
compound granules. One-quarter (325; 25%) of plantdyzed had compound starch granules
and three-quarter (977; 75%) had single (monovpkdatch granules. The monovalent granules

could be classified further into A, B or C type muées based on shape (Figure 4.1.1) whilst
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further classification of compound starch granu@s based on the number of granules adhering
together instead of shape (Figure 4.3). The folhgnhad produced only one type of compound
granule in the pool of monovalent granules: A tafb0 plants (N113 P5, N125P5, N298 P3,
N46P12, N56P5, N58P4, N94P3, N137P4, N148P2, N266RB0P6, N283P16, N308P5,
N316P3, N332P4, N367P2, N51P8, N183P13, N207P44R23N275P2, N278P2, N281P15,
N292P2, N302P18, N304P11, N314P3, N329P11, N45NB1P25, N106P5, N144P20,
N193P19, N219P5, 237P4, N291P3, N306P5, N446P4PRIARE1P4, N119P10, N133P3,
N155P3, N171P14, N351P4, N390P6, N468P8, N188PO0ORZ and N279P6) (4%) produced
divalent compound granules, 168 plants (13%) predutivalent compound granules, four
plants (N56P2, N105P3, N311P8, N398P8) (0.31%) yrred tetravalent compound granules,
one plant (N225P20) (0.08%) produced pentavalemponnd granules and one plant (N59P2)
(0.08%) had hexavalent granules in the midst of owalent granules. The rest produced
combinations of compound granules in the midst ohavalent granules. For example, there
was one plant (N415P5) with a mixture of divalend aetravalent compound granules found in
the same root, representing 0.08% of 1302 plardt/zed. In a similar manner of abbreviation
of valences of granules as in Figure 4.3, 60 plafitd&l62P10, N162P10, N71P7, N113P2,
N132P4, N160P12, N241P2, N187P2, N114P4, N167P13h292P14, N254P5, N267P4,
N314P6, N104P5, N108P14, N125P8, N138P5, N162P1B62R15, N173P7, N187P2,
N247P6, N155P2, N345P4, N354P4, N313P6, UCCO090tr@pnN336P14, HOO001 (control),
N305P5, N432P5, HOO008 (control); N413P2, UCCO2&{jmt), N464P8, N111P5, N116P9,
N74P3, N55P12, N85P4, N125P3, N128P2, N202P12, R23N158P2, N75P3, N95P2,
N168P7old, N405P12, N277P4, N341P6, N266P6, N272=)4P3, N106P9, N442P113,
N478P3, N300P7 and N405P11) produced a mixture igdleht and trivalent compound
granulesin planta (5%). Also, 12 plants (N107P4, N108P19, N122P713f3, N118P23,
N129P6, N107P17, N154P8, N299P4, N343P2, N167PHL NB65P3) produced divalent,
trivalent and tetravalent granules as a mixturtheroot, representing 1%, two plants (N124P7,
N341P11) had a mixture of divalent, trivalent, agalent, and octavalent compound granules in
the root, representing 0.15%, three plants (N1G7RR0O0P2 and N343P2) with a mixture of
divalent, trivalent, tetravalent and pentavalerdangites in the storage root (0.23%), one plant
(N145P5) had divalent, trivalent, tetravalent amckavalent compound granules (0.08%). One
plant (N200P2) had divalent, trivalent, tetravalepentavalent and octavalent compound
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granules (0.08%), while two plants (N96P3, N104R&y divalent and octavalent compound
granules producing storage roots with a mixturecampound granules (0.08%). One plant
(N122P8) had divalent, trivalent and pentavalemhjgound granules (0.08%). There were nine
plants (N104P2, N339P3, N224P3, N267P5, N357P5PN68I129P4, N214P6 and N412P7)
with trivalent and tetravalent granules in the saow (0.69%), while one plant (N274P2) had a
mixture of trivalent and pentavalent granules ie siorage root (0.08%), three plants (N225P9,
N384P8 and N238P13) had combined trivalent and Jadeat granules in the same root
(0.31%), two plants (N81P2 and N262P11) had trivakend octavalent compound granules
produced in the same root (0.15%), two plants (W8 N154P4) with trivalent, tetravalent and
heptavalent compound granules produced in the sdamt (0.15%). Finally the putative free-
sugar mutant (N357P5) had the most diverse comparadules because it had trivalent,
tetravalent, hexavalent, undecavalent and dodesatvgtanule combinations in the same storage

root, and representing 0.08% of 1302 plants andl{Zgure 4.3).

O MONOVALENT, 977,
75%

DIVALENT, 50, 4%

DIV, TETRAV, 1, 0.08%

TRIV, TETRAV, HEXAV, U

NDECAV, DODECAV, 1, Q
.08%

DIV, TRIV, 60, 5%

DIV, TRIV, TETRAV, 12, 1
%
DIV, TRIV, TETRAV
, OCTAV, 2, 0.15%

TRIV, TETRAV, HEPTAV, /

2,0.15% TRIVALENT, 168, 13% |

TRIV, TETRAV, 9, 1%
TRAV 4. 0.31% DIV, TRIV, TETRAV
it PENTAV, 3, 0.23%

TRIV, PENTAV, 1, 0.08%

TRIV, OCTAY. 2. 0.155% PENTAV, 1, 0.08% DIV, TRIV, TETRAV, HEX
) ,2,0.15% AV, 1, 0.08%
TRIV, HEXAV, 4, 0.31% HEXAV, 1, 0.08% DIV, TRIV, TETRAV, PEN

DIV,TRIV,PENTAV, 1, 0.0
8%

Figure 4.3: Detailed light microscopy (LM) characterization of starchifrd302 MV, cassava
clones into compound granules

DIV,OCTAY, 2, 0.15% TAV, OCTAV, 1, 0.08%
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Table 4.2 shows a few examples of how starch gesnoiay differ within the different clusters
in the dendrogram. All control starch granules fadarge size and non-uniform form of
compound granules up to trivalent, with presenceéasfts/holes. They however, lacked multi-
headed and deep fissured granules. Some of theotetdrch granules had compact and smooth
granular surfaces (Table 4.2). After irradiationtbé HOOO08 landrace, differences in starch
granules were observed from induced plants. Noptaadts with oblanceolate central leaf lobes
(N167A) and lanceolated (linear) central leaf lobatants (N167B) produced granules which
were distinct from each other, although they geatad from different adventitious buds located
on the same 15 cm piece of stake. Some traits aleserved in putative mutants but not in the
control. The oblanceolate plants produced only mralemt starch granules. In addition, a
putative free-sugar mutant (N281P16) also diffédredh the control in terms of medium sized
starch granules with deep fissured granules. Atpetanutant, N110P2, produced small sized
and uniform starch granules, monovalent and sihgleded granules, lacking dents/holes and
compactness but having a smooth surface withosures. See the dendrogram of induced
HOO0O08 plants [Figure 4.4(C3) S; Appendix 4.1. &bl 4.2].

The N357P5 plant, derived from induced HOO0O1, peceduthe most diverse compound
granules such as trivalent, tetravalent, hexavalentlecavalent and dodecavalent poly-
granules whilst the control produced up to trivalgranules. The putative free-sugar mutant
N357P5 also had multi-heads, rough surfaces ang fiseured starch granules, properties

which were absent in the control.

The N398P3 plant, derived from induced UCC090, peed granules which differed from the
control starch granules by possessing medium simethovalent, compact and rough surface
granules. N398P3 also had exceptionally deep #ssand should possess better flaking and
water absorption properties than the controls (fegul:10c; Figure 4.4.8 and Table 4.2). The
N422 plant at the MW/, stage had two different kinds of branches whichenseparated into
different plants at the W, stage. Granules from the normal purplish greenahpeaf colour
plant (N422P44) still had large sized granules the control UCC090.
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Table 4.2 Comparison of control to putative mutanigranule structures

Induce landraces SIZE SHAPE COMPOUNDNESSS MULTIHEAD DENT/HOLE COMPACTNESS SMOOTHNESS FISSURES
(A) (B) (C) (D) (E) ) (©) (H)
HOO008 (control) 3 2 DIV, TRIV 2 1 1 2 2
N167 B Linear leaf 2 1 DIV, TRIV, TETRAV 2 1 2 2 1
N167 A Oblanceolate leaf 2 1 2 2 1 2 2 2
N169 P4 Linear Leaf 2 2 TRI 2 1 1 2 1
N281 P16 (free-sugar) 2 2 TRIV 2 1 1 2 1
N110 P2 1 1 2 2 2 2 1 2
HOO1 (Control) 3 2 DIV, TRIV 2 1 2 1 2
N357 P5 (free-sugar) 3 2 TRIV, TETRAV, HEXAV, 1 1 2 2 1

UNDECAV, DODECAV

UCC90(control) 3 2 DIV, TRIV 2 1 2 1 2
N394P82 (free-sugar) 2 1 TRIV, TETRAV 2 1 1 2 1
N398 P4 3 1 TETRAV 2 1 1 2 1
N398 P3 (flaky) 2 2 2 2 1 1 2 1
N398 P2 3 1 2 2 1 2 1 2
N422 P44 p.g.a.l 3 1 2 2 1 2 1 2
N422 P114 d.g a. leaf 2 2 2 2 1 2 1 2
(mut)

UCC26 (control) 3 2 DIV, TRIV 2 1 2 1 2
N441P54 (free-sugar) 3 2 2 2 1 1 2 1
N481P25 (crack) 3 1 DIV 2 2 1 1 1
N481P26 (flaky) 2 2 2 2 1 2 1 1
N481 P27 3 2 2 2 1 2 1 2

A. SIZE: 1= Small (1-10m); 2= Medium (11-2pm); 3= Large (More than 2&n).

B. SHAPE: 1= Uniform (all 5-10 pictures have sn@llmedium or large sizes); 2= Non-uniform.

C. COMPOUND GRANULES: 1= Presence of compound dges(this can be expanded as i=monovalent
(monov), ii=divalent (div), iii=trivalent (triv), J= tetravalent (tetrav); v=pentavalent (pentv),
vi=hexavalent(hexav), vii=heptavalent(heptav),=vidctavalent (octav), ix = nonavalent (nonav), dedant
(dicav), xi = undecavalent (undca), xii = dodecawaldodecav); or 2 = absence of compound granules

D. MULTIHEAD: 1=presence; 2=absence.

E. ENT/HOLE:1= Presence of granules with holesABsence of granules with holes

F. COMPACTNESS:1= Presence of compact surfaceasfudes; 2= Absence of compact granules

G. SMOOTHNESS:1= Smooth Surface; 2= Rough surface

H. FISSURES:1= Presence of deep fissures;2= Absefingeep fissures.
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Plant N422P44 had uniform granules whilst non unif@tarch granules were observed from
the dark green putative mutant (N422P114). Theclstgranules of N422P114 also differed
from the control with medium sized monovalent gteasuThe majority of N422 granules did
not differ from the control UCCO090 landrace, sudmesthat apical leaf colour might not cause

significant differences between granular structuwfgsutative mutants and the control.

The fourth induced plant UCC026 produced a usefitdtpre free-sugar mutant N441P54, with

monovalent, compact, rough surface and deep fidsstiagch granules. The starch granules of
N481P26 differed from the control UCC026 landrage gmssessing medium sized granules
which were monovalent rough surface granules wiiteptionally deep fissures in addition to

having different flaking and water absorption pndigs than the control (Figure 4.1:10c; Figure

4.8 and Table 4.2).

4.4.4. Cluster analysis of cassava starch granuleaits

The Predictive Analytics Software (PASWapplied statistical software version18) was used
the between-groups linkage method of hierarchitiedter analysis of starch granule data. The
measured interval was based on squared Euclidstande and a dendrogram was plotted with
names of plants using all clusters of size, shapmpound, multi-head, dents/holes, compact,
smooth and deep fissures of granules combined dables and rescaled distance cluster
combine (Figure 4.4 to 4.7). At zero rescaled dista(0% dissimilarity), all plants within the
same cluster were similar because they have constaoch granule shapes. Plants between 0 to
25 rescaled distances were 0 to 25% different femoh other. They belonged to different
clusters which may share very few starch granutgegnties and are therefore considered very
dissimilar. Similarity of plants therefore increasmward x=0 whilst dissimilarity increases
towards x = 25 rescaled distances. As distance degtwnduced plant and control landrace
increases in the dendrogram, the chances of findsgjul mutant among non-useful mutants

would increases.

Figure 4.4 represents an expanded dendrogram oogailusters of induced HO008 plants. If

all the genotypes are represented individuallyhe tlendogram, many pages of dendogram

121



would be required. An expanded dendrogram provateedpportunity for representing a group
of “less important” genotypes with letters A — ZZhhose meaning were explained in Appendix
4.1. The cluster in which the control HO008 occ{@2) could be separated from the rest by a
reference line drawn at an x value of 20, whichd#d the dendrogram into seven clusters (C1-
C7) at 20% dissimilarity. One notable member of Sllanceolated (linear) leaf mutant
(N167P13 lin) producing starch granules that détefrom the control (HOO008 landrace) in C2.
The C1 is different from C2 at 23% and C2 from G@34%. Both lanceolated leaf mutant
(N167B) and oblanceolated leaf (normal) plants (R6were located in C3. The C3 was
different from both C4 and C5 at 21%. C4 was aifferent from C5 at 23%. The C5 contained
putative free-sugar mutant (N281 P16). The C5 diffefrom C6 at 23.5% whilst C6 could be
differentiated from C7 at 22%.

The dendrogram of HOO0O1 is shown in Figure 4.5. dlhster of landrace HO001 (C1) could be
separated from most indced plants by a referemeedrawn at an x value of 18, which divided
the dendogram into three clusters (C1-C3) at 208similarity. The control HO001 was more

related to some induced plants in the C1 than titative free-sugar mutant (N357P5) in the C2.
The C1 was different from C2 at 19%. C1 and CZ2ed&tl from C3 at 25%. The C3 contained
only the N374P5 and differed from the rest at 25%.
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Fig.4.5. Average linkages between group cluster alyais showing a dendrogram of 101
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Fig.4.6. Average linkages between group cluster alyais showing a dendrogram of 106
induced plants and a control UCC090 based on eightorphological traits of cassava starch
granules

Fig.4.6 shows the dendrogram of UCCO090 clustere dlaster of the control UCC090 (C1)
could be separated from the rest by a refereneediiawn at an x value of 19, which divided the
dendogram into four clusters (C1-C4) at 19% didsinty. The C1 was a major cluster
containing the putative dark green apical leaf mu{dl422P1 dgalm), purple green apical leaf
normal (N422P44 pgan) and the control (UCC090). dgalm and pgan plants of N422 were
dissimilar at 12% in terms of starch granule priggtand they also differed from the control at
16%. The C1 differed from C2 at 20%. The C2 comdirxceptionally fissured granules in
N393P3 FIS. The C1 and C2 differed from C3 at 24%e C3 had a putative free-sugar mutant
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(N394P82 SUG) and C4 had only N420P6 which was 2#¢érent from the rest in terms of

starch granules.

Fig.4.7 Average linkages between group cluster analis showing a dendrogram of 115
induced plants and a control UCC026 based on eighnhorphological traits of
cassava starch granules
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The clustering of induced plants around the contlGIC026 is depicted by the dendrogram in
Fig.4.7. The dendrogram was divided into five aust(C1-C5) by a reference line drawn at an x
value of 18 with 18% dissimilarity. The C1 contairtée control UCC026 among the majority of
induced plants. The C1 differed from C2 at 20%. Tieand C2 differed from C3 at 24%. The
C4 had a putative free-sugar mutant (N441P54 SUGi)stvthe C5 had a putative mutant
(N481P26) with exceptionally fissured granules. T#differed from C4 and C5 at 25%.

4.4.5. Water re-absorption properties of flaky cassva starch granules

The profile (Figure 4.8) showed that fissured stagtanules (N398P3 and N481P26) tended to
have a higher moisture content (>90%) than theron{UCC90 and UCC26). Under vacuum

the control starches tend to loose more water $0h. Upon exposure to the environment the
starch granules of the two induced plants tendetetabsorb water at a faster rate than the

controls up to two days, after which their leadvister absorption prevails.

=== JCCI0cONtrol e==ll=N398P3 ===UCC026 control ==¢==N481P26
9.5

9
8.5
8
7.5
7

6.5

Moisture content of starch (%)

-1 0 1 2 3 4 5 6 7 8 9 10 11 12

Days before (-) and after (+) freeze drying of starch

Figure 4.8. Water re-absorption of starch granulesfter drying under vacuum
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4 .4 Discussion

4.5.1 The survival rate of MV; and M;V, cassava plants

The MV field had a 1617.9% increase of surviving plantsrahe MV field. This presented

a picture of how explosive the next generation wdog if no selection is made at the\M
stage, or how much more resources should be coethtitt the research. Mutation is a single
cell event that requires individual plant evaluatientii one mutation is found to be useful
(Ceballoset al.,2008). However, cassava is a perishable crop thpthats cannot be uprooted
and processed at the same time, so that samplingvgable. Sampling is also controlled by
the processing logistics available. The period amgling must also be reasonably short to
prevent significant variation between the first dhe last samples. In view of this, the number
of stakes used for initial irradiation was not aany as in seed propagated crops. To increase
the efficiency of mutation breeding, improvemensofeening methods is more important than
the number of cuttings used, and the length of tireed for raising possible mutated plants
(Makino, 2001).

The survival rate of W plants is much lower than that of;Wb plants because M, plants
were directly obtained from stakes exposed to aaugsliation which killed some stakes
instantly, while leaving some to survive the ira@tn effects. It was only the induced and
surviving plants of MV, that gave rise to induced;M, plants. The general increase in specific
landrace survival is an indication of the good pbipgiical status of cuttings used for planting
in the MV, stage. But the death of a few plants of HOOOS8irniglative to others at the M,
could be due to the lingering effect of irradiatiorsome landraces. Stakes from three landraces
had a 100% specific landrace survival, whilst HO@@Buced plants had a 95% survival. The
visible changes in HO008 were nevertheless a talmmanifestation of micro-events. Changes
at the sub-molecular level of plants occur wheassava stake is exposed to gamma irradiation
initially. If this change is not reversed withinralatively short time, it leads to a change in
physico-chemical properties which follow directly through modification in genetic structure.
This gives rise to physiological changes that aqeressed in a range of minor forms to the

ultimate death of some plants later on (Gordon,71.95
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4.5.2 Size, form and shape of cassava starch graasl

The size of cassava granules is classified as &dl0 xm), medium (10-25:m) and large
(>25 um) (Lindeboomet al., 2004). All the controls contained large and norfarm starch
granule sizes. It was expected that the majofiipduced plants should have large or medium
sizes like the controls. Indeed, 92% of the induglkeehts had these properties. Only 8% (108)
of 1302 plants analyzed had small sized starchugganThis indicated that reduction in starch
granule size could be due to gamma irradiationurféigt.2 indicated that the chances of finding
modified starch granules are higher in small graqlihnts than in large and medium sized ones.
Ceballoset al. (2008) were the first to report a cassava mutaitt veduced size of starch
granules (5.80 pm) which were about a third theaye normal size (10-25 um). A putative
mutant, N110P2, produced small sized and uniforanckt granules, monovalent and single
headed granules, lacking dents/holes, was not cctegbaand had a smooth surface without
fissures. [Figure 4.4(C3) S; Appendix 4.1 S; Tah#.

Gamma irradiation could tailor new morphology airsh granules by changing the number of
amyloplasts formed as well as their size. A positerrelation between the size of amyloplasts
and the size of starch granules was reported (thr €taal, 2006). Thus, small transition starch
granules are produced from small chloroplasts wHésger storage starch granules are
produced from large amyloplasts. There are diffeeenin functional properties of small and
large starch granules which suggest that the geasiaé distribution is an important parameter
in the food industry. Small granules have a highiginity for water at room temperature. It
seems that there is a less ordered arrangemeriteopdlysaccharide chains in the smaller
granules compared to the larger ones (ChiotelliMiedte, 2002). Uniform small granules are a
prerequisite for application in soup preparatioggrackeners. It also imparts a creamy texture
to food preparations and could be used as fateepia foods. It is also valuable in applications
such as cosmetics, binders in pharmaceuticals, rpgg®otographic films and plastics
(Lindeboomet al, 2004).

Figure 4.1.3 showed that uniform sized granule8qp@ere as common as non-uniform (50%)

sized granules, and both uniform and non-uniforrecigranules were far more in abundance
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than small sized granules (8%). Small sized granatauld therefore be a more determining
factor for finding a mutant compared to uniformesizgranules because small size is a scarce
trait. Mutants discovered based on small size wdagldmore trusted or reliable than mutants
based on common form of granules sizes which magobh&sed with that of the control. Small
sizes of starch granules were found to have adgast&n a great variety of applications.
Starches with small granules also display a lowegllsng power but higher solubility than
starches with large sized granules (Katrral., 2002). Small starch granules gelatinize at a
higher temperature than larger ones (Baruch, 1@&6lde<t al., 1965) and are therefore more
suitable for coating food for deep frying. The reed granule size and the obvious irregularities
in their surface would lead to facilitated hydrasyd_ehman and Robjr2007) or would require
reduced quantities of enzymes for hydrolysis. Andigant portion of the small B - type
granules from barley is not completely gelatinizadthe mash and the undegraded residue
causes mechanical or filtration problems duringssgioient processing (Tillett and Bryce,
1993). Additional processing costs required for tbelation of large or small granules is
incurred when granules are not uniform. Thuars, planta production of starches with
predominantly large or small and uniform granuleould be very desirable. The
characterization of size (Figure 4.2) showed a bimhalistribution of starch granules which
represents large and medium sized granules. Thik graaule size is relatively very small and
could not be considered for trimodal classificatidimis is in agreement with the results of
Garciaet al. (1996) who reported bi-modal distribution of gramsilin wheat, barley and rye.
There is a strong correlation between mealinegssite of the starch granules and dry matter
contents. Plants with mealy roots have large stgrahules, while non mealy types have small
granules (Safo-Kantanka and Owusu-Nipah, 1992).sTtee of starch granules is influenced by
storage root size. Starch granules were signifigamballer in small storage roots than in larger

storage roots.

4.5.2.1 The relationship between A, B and C monowait starch granules

Cassava starch granules are generally describexliagd or oval with a flat surface on one side
containing a conical pit which extends into a wiglloorthy, 1994; Thomas and Atwell, 1999)
while Nuwamanyaet al. (2010) described cassava starch granule as tedoatkettledrum, or
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perfectly round. It was observed that 75% of 13@ts studied produced monovalent (single)

starch granules which could be classified into A8l C types based on shape (Figure 4.1.1).

An A-type granule was more varied than a B-typengla and was truncated or kettledrum or
half bowl or calabash shaped. This observation Inegt¢the description by Thomas and Atwell
(1999) whilst the B type granules were round orl ewaich agrees with Moorthy (1994). All A
type granules had one or more flat surfaces depgndn origin. The third type of starch
granules was C, with amorphous shape, and becéitsesmaller size than A and B granules, it

always occupies the spaces between them.

Care should be taken not to confound amorphousp€ with polygonal A type of granules
under higher magnification of SEM. The C types amech smaller than A and B types of
granules under SEM. Figures 4.1.5b (b) and 4.1-8p&how the C granules attached to larger
ones. Intact compound granules and multi-head ¢ganwere not observed under SEM but
attachment points or contact marks left on granwese convincing evidence. Compound
granules disintegrate during preparation activisiesh as abrasive blending of storage root flesh
to purify starch granules from cells, starch sigyidrying and grinding of caked starch into

powder.

Most A type granules that have been detached frmmpound granules may have multiple flat
surfaces making them more polygonal than thosedhginated from the A amyloplasts as A
granules with a single flat surface. Compound desare developed from the pressure of
many surrounding granules developed together wighsingle amyloplast. Such granules are
small at maturity and polyhedral in shape. Thedghaalral granules are compressed together to
form compound granules which, at low magnificatibaye the appearance of a single granule
(Shapteret al., 2008). When compound granules and multi-headeduiga are separated, it
would surely increase the population of C and Aetypf granules, but not B type of granules
which are round or oval. Multihead granules maydstieeir numerous heads to increase the
population of C granules (Figure 4.1.5a-6b). Intcast, the large, ‘simple’ granules were
developed from larger individual amyloplasts. Thetype of starch granules might have

developed from A amyloplasts or oval B amyloplastfrom outgrowth on some part of normal
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A or B type granules. Figure 4.1.11 could depiatHer development of B granules from
existing B types. This observation agreed with rigort that the B - type granules develop
within evaginations of the A types of granules orydoplasts and remain independent, without
the final appearance of a compound granule whieAth type granules develop in the body of
the amyloplasts (Langevekt al, 2000). Parker (1985) described the relationslefpveen A-
and B - type starch granules in the inner endospefnsome developing tetraploid and
hexaploid wheat examined by electron microscopyaBdut 14 days after anthesis, B - type
granules were initiated in the stroma of some Yetamyloplasts, often in association with the
peripheral groove and tubuli. The B - type granulese also found within narrow protrusions
extending from the surface of A - type amyloplasist it was not certain whether they were
initiated in the protrusions or passed into theomfithe stroma. From 25-35 days after anthesis,
the A - type amyloplasts contained one A - typecstgranule and numerous B - type granules,

which were often attached to the parent amylofdgst narrow constriction.

Finally, it should be noted that the size of pretons observed under 400 x magnification with
LM were far larger than the protrusions reportegvmusly. For example very small protrusions
of ca 10-50 nm were observed at the surfaces ofenatheat starch granules whereas larger
spherical protrusions (20 and 500 nm) were evidentthe surface of native potato starch
granules (Thompsomt al., 1994; Baldwin 1995). Taking into account the sizdsthese
structures, it becomes evident that ‘protrusiotsesved in Figures 4.1.11 were not of the same
size as protrusions reported previously by Thompaal. (1994) and Baldwin (1995). This is

the firstin plantaprotrusions in cassava starch granules to be tespor

4.5.2.2 Compound and multihead cassava starch gralas

It was observed in Figure 4.3 that one-quarter Y®2plants had compound starch granules and
three-quarters (977) had single starch granulesnpdand granules ranged from divalent
granules to dodecavalent (12 sub-units) granuléscohtrols had up to trivalent granules. The
dodecavalent compound granules found in the paafige-sugar mutant N357P5 was an
exceptional association of granules above the malgHOO001 control. N357P5 produced the

most diverse compound granules (Table 4.2). The dther plants in the same cluster with
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N357P5 at > 20% difference could be identified forther studies. Only 108 plants (8%)
produced granules with multiple heads and the(@el94; 92%) single heads. Multi-head (108,
8%) producing plants were of the same number agl sima producing plants. All controls
lacked multi-head granules. Further study of commplowgranules showed that all plants
produced various kinds of minute compound granirethe rind (cortex). This indicates that
few plants produced compound granules in both treex and the storage root flesh but the
majority of plants limited the production to thertex alone. Compound granule development of
root flesh might therefore be interrupted by gammediation in some plants whilst in others
both compound granules and multi-head granule sitge excited and developed more. Most
of the multi-headed starch granule plants also ywed compound starch granules but not all

compound granule producing plants were produciniji+head granules.

Cassava stem cuttings (stakes) produce adventifilougis roots from a basal-cut surface and
buds under the soil. The soil is penetrated by tbats, and their enlargement begins only after
that penetration has occurred. The number of thiweititious roots that would change
eventually into storage roots is predetermined feelbwilking starts. Few of these predetermined
roots start to bulk under favourable conditionsazgumulation of starch between the cortex
parenchyma cells and the stele root located atéimére of the pith (Amenorpet al., 2007).
McAllister et al. (1994) reported that examination of the internsdues (i.e. cortex) of the
cassava peels revealed discrete starch granuldairgesh within parenchymatous cells. The
storage roots have relatively reduced ability tecab water and nutrients compared to the
remaining adventitious fibrous roots (Alves, 2002nce only the flesh of storage roots’ and
cortex were studied, one cannot conclude that tapound granules and the mutiheaded
granules are only confined to the storage rootafth. Therefore, the search for these granules
should be expanded in future to cover the corteadventitious fibrous roots, although their
main function is to absorb water and mineralshéfytdo not produce them, then their presence
has something to do only with storage and the nm@shmof bulking. None of the multi-head
granules was found in the rind (cortex) of the ager roots, which shows that the population of

compound granules in these parts should also b&onea.
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4.5.2.3 Dents or holes in cassava starch granules

It was found that induced plants frequently prodstach granules with dents/holes (1121;
86% vs. 181, 14% without dents/holes) 86% vs. 18% without dents/holes) (Figure 4.2). In
line with this, 14% (181) of 1302 plants studieaquced granules without holes. A typical
smooth granule producing plant is N110P2 (Figure (€3) S; Appendix 4.1. S.; Table 4.2).
The dents or holes were defined as a single claarsiit because it was not possible to
differentiate between small dents and holes at ¥O0®agnification under the LM. Using
dents/holes as criteria for identifying a mutantwdoalso confound the natural occurrence of
dents/holes in starch from the controls. Howeveg, éxceptionally large dents/holes observed
in induced plants under LM (Figure 4.1.7a) werelfayond the size observed in control starch
granules. Pores were reported to have been fouwmd &he equatorial groove of large granules
of wheat, rye, and barley starches but not on atteeches (rice, oat, potato, tapioca, arrowroot
and canna) (Fannaat al.,1992). Moreover, it was reported that cassavalstgranules seem to
be smoother than those of potato amidst regionselatively flat surfaces without visible
structures, pores and protrusions. However, usiegy vhigh definition Atomic Force
Microscopy (non-contact method) Juszcatlkal. (2003) managed to find pores or protrusions
in potato and tapioca starches. Such protrusiome méute or infinitesimal with dimensions in
nanometers (Chapter 4 Section 4.5.2.1) comparddetcurrent study. Therefore, the presence
of large dents/holes may be an indication of matati

Dents or holes were found to be of advantage inn@ogical processes. If absent, they can be
created. Industries depend aramylase hydrolysis or partial hydrolysis with dduacids to
produce holes in granules for commercial ventuResearchers also use these methods to open
up pores on granules. Such pores are so smallathatnced procedures like SEM, confocal
laser scanning microscopy (CLSM), environmentalnegay electron microscopy (ESEM),
atomic force microscopy (AFM) and transmission &tat microscopy (TEM) have to be used
for observation. A few cases include anvitro enzymatic degradation of maize, potato and
wheat starch granules by the three differe@mylase fractions. This begins by eroding the
inside out, leaving the external parts of stara@ngtes with small holes and crater-like areas on

the surface as observed by SEM (Meiredesl., 2009). Another example is the production of
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porous starch granules with empty interiors to beduas encapsulant by digestion of freeze-
dried potato starch with-amylase fronBacillus spwhich was observed with SEM and CLSM
(Apinanet al., 2007). It is obvious that industries such as pagudeodorant, talcum powder
and “teargas” security based industries, need holesarch granules (because holes increases
surface to size ratio) as a “bag” for carrying aetingredients. In the food industry, the
encapsulation of functional foods in porous stagcinules could make them more stable. A
single granule may take up to 50% of its weighpeppermint oil, for example. The granule can
then be spray coated to protect the contents. Bycte®y a coating material it is possible to
provide a controlled release over a longer peribdime (Apinanet al., 2007). The plants
producing dents/holes of granuliesplanta (Figures 4.1.7a; b) could serve as a cheaperroptio
for encapsulation properties. More applicationsdehts/holes in granules are covered in
Chapter 2 under Section 2.4.3 (granules with holes)

The surface pores are assumed to be the open énitdéeor channels in the granules.
Consequently, the radial amorphous channels iglstgranules and the number of pores affect
the pattern of attack by amylases and some chesr(iEahnoret al, 1992; 1993; Gallardt al.,
1997). If a resistant starch (starch with amylose0%) has more pores and channels, it would

reduce its resistance to hydrolysis.

4.5.2.4 Compact and smooth cassava starch granules

It is obvious from Figure 4.2 that there was no agtable difference in the percentages of
starch granules being compact (656; 50%) and nampeot (646; 50%) or smooth surfaced
(833; 64%) and rough surfaced (469; 36%) to bebated to mutation. These features may
therefore not be attributed to mutation. These sbilat they were normal granules developed
from a crowded amyloplast of granules physicallgsging against each other resulting in
compaction points and rough surfaces observed.dttypical symptom of high starch yielding
clones (Shapteet al., 2008) that when many granules developed togeth#rirwa single
amyloplast, they were compressed together. Thidiesighat single smooth surfaced starch

granules have developed from less populated anadtpbr they were alone in the amyloplast.
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The observation of these features under meaitu condition and confirmation undeix situ

conditions showed that they were not caused byndrgr processing of the starch.

4.5.2.5 Fissures on the surface of cassava starchmules

It was observed that 17% (216) of the 1302 indyaedts studied had fissured starch granules
producedin planta, whilst all of the control ganules were not fisslirdll the putative free-
sugar mutant and the linear leaf mutants (Tabl¢ dlsb had fissured starch granules. There
were differences between clusters of these putatasets and their respective control landraces
[Fig.4.4. (1-4)]. Plant N398P3 produced extremedepl fissured granules. When crushed, the
fissured granules broke up into flakes, while dtagcanules from a control cultivar formed a
compacted clump (Figure 4.1.10c). Flaking stardngles might possibly find application in
food and bio-ethanol industries, since the improaedess to acid or amylase may accelerate
hydrolysis into glucose for fermentation into etblr production of glucose syrup. The
fissured granules (N398P3 and N481P26) were obddveontain more water, and also re-
absorb more water after having been dried thanr trespective controls (UCC090 and
UCCO026) (Figure 4.8). The higher hydroscopic nanfréissured granules may be due to the

larger surface area to volume ratio that is expdseke moisture in the air.

Starch granules with a suppressed starch bran@mnagme (SBE) were shown to have severe
fissures and rough surfaces (Blennetval, 2003). The fact that all waxy mutants have a
granule structure containing amylopectin with wildype crystalline organization (Buléaat

al., 1997) confirms the fact that amylose is not requii@ the biogenesis of normal granule
structures. Without amylose, amylopectin chain citme could result in sub optimal chain
packing into the clusters. The smallest cluster feaad to be made of amylopectin side chains,
and its amorphous lamellae region was calculatdzete7 X 10 nm in size (Yamaguckt, al.,
1979). A minimum level of amylose is supposed torowa amorphous lamellae regions
between the amylopectin clusters. Too much amyégbe amorphous lamellae and too little
amylopectin could distort the arrangement and peagclof amylopectin side chain double
helixes. This could result in incoherently held apdcked crystalline regions with the

amylopectin double helices and therefore resuitssuring of granules. Starch granules that are
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composed of pure amylopectin do not possess fissuteis therefore possible that the
irradiation has affected the SBE or the genesdbdé for it.

4.6 Conclusions and recommendations

Many and variedn planta modified starch granules were found amongst th&ants, through
evaluation of individual plants. Some of these at@ons may be industrially useful. All plants
with an altered morphological shoot system andaggiroots that failed to be stained blue-black
with iodine (reported in Chapter 3) were found t@duce altered starch granules from the
controls. Dendrograms of plants based on morphcébgtarch properties did not help much
because it is not possible for all traits to be ated at the same time and contribution to the
mean from larger numbers of non mutant traits conltkk and prevent discovering of useful
mutant plants. However, the dendrograms showed itmdiiced plants with the greatest
difference in starch morphology fell in the clustleat was distant from the controls. The way
forward is to locate a useful mutant among thetiredly scarce mutant traits which is found in
the induced plants but absent in the controls. fHmking from relatively scarce to the most
common traits of starch granules is as follows: Issize (108; 8 %) = presence of multi-heads
(108; 8%), absence of dents/holes (181; 14%), poesef fissures (216; 17%), presence of
compound granules (325; 25%) and absence of snsoothce (469; 36%). If a less scarce trait
is to be considered as a deciding factor for a muthere must be an exceptional difference
between it and the controls. For instance, noneahef controls produced up to tetravalent
compound granules. The production of up to doddeavg12) compound granules by the
putative free-sugar mutant (N357P5) is an exceptiom planta modification compared to
control starch. In addition, linear central ledbéomutants (N167B, N169P4), and putative free-
sugar mutants (N281P16, N357P5, N394P82 and N441#&al produced fissured granules, but
plants N398P3 and N481P26 showed extremely despréis. A monovalent plant (N110 P2)
with small uniform and smooth granules without démbles, compactness and fissures is
suspected to be having more resistant starch grepelt is recommended that more research
should be carried out to find out why compound gtes are found in all cassava root cortex

(rind) but not in the majority of the storage rdlesh.
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In this study it was discovered that some gammaded plants hath plantamodified cassava

starch granules.
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CHAPTER 5

Variations in the composition of starch of induceccassava mutants

5.1 Abstract

Four controls HO008, HO001, UCC090 and UCCO026 W&h/%, 22.0%, 22.6 % and 20.9%
amylose contents were compared with their respediduced plants for variation in the
amylose content. The four highest amylose produg@lamnts N441P54 (32.7%), N223P12
(31.1%), N373P2 (27.2%), N329P11 (26.8%) contasmaligh amylose to be classified as high
amylose cassava. The four lowest amylose prodysargs N96P16 (14.0%), N353P6 (13.9%),
N166P2 (13.2%), N476 P22 (11.7%) also contained dowugh amylose to be classified as a
low amylose cassava plants with high potential faycessing into waxy (very low amylose)
cassava starches. The wide range of amylose coob=gtrved amongst mutagenized plants
caused an increase in genetic diversity of amylNs®e of the induced plants of UCC90 were
selected among the overall highest and lowest asayjaroducing plants across landraces.
HOO008 dominated the selection by producing halthef eight plants selected from the 8442

stakes of MV, stakes planted.

5.2 Introduction

Starch granules are semicrystalline and are condpaisevo types of molecules: the linear and
helical amylose and the branched amylopectin. Ailgfoin absolute mass only about one
qguarter of the starch granules in plants consisaroflose, there are about 150 times more
amylose molecules than amylopectin molecules. Asg/lis a polymer that is 99% linear and
amylopectin is branched approximately 15-45%uk(L; 6) - bonds occurring at every 12 to 30
D-glucose residues on the linear (1; 4) - D-glucopyranose main chains (Réalal., 2008).
Amylose is a much smaller molecule than amylopebtih has a longer chain length than
amylopectin (Alberet al.,2005). The smaller size enables amylose leachiadaster rate than
amylopectin and the longer chain length allowsramdase in amylose viscosity during pasting

and the highest viscosity is attained when longdpires of amylose hang out of granules than
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shorter amylopectin chains. There is no interactibrodine molecules with each other except
under strictly anhydrous conditions. Neutral iodmelecules may give polyiodides in aqueous
solution. Where each turn of the amylose helix s@btout two iodine atoms, a blue colour is
produced due to donor acceptor interaction betwesdar and the electron deficient polyiodides
(Orlando, 2003). Single helix amylose behaves siryilto the cyclodextrins by possessing a
relatively hydrophobic inner surface that holdgpaad of water molecules, which are relatively
easily lost, to be replaced by hydrophobic lipichooma molecules. It is also responsible for the
characteristic binding of amylose to chains of gedriodine molecules (chains af and )
forming the polyiodides such ag land ks> for development of blue black colour (Orlando,
2003).

The fact that different adaptations of the iodinetmod, as well as newer methods, produce
inconsistent results of amylose content for the esastarch sample suggest inconclusion
amongst researchers (Gératdl.,2001; Fitzgeralet al.,2009; Zhuet al.,2008). The situation

is worse for the determination of amylose from mutsamples because biosynthesis of starch
without some of the enzymes may produce an inteiateti macro molecule between amylose
and amylopectin that could also bind with iodinel @noduce results of higher amylose content
(Baba and Arai, 1984; Colonna, 1984; Kasemsuvenal., 1995). The presence of
“intermediate” material with long branches is trtedmme since it cannot be clearly identified
as amylose or amylopectin and may be assigned tterecategory, depending on the
characterization method employed. Intermediatetiras are more prevalent in starches of
atypical genotypes (Klucine and Thompson, 2002ya€ket al.,(2001) and Zhet al. (2008)
observed different levels of amylose in the samst teample using size exclusion
chromatography (SEC), concanavalin A (ConA), défdral scanning calorimetry (DSC) and
iodine binding capacity (IBC) methods. They conelddhat SEC (with a 2.6x200 cm column)
on HW75 S gel columns is the only method that cawvige accurate amylose values, whereas
CL 2B gel columns were not suitable for mutant gtas. Measurement of IBC is still a
standard method for comparing samples, thoughitgbze incorrect amylose values for mutant
starches. DSC, which for unknown reasons overettnamylose values for maize and wheat
starches, should be used with care. Response tAAQm@ve accurate values for normal starch,

but erroneous values for mutant starches (Laeslgy.,1949).
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The colorimetric iodine method was chosen for asialyof induced plants due to several
reasons. The recommended 2 m HW75Sgel SEC colursmwdonger available therefore a
TSK gel was used instead. Three TSK gel columnK(g&l G5000PW, TSK gel G3000PW
and TSK gel G2500PW (TSK gel, TOSOH Bioscience GmEgtuttgart, Germany) were
connected in series to give a total length of 90 €hrey were protected with a 15 cm guard
column (TSK-PWH) resulting in a total length of 1€@. A trial experiment was run with these
columns using a high performance liquid chromatplgya (HPLC) system (Shimadzu
Corporation, Kyoto, Japan) in-line with a Low Tergdere Evaporative Light Scattering
(ELSD) detector (ELSD-LT Il, Shimadzu Corporatioithe results were reproducible but the
length of columns was too short to separate amyfimgse amylopectin. Moreover, the glueing
effect of the cassava starch tends to clog thedgeaumn, which must be replaced after every
30-40 sample injections. The cost for replacemieatefore excluded HPLC from the methods

used in this study.

A test sample was also analysed with the amylosdégractin assay kit (Megazyme
International Ireland Ltd., Bray, Ireland) (Gibsehal., 1997) but the results were unusually
high for the induced plants. Moreover reprodudyibtf results for induced cassava plants was
very low. The colorimetric iodine method was therefchosen for the analysis because the test
run was more reproduceable than the Mega-enzymeoohetith most of the results agreeing

with literature.

Ceballoset al, (2007) reported that amylose yield of plants isamgenetic influence and the
age of the plant or the environmental factors seminto play a major role. Cloning also
maintains the genotype of cassava until inducezthmge. Therefore any significant change in
amylose after mutagenesis of plants, which aret@thim the same environment as compared to
the control, could be attributed to the effectrofdiation. The objective of this study therefore
was to induce and select the overall four highest averall four lowest amylose producing
induced plants at the M, stage.
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5.3 Materials and methods
5.3.1 Source of cassava planting materials

The four cassava landraces with high starch yigldearly bulking and mealy plants from
previous research during 1996 to 2002 (Amenaipal., 2002) were selected for mutagenesis
and evaluation at the Ghana Atomic Energy Commis$®AEC) in 2007. A total of 1689
stakes (stem cuttings with an average of five atitvend buds) were irradiated with 35 Gy
gamma rays from a Edsource and stakes planted with unirradiated cb(t®008, HO001,
UCCO090, UCCO026) landraces. The 476 (N1-N476) sumgivlants (MVi) were used to
generate 8442 stakes planted on th&/Mield in 2008 (See Chapter 3 Sectios 3.3.1-3.8d a
Chapter 4 section 4.3.1 for details). The starchpas were obtained from the;W, stage in
2009 and analyzed at the University of the FreéeSita2010.

5.3.2 Yield and total starch estimation on the fid

Due to large population size, lack of logistics dhd need to evaluate all plants individually,
only three disease free plants arising from a comosl lineage in MV 1, with bigger diameter
of the basal stem were randomly selected for haatethe MV, stage. The fresh storage root
weight and starch were determined individually withscaled-pan and the specific gravity
method of Brautlecht (1953) as modified by the BaritU-directorate (1996) respectively.

5.3.3 Viscosity determination

The setback viscosity of the cooked starch wasrahted according to the ISI method 17-1e
(International Starch Institute, 2002) with moditfiilons. Distilled water was added to 10 g
starch (db) sample in a 600 mL beaker until thaltotass reached 500g. The suspension was
heated in a water bath at 95°C for 30 min with tamisstirring. It was cooled in a running
water-bath to 50°C and the viscosity was determinecentipoises (cp) with spindle no. 2 at
100 RPM, using a Brookfield Digital Viscometer mbd®TDV Il (Brookfield Engineering
Laboratories Inc, Stoughton MA 02072, USA).
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5.3.4 Determination of apparent amylose content

A modified colorimetric method of De la Cruz and $ku(2000) was used for amylose
determination in starch granules. In this methagfailening was not necessary since storage
root starches e.g. cassava, as well as tuberaneggand waxy cereal starches do not contain
lipids while cereal starches are characterised lipid content of about 1% (Buléoet al,
1998). A stable alkali condition was first creafed iodine to preferentially complex with the
amylose helical structure. An excess of standadthé solution was added and the resulting
stable blue complex was measured spectrophotommigriémylose content was estimated with
reference to potato amylose standards (Sigma-Ald@ermany). To 100 mg starch samples in
100 ml1 volumetric flasks, 1 mL of 95% ethanol waksled, followed by 9 mL 1M NaOH
solution. The mixture was heated in a boiling wdiath for 30 min to gelatinize the starch
completely. After cooling for an hour to room termgtere, distilled water was added to the
mark. An aliquot of 0.5 mL was pipetted into a 10 tast tube and 0.1 mL 1M acetic acid was
added followed by 0.2 mL iodine solution. It wapped up with 9.2 mL distilled water to make
a total volume of 10 mL. Absorbance was read at 20in a spectrophotometer (Spectronic
Unicam, Heios, and Cambridge, United Kingdom). Triplicate sw@w&ments were made for

each sample and average values reported.

A standard curve was prepared with potato amylBgeld Cruz and Kush (2000), of which 40
mg in a 100 mL volumetric flask was moistened witmL of 95% ethanol, after which 9 mL

1M NaOH was added. The suspension was heatedaiimgbwvater bath for 5-10 min. After 20

min of cooling to room temperature, it was toppgdta the original volume with distilled

water. Aliquots of 1, 2, 3, 4, and 5 mL of the aosd solution were placed in a 100 mL
volumetric flask and 1M acetic acid of 0.2, 0.46,00.8 and 1.0 mL respectively were added.
The blue-black colour was allowed to develop. Thasétbance (y) at 620 nm was plotted
against concentration (x) of anhydrous amylose {8@hl) and the formulae for calculating the
amylose concentration in starch sample x=(y-0.0002j8 was deduced from the standard
equation y = 0.178x +0.0002 (Figure 5.1). The hutfactor of 20 for the samples is included
in the conversion formulae, and the amylose comagah calculated in percentages (w/w) by

the equation (1).
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Fig. 5.1 Standard curve of absorbance versus anhydus amylose concentration

5.4  Statistical analysis

Totals, means, standard deviations and correlatainplants arising from a common cell
lineage were computed with Excel at the end of @able for general statements. For specific
statements on genotypes, due to very large populatze and the fact that each induced plant
is genetically and morphologically different (reter Chapter 3) it would be difficult reporting
individual genotypes using statistical analysisr@fans and standard deviations obtained from
different genotypes. Therefore evaluation must ésell on individual plants (Ceballes al.,
2008).Although triplicate measurements were done forsidnme field sample in the laboratory
to ensure accuracy of the average results, starttiasidtion of mean was not reported for the
triplicate values. If done, it would only explaimetrepeatability of the method and the degree of
accuracy of various instruments used in obtainiggimdividual results in reference to the mean
rather than focusing on the significant differene@song genotypes. Breeder has no other
choice where there is not enough relevant plantmagerial to replicate than to report average

laboratory results for each plants.
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55 Results

5.5.1 Storage root yield, starch and amylose comits, and viscosity of HO008 MV,

plants
The storage root yield, percentage starch estiraatethe viscosity of starch from induced
HOO0O08 plants ranged from 2.5 to 7.6 kg, 20.4 telBDand 303 to 515 cP whilst the respective

values for the control HO008 were 2.5 kg, 25.4% 39@ cP respectively (Table 5.1).

Table 5.1 Storage root yield, starch and amylose otents, and viscosity of HO008 plants

Individual Root Starch Starch Amylose Average Four highest/
yield (kg) content (%) viscosity (cP) (%) amylose (% lowest selections

N330 P2 2.5 22.0 393 25.6 25.6

N223 P12 2.5 21.4 325 31.1 1

N223 P13 6.5 215 303 23.6

N223 P6 2.0 21.6 360 21.7 255

N329 P11 7.0 30.3 383 26.8 2

N329 P4 5.0 29.9 515 26.3 4

N329 P6 4.5 26.6 413 22.8 25.3

N348 P4 6.0 33.0 375 26.8 3

N348 P5 5.5 29.5 363 22.3 24.7

HO 008 2.5 25.4 390 19.7 19.7 Control

N96 P16 3.5 27.7 333 14.0 2

N96 P4 3.5 27.5 359 21.6 17.8

N95 P4 5.0 30.4 310 18.4

N95 P5 7.5 27.9 333 17.4

N95 P2 7.6 29.8 283 14.4 16.8 3

N39 P6 24 204 335 17.7

N39 P5 2.6 24.0 330 154 16.5

N166 P5 2.5 22.0 378 20.3

N166 P3 3.0 21.7 433 14.7 4

N166 P2 2.5 21.8 395 13.2 16.1 1

Totals 84.1 514.4 6290.0 413.9 187.8

Means 4.2 25.7 370.0 20.7 20.9

STDEV 1.9 4.0 55.2 5.1 4.3

The averagereferred to the mean value for, W}, plants harvested which were of the sam#&/ Mplant descent
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The amylose content of starch from individual ineldiplants ranged from 13.2 to 31.1% and
the control landrace had 19.7% amylose. The avaaagdose content of W, plants from the
same MV; plant ranged from 16.08 to 25.6%. The selected Foghest amylose producing
plants were N223 P12, N329 P11, N348P4 and N328nB4he four lowest amylose producing
plants were N166 P2, N96P16, N95 P2 and N166P3 amdo the control HO008.

The correlations between root yield, starch, vigga@nd amylose of HO008 plants at the\M
stage were 0.69, -0.21 and 0.11 respectively (Taldg The correlations between starch and
viscosity and amylose were 0.05 and 0.13 respdgti@orrelation between viscosity and

amylose was 0.24.

Table 5.2 Correlation between HOQO08 traits

Starch (%) Viscosity(cP)  Amylose (%)

Root yield 0.69* -0.21 0.11
Starch 0.05 0.13
Viscosity 0.24

*P <0.05, * P<0.01

The storage root yield, percentage starch and hstaiscosity from induced HOOO1 plants
ranged from 1.0 to 9.5 kg, 21.0 to 35.0 kg and 88@55 cP respectively, whilst the control
HOO001 had values of 4.7 kg, 23.4 kg and 513 cPI€T&l8). The amylose content of starch
from individual induced plants ranged from 13.92i02% and the control HO008 had 22.0%
amylose. The average amylose content @¥/Mplants arising from a common cell lineage in
M1V, ranged from 19.2 to 26.3%. The selected four highesylose producing plants were
N373P2, N383P10, N387P4 and N389P5 and the fouedbamylose producing plants were
N353P6, N354P4, N357P5 and N358P2 compared tootiteot HOOO1landrace.
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Table 5.3 Storage root yield, starch and amylose otents, and viscosity of HO001

plants

Individual Root Starch Starch Amylose Average Four highest/

yield (kg) Content (%) Viscosity (cP) (%) amylose (%) lowest selections

N387 P4 6.0 23.0 388.0 26.5 3
N387 P5 4.0 23.9 383.0 26.4

N387 P3 3.0 21.0 408.0 26.1 26.3

N383 P10 4.0 22.0 410.0 26.8 2
N383 P2 4.0 24.4 388.0 26.1

N383 P11 2.5 23.0 340.0 23.3 25.4

N373 P2 5.0 325 348.0 27.2 1
N373 P8 9.5 31.8 338.0 22.9 25.0

N389 P5 3.5 23.0 338.0 24.5 4
N389 P2 4.5 24.5 383.0 23.3

N389 P4 1.0 23.5 395.0 21.8 23.2

HOO001 4.7 23.4 513.0 22.0 22.0 control
N358 P5 4.9 34.7 413.0 21.2

N358 P3 2.5 35.0 360.0 211

N358 P2 25 34.5 338.0 20.1 20.8 4
N354 P3 5.0 34.7 338.0 21.0

N354 P5 4.8 33.7 360.0 20.6

N354 P4 5.0 34.8 455.0 19.0 20.2 3
N357 P2 35 34.6 355.0 22.6

N357 P4 2.5 34.6 360.0 211

N357 P5 2.0 34.0 330.0 154 19.7 2
N353 P3 25 35.0 375.0 21.0

N353 P5 5.9 34.5 408.0 22.7

N353 P6 7.0 34.0 368.0 13.9 19.2 1
Totals 99.9 710.1 9092.0 536.6 202.1

Means 4.2 29.6 378.8 22.4 22.5

STDEV 1.8 5.6 42.4 3.4 2.7

The averagereferred to the mean value fornWh plants harvested which were of the sam& Molant descent

The correlations between root yield and starchcoggy and amylose were 0.33, -0.44 and -
0.08 respectively (Table 5.4). The correlationsMeein starch and viscosity and amylose were -

0.13 and -0.65 respectively. Correlation betweagosity and amylose was -0.35.
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Table 5.4 Correlation between HOOO1 traits

Starch (%) Viscosity(cP) Amylose (%)

Root yield 0.33 -0.44 -0.08
Starch -0.13 -0.65+
Viscosity -0.35

*P<0.05 *P<0.01

The storage root yield, percentage starch andlstasrosity from induced UCCOQ090 plants
ranged from 1.0 to 7.5kg, 21.0 to 33.5%, 283 toc#68/hile that of the control UCC090 had
values of 3.3 kg, 25.4% and 490 cP respectivelplEra.5).

Table 5.5Storage root yield, starch and amylose contents, drviscosity of UCC090 plants

Individual Root Starch Starch  Amylose  Average Four highest/
yield (kg) content (%) viscosity (cP) (%) amylose (%) lowest selections

N419 P4 1.0 29.0 400.0 25.2 25.2 3

N412 P4 2.0 24.0 283.0 26.8 1

N412 P6 1.5 23.0 345.0 22.0 244

N413 P2 2.0 23.0 355.0 254 2

N413 P3 4.5 24.0 370.0 21.3 23.3

N394 P82 7.0 251 343.0 231 231 4

UCC090 2.3 254 490.0 22.6 22.6 control

N398 P3 4.0 31.0 468.0 19.8

N398 P2 5.0 30.0 368.0 19.4

N398 P4 7.5 33.5 450.0 18.9 20.5 3

N405 P13 2.0 215 358.0 21.8

N405 P11 7.5 225 420.0 20.9

N405 P12 2.5 23.0 413.0 17.7 20.1 2

N408 P2 4.0 21.0 393.0 20.6

N408 P3 6.0 21.5 400.0 20.6

N408 P4 5.0 23.0 380.0 19.6 20.3 4

N429 P2 2.5 28.6 440.0 221

N429 P3 6.0 28.9 410.0 15.8 19.0 1

Totals 72.3 458.0 6646.0 3835 198.5

Means 4.0 254 390.9 21.3 221

STDEV 2.2 3.8 50.4 2.7 2.2

The averagereferred to the mean value for, Wb plants harvested arising from a common cell
lineage in MV,
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The amylose content of starch from individual ineldiplants ranged from 15.8 to 26.8% and the
control had 22.6% amylose. The average amyloseenbwf MV, plants from the same M1
plant descent ranged from 25.2 to 19.0%. The ssdefdur highest amylose producing plants
were N412P4, N413P2, N419P4, N394 P82 and theléowast amylose producing plants were
N429P3, N405P12, N398P4 and N408P4 compared td@&090 control.

The correlations between root yield and starctgoggy and amylose were 0.20, 0.19 and -0.52
respectively (Table 5.6). The correlations betwstmch and viscosity and amylose were 0.44

and -0.23 respectively. Correlation between vidgasid amylose was -0.46.

Table 5.6 Correlation between UCCOQ090 traits

Starch (%)  Viscosity(cP) Amylose (%)

Root yield 0.20 0.19 -0.52
Starch 0.44 -0.23
Viscosity -0.46

*P<0.05 *P<0.01

The storage root yield, percentage starch andhstascosity from induced UCCO026 plants

ranged from 1.5 to 9.5kg, 22.5 to 31.8%, 365 toc#738nd the control UCC026 had values of
2.0 kg. 25.6% and 500 cP respectively (Table 5THe amylose content of starch from

individual induced plants ranged from 11.7 to 32.@@46l the control had 20.9% amylose. The
average amylose content ofiW plants of the same M; plant descent ranged from 16.2 to
32.7%. The selected four highest amylose produplagts were N441 P54, N470 P3, N468P8
and N439 P9 and the four lowest amylose produciagtp were N476P22, N476P23, N474P5
and N474P2 compared to the control UCC026.
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Table 5.7 Storage root yield, starch and amylose otents, and viscosity of UCC026 plants

Individual Root Starch Starch Amylost  Average  Four highest/
yield (kg) content (%) viscosity (cP) (%) amylose (%) lowest selections

N441 P54 3.0 24.2 410.0 32.7 32.7 1

N439 P9 3.0 225 425.0 25.8 25.8 4

N468 P8 5.0 27.1 393.0 26.5 3

N468 P9 3.0 27.5 365.0 25.8

N468 P6 15 27.0 370.0 22.9 251

N470 P3 9.5 25.2 380.0 26.5 2

N470 P7 7.0 31.2 388.0 231

N470 P8 5.5 26.8 390.0 23.0 24.2

UCC 026 2.0 25.6 500.0 20.9 20.9 control

N473 P7 7.5 30.5 405.0 19.0

N473 P15 4.5 31.8 390.0 18.7 18.8

N472 P13 3.5 27.1 395.0 18.4 18.4

N474 P10 5.5 29.5 415.0 19.1

N474 P2 5.0 32.2 430.0 18.2 18.3 4

N474 P5 5.5 29.5 400.0 17.7 3

N476 P25 4.5 28.8 473.0 19.5

N476 P22 4.5 29.0 465.0 11.7 1

N476 P23 5.0 31.0 390.0 17.3 16.2 2

Totals 85.0 506.5 7384.0 386.6 200.4

Means 4.7 28.1 410.2 21.5 22.3

STDEV 2.0 2.7 36.5 4.8 5.2

Correlations between storage root yield, percentsigech, starch viscosity and amylose
contents of UCCO026 plants at the\¥ stage, were 0.33, -0.24 and -0.08 respectivelpléTa

5.8). The correlations between starch and viscoaity amylose were -0.08 and -0.65

respectively. Correlation between viscosity and lasg/ was -0.35.

Table 5.8 Correlation between UCCO026 traits

Starch (%) Viscosity(cP) Amylose (%)
Root
yield 0.33 -0.24 -0.08
Starch -0.08 -0.65
Viscosity -0.35

*P<0.05 *P<0.01
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5.6 Discussion

5.6.1 Screening strategy

The strategy for selection of the highest/ lowesylase producing plants started from the field.

A. Each MV; generated at least five stakes planted in thé-Meld. Three MV, plants of
the same WV, stake descent were harvested and storage roopemgntage starch
yields data were obtained and ranked on a landoases. High starch yielding plants
were selected using a selective index of 15%. Ltavch yielding plants were also
selected with a 15% index to broaden the genese bar starch producing plants.

B. The percentage amylose was determined and separatdded for each one of the four
landraces. The four highest and lowest amyloseymiad plants were selected based on
individual amylose values compared with their cohtOnce a plant was selected, two
other related plants from the same\W stake descent were also added for comparison
based on amylose content. This was necessary smémothe genetic base for amylose
producing plants.

C. Three other putative mutants identified during diebdine screening of the entire
population were added for further evaluation (réde€Chapters 3-4).

D. The overall four highest and lowest amylose pradgciplants were selected

simultaneously with other traits determined.

5.6.2 Comparison of four control landraces basedoamylose content

The amylose content of 22.6% observed for the UQGfishtrol was similar to 22.0% for the
HOOO1control and 20.9% for the UCCO026 control bighkr than 19.7% for the HOO008
control. The difference in amylose content obserweyy be attributed to genetic variations
among the control landraceshe amylose contents of the four landraces werdinvithe
reported range of 15 to 26% (Sanchez et al, 2Q0RY to 23.6% (Deflooet al., 1998); 17 to
25% (Fernandeet al., 1996); 18 to 25% (Moorthy2004); or 13.6 to 23.8% (Rickaet al.,
1991) signifying that the method used for normalngd produced acceptable results which

agreed with literature. The amylose results obgsewere, however, higher than the average
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amylose content of 16.6% * 2.32 obtained from 20i®@rent genotypes of CIAT as reviewed
in Ceballoset al., (2007), similar to 20.7% average amylose comepdrted for 4000 different
cassava genotypes (Sancheizal. 2009) and lower than 25.4 to 28.8% values reported
(Wickramasingheet al., 2009). These differences in amylose content offtlie controls and
literature were due to different genotypes use@hiana for this studies and CIAT. It could also
be due to different method used in this studies @Il because the amylose level may vary

depending on the methods used for analysis (Gétad2001).

5.6.3 Evaluation of storage root yield, starch ancdamylose contents, and viscosity of

induced cassava plants

The selection of the four highest and four lowesylase producing plants simultaneously led
to selection of inherent storage root yield, petage starch and viscosity traits accompanying
it. This agreed with the report that when a usefutant is finally found, it is worth the search
because it would be accompanied by many changebiachemical, morphological and
functional properties (Ceball@t al.,2008). It was observed that the control valuessweéthin

the range obtained for induced plants for the otheasured traits. The four highest amylose
plants N223P12, N329P11, N348P4, N329P4 also pesdestorage root yield, starch and
viscosity values of 2.5 kg, 21.4%, 325 cP; 7.0ky3%0, 383 cP; 6.0 kg, 33.0%, 375 cP and 5.0
kg, 29.9%, 515 cP compared to 2.5 kg, 25.4%, 390attres of the control HO008. The four
lowest amylose producing plants N166P2, N39, N9®IB6P3 also produced 2.5 kg, 21.8%,
395 cP; 2.6 kg, 24.0%, 330 cP; 7.6 kg, 29.8%, 23and 3.0 kg, 21.7%, 433 cP values of
storage root, starch and viscosity respectivelye $torage root yield, percentage starch and
starch viscosity of induced plants, respectiveynged from 2.5 to 7.6 kg, 20.4 to 30.4% and
303 to 515 cP whilst the control HOO008 had 2.5 R§,4% and 390 cP respectively. The
degrees of variation between the control and faghdst/lowest induced plants in terms of
storage root yield, percentage starch and starsbosity were probably due to irradiation
effects.

In induced plants of HOO008, the amylose contengednfrom 13.2% (N166P2) to 31.1%
(N223P12) compared with the control with 19.7% aegl and reported values in Section
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5.6.2. This implies gamma irradiation might haveissd a considerable variation in the
amylose extender genes, as some of the induced $3H@0ihts produced significantly
higher/lower amounts of amylose than the controlOB® and reported values. The amylose
content of starch was reported to be affected byettpression of the amylose extender genes
(Nodaet al.,1992). Since irradiated stakes were of single tygr@odescent, planted in the same
environment, the percentage amylose and standandtide (5.1) from the mean (20.7%)
observed were probably due to the irradiation ¢ftethe amylose content plays a key role in
the digestion of starches, as starches with low l@seycontents were found to be more
digestible than starches with high amylose con{Riley et al., 2004; Nodeet al., 1992). The
four highest amylose producing plants N223P12 @),IN329P11 (26.8%), N348P4 (26.8%),
N329P4 (26.3%) were therefore expected to be dideshd absorbed at a slower rate than the
four lowest amylose producing plants N166P2 (13,2980 (15.4%), N95P2 (14.4%), N166P3
(14.7). The low digestibility of high amylose stangrevents a sharp rise in blood glucose level
and prevents insulin and other endocrine respomgesn ingested (Woleveet al., 1992;
Jenkinset al., 1982). High amylose starch would therefore beeofdfit to diabetics and other
health conscious individuals. Plants with very haghylose contents will not be suitable for
products in which adhesion will be required but ldowather be suitable for industrial

production of alcohol, glucose and high fructoseipg (Hough, 1985).

The selection of the four highest and lowest angylpsoducing plants does not necessarily
correspond with the selection of the highest ordsistorage root yield and starchy plants
(Tables 5.1; 5.3; 5.5 and 5.7). In Table 5.2, gfereoot yield was observed to have a very
strong positive correlation with root starch cont€®.69), weak positive correlation with
amylose content (0.11) and weak negative corr@latuith starch viscosity (-0.21). Starch
content had weak positive correlation with amylosatent (0.05) and starch viscosity (0.13).
Viscosity also had weak positive correlation witmydose content (0.24). Viscosity was
reported to have a strong positive correlation wiie fraction of long chain amylopectin
molecules and a negative correlation with shorirchaylopectin molecules (Let al, 2008),
therefore, induced HOO0O08 plants are generally ssisdeio have more long chain amylopectin
than short chain amylopectiRérez (2000) reported that amylose content hadvaplusitive
correlation with cassava starch content and ammifstant correlation with flour. It is also in
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agreement with Bategt al. (1997) who observed that when the amylose congeover 22%,
the flour quality for viscous products decreaseds klso in agreement with Rat al. (2008)
who reported negative correlations between longncaimylopectin with viscosity but failed to

establish convincing correlations between amyloskwscosity.

The amylose yield of plants is stable and gendyicitermined and neither the age of the plant
nor environment seems to play a major role in @étednination (Ceballost al., 2007). The
relative stability of amylose content across envinents in cassava explained why correlation
between amylose content and storage root yieldascls content would not be very reliable.
These values fluctuate depending on the wet or sigson, or whether the cassava is
hydrolyzing or accumulating starch. During the yarart of the rainy season, more starch is
hydrolyzed to sugar to support new leaves. Undaryreonditions, more water is absorbed to
support an increase in starch production and caresgly root expansion (Amenorp al.,
2007).

It was expected that the more the leaching outoflase from the starch granules, the higher
the viscosity. However, it was observed that thghést amylose producing plant N223P12
(31.1%) was among the plants that displayed thesbwiscosity (325 cP) (Table 5.1). This is
in contradiction with the results of Galliard andvider (1987) who ascribed high viscosity of
starch to leaching out of the amylose fraction tué starchy system during pasting. These
observations of plant N223P12 was similar to a aassnutant reported by Ceballes al.
(2008) which also contained higher-than-normal asglcontent (30.1% in stead of values
between 20.7-22.2%) but low peak viscosity of 22ircBtead of values between 976 to 1080
cP. This implies that a high amylose content ohglas does not necessarily imply that there
would be a corresponding increase in both amyleaehing and starch viscosity. This indicates
that having high amylose is just one of the numeractors controlling viscosity. There are
some factors controlling the releasing mechanisrthefamylose into the solution and others
control the networking of molecules in the solutiduring pasting and gelation which affect
viscosity. Starch viscosity is influenced by seVdaators, mainly temperature, water content,
stirring, granule shape, swelling power, amount gmqek of amylose/amylopectin which has

leached from the granules and amylopectin-amylosgnglement. Therefore, any change in the
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viscoelastic behavior of a starch-based medium Ineamterpreted as the result of changes in at
least one factor of this list (Eliasson, 1986; Diearp 1987; Elliset al.,1989).

Since the viscosities were determined for cookearcht undergoing cooling and re-
crystallization of amylose at 50°C, with all otHactors assumed to be constant, the long chains
of amylopectin and amylose in starchy plant N223Bddbably have a much lower tendency
than others to re-associate into a more organieédmpich decreased the viscosity (Tester and
Karkalas, 2004; Atwelet al.,1988). Whilst, plant N166P2 had a low amylose eottit might
have had a greater tendency than starch from pthats to re-crystallize long amylopectin B
and C type chains into a more ordered semi-crystaitate, which eventually increased the
viscosity during cooling. The higher the proportiohamylopectin long-chains, the more the
crystalline region is distorted and the easierhty@rogen bonds are broken in disordered double
helixes when heated in excess water. As a resuiger amylopectin single helix chains may
leach out and cause an increase in pasting vigahgiing heating and also an increase in gelation
viscosity during cooling (Gudmundsson and Eliasd®90; Luet al.,2008; Charlegt al.,2005;
Shibanumaet al.,1996).

In general it was also observed that the correfabetween viscosity and amylose for induced
HOO008 (0.24) plants was positive whilst negativereations were observed for induced
HOO001 (-0.35), UCCO090 (-0.46) and UCCO026 (-0.3%2)npt (Tables 5.2, 5.4, 5.6 and 5.8). This
indicated that HO008 had more of the fraction efgahain amylopectin molecules while the
rest of the plants had more of the short chain apgdtin molecule fractions. The differences in
the physicochemical and structural properties efdtarches from induced plants are therefore
influenced by individual differences caused by thetagenesis. Thus, each genotype might
have a different response to irradiation. It isréfi@re not reliable to extrapolate correlations
from one induced genotype to another. These vanstare expected, because this is not a
natural population. It is a tailored populationimduced plants based on results of high and low

amylose content.

The average amylose content of two to three simmiduced plants from the same W stake

was provided in Tables 5.1, 5.3, 5.5 and 5.7 téréss the point that selections based on mean
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values were not necessary for findingpecificuseful mutant. Selection based on mean values
could easily select average performing plants butld prevent the highest or lowest extreme
mutant plants to be identified. That means it fagothe majority contributors to the mean
which are mostly the non-mutants. Individual cloe@hluation focuses on very rare plants with
significant useful traits differring from the coatrlandraces. That is why cassava mutants
reported in literature were based on individuallygsia instead of means (Ceballesal., 2008;
Carvalhoet al., 2004). The range of amylose content (13.2% to%).abserved in induced
plants of HOO08 was observed to be broader th&Q001 plants.

The landrace HOO001 (22.0% amylose) was induceddaden the amylose content from 13.9%
(N353P6) to 27.2% (N373P2). The four highest ang/lpsnts of HO001 ranked from highest
categories of plants N373P2, N383P10, N387P4 to9RS88and the lowest four amylose
producing plants ranked from lowest plant N353R857P5, N354P4 to N358P2. The selected
individual four highest/lowest amylose producinggbk were significantly higher/lower than
the control HOOO01. The plants with the highest asgl content may be more suitable for
specific resistant food applications while the Istvamylose containing plants (mutants) could
support glucose syrup and bioethanol productiocd&trak and Pomeranz, 1991; Englgst
al.,, 1992). The genetic base of amylose production wesefore expanded through

mutagenesis.

The ranking of the storage root yield, starch cohtad viscosity did, as expected, not follow
the decreasing order of the four highest/lowest laggy producing plants. This was due to
unstable negative correlations observed betweesettraits as explained earlier for the HO008
plants. The putative free-sugar mutant N357P5 headaéively lower storage root yield (2 kg),
significantly higher starch content (34%) but lowgscosity (330 cP) than the control HO001
with 4.8 kg, 23.4% and 513 cP respectively. Cawvahal (2004) described the first natural
free-sugar mutant (CAS36) as having glycogen-lieech, lacking amylose and accumulating
over 100 times more free sugar (mainly glucose) t@mmercial varieties. In the field iodine
test, the lack of blue-black colour indicated tetrch biosynthesis might have been affected
and that a low amylose containing free-sugar pleed suspected (Chapter 3). However, the

laboratory analysis with the modified De la Cruz a&ush (2000) method did not agree with
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these predictions. A relatively high level of amsgowas rather observed. Such contrasting
results with the colorimetric method were also regub by Gérardet al. (2001), even with
normal starches. These authors finally concludatlittwas due to the presence of intermediate
poly glucans and it is only the SEC (with a 2.6x200 column) on HW75 S gels that could
give reliable amylose content analysis, a methotthvivould be useful for mutant starches.
Since such columns are no more available, onedhigdyt on alternative amylose determination

methodologies until a suitable method is develdpethtermediate poly glucans.

The focus of this chapter was to induce and idgntife highest and/or lowest amylose
producing cassava plants. Any of these plants nsyteve a novel trait such as putative free-
sugar mutant and fissured granules. This confifma$ mutation breeding is an uncontrollable
process which may lead to any unexpected usefuamhwthich is not anticipated. This is in
agreement with Ceballos et §2008), that even the useful mutant might be aceomeg by
many changes in biochemical, morphological andtianel properties. The apparent analytical
methods to determine amylose content may not be tbdistinguish between intermediate
macro-molecules which are capable of forming comgsewith iodine like amylose, although
they might neither be amylose nor amylopectin (@& al, 2001) and this account for higher
values of amylose observed for the free-sugar pldriis implies that appropriate

methodologies for analysing such intermediate dabans are also lacking.

The ranges of amylose content between 13.2% and far¥duced HOO001 and 13.2% and
31.1% for HO008 were observed to be broader thanahinduced UCCO090 plants. A range of
15.8% (N429P3) to 26.7% (N412P4) amylose contestatserved in induced UCCO090 plants.
The amylose contents of the four highest amyloseyming UCCO090 plants N412P4 (26.8%),
N413P2 (25.4%), N419P4 (25.2%) and N394 P82 (23\@se higher than that of the control
UCCO090 (22.6%) except the free-sugar putative miN@94P82 (23.1%). The amylose content
of plants N412P4, N413P2 and N419P4 were high dndaagender the starch number one
material to be processed into lenthel (very highistant) starches which could be included in
slowly digestible diets for improvement of colonalth (Englystet al, 1992). Induced plants

N429P3 (15.8%), N405P12 (17.7%), N398P4 (18.9%) HAABP4 (19.6%) were lower in

amylose content than the control UCC90. The stahdaviation (2.73) from the mean (21.3%)
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observed was probably due to irradiation effectse Btorage root yield, starch content and
starch viscosity values for UCCO090 induced platidsnot follow the ranking order of the four
highest/lowest amylose producing plants due touthetable nature of the relationship between
storage root yield, percentage starch and amylosteit, similar as has been explained earlier
for HOO08. There was a strong negative correlafinb2) between storage root yield and
amylose content and a weak negative correlationvd®t percentage starch and amylose
content (-0.23). The storage root yield of the puéa free-sugar mutant N34P82 was
significantly higher than the UCCO090 control. PI&lg84P82 had similar amylose content as the
control but with a significantly lower viscosity ah the control UCC090. The amount of
variation between the four control landraces arel ftur highest/lowest induced plants were
probably due to irradiation effect. UCCO090 indugdahts had a lower range of amylose values
(15.8% to 26.7%) whilst UCC026 induced plants Hedliroadest amylose content range.

In UCCO026 induced plants the amylose ranged fron7%1(N476P22) to 32.7% (N441P54)
with the control UCC026 at 20.9% amylose. The saathddeviation (4.8) from the mean
(21.5%) observed was probably due to irradiatidact$. The selected individual four highest
amylose producing plants were N441P54 (32.7%), R&7(26.5%), N468P8 (26.5%) and
N439P9 (25.8%) and were significantly higher thhe tontrol UCC026. The four lowest
amylose producing plants were N476P22 (11.7%), NB28 (17.3%), N474P5 (17.7%) and
N474P2 (18.2%). Plant N476P22 was significantly dowhan the control. These variations
induced by irradiation had broadened the genetse i amylose producing plants and may
bring out changes in biochemical, morphological d&mactional properties (Ceballost al.,
2008). The four highest/lowest amylose produciranfd, in addition, possessed considerable
variation in values of storage root yield, percgetatarch and starch viscosity compared to the
control UCCO026 control. The storage root yield,geetage starch and starch viscosity from
induced UCCO026 plants ranged from 1.5(N468 P6).%5dckg (N470 P3), 22.5(N439 P9) to 31.8
% (N473 P15), 365(N468 P9) to 473 cP (N476 P25)taadontrol UCC026 had 2.0 kg, 25.6%
and 500 cP respectively. Since amylose level etivaly constant across environments and as
months after planting do not seem to have any effiedt (Ceballost al.,2008), the significant
variations of the observed amylose content betwkerfour highest/ lowest induced UCC026

plants were probably due to irradiation effects.
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5.6.4 The overall four highest/lowest amylose proaing plants

The fact that 11 out of 14 sensory parameters wegerted to have strong correlations with
amylose content of rice (Champaggteal., 2004) indicates the importance of amylose vanmtio

with food taste qualities. The relative proportminamylose and amylopectin greatly influences

the physicochemical, technological and nutritigm&perties of starch (Karimt al.,2007; Jane

et al.,1999; Fredrikssoet al.,1998). The overall four highest/lowest plants selé@cross the
induced four landraces (HO008, HO001, UCC090 an€Q&®) are presented in Table 9.

Table 5.9 The overall four highest/lowest amyloselgnts selected across landraces

Control source of Individual Root Starch Starch Amylose Ranking of
individual plants plants yield(kg) content (%)viscosity(cP) content (%) selections
UCC26 N441 P54 3.00 24.20 410.00 32.74 1
HOO008 N223 P12 2.50 21.40 325.00 31.13 2
HOO001 N373 P2 5.00 32.50 348.00 27.15 3
HOO008 N329 P11 7.00 30.30 383.00 26.83 4

UCC090 2.33 25.40 490.00 22.55

HOO001 4.75 23.36 513.00 22.02

UCC 026 2.00 25.60 500.00 20.92

HO 008 2.50 25.40 390.00 19.73
HOO008 N96 P16 3.50 27.70 333.00 13.99 4
HOO001 N353 P6 7.00 34.00 368.00 13.91 3
HOO008 N166 P2 2.50 21.80 395.00 13.20 2
UCCO026 N476 P22 4.50 29.00 465.00 11.65 1

Totals 46.58 320.66 4920.00 255.82

Means 3.88 26.72 410.00 21.32

STDEV 1.77 4.05 66.23 7.16

The overall four highest amylose producing plantslécreasing order of percentage amylose
were N441P54 (32.7%), N223P12 (31.1%), N373P2 (2),.N329P11 (26.8%) and the four
lowest amylose plants were N96P16 (14.0%), N35336906), N166P2 (13.2%), N476 P22
(11.7%). There were significant differences betwtese plants and their respective controls
UCCO026 (20.9%), HO008 (19.7%), HO001 (22.0%) andOB® Significant differences were
also observed between these plants and the avamgiese contents of cassava reported by
other researchers, i.e. 17.9 to 23.6% (Defketaal., 1998), 17 to 25% (Fernandetal., 1996),

18 to 25% (Moorthy2004) or 13.6 to 23.8% (Rickard et,dl991).
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Since the traits are already expressing, it woblkerdfore not be necessary to undergo self
pollination to increases the chances of pairing exgression of the recessive desirable waxy
genes (GBSS1) (Ceballos et,a2008). The overall four lowest amylose plants dobke
classified among rapidly digestible starches witictld therefore be considered for baby foods,
industrial alcohol, and glucose and high fructogeigs (Englystet al., 1992) and products in
which adhesion will be required (Hough, 1985). Liwaxy) amylose content was reported to
give soft and sticky textures to food products sthiligher amylose provides hard texture to
food products (Juliano and Hicks, 1996).

Starch was previously thought to be completely stgge. However, it is now recognized that a
portion is resistant to digestion by human enzyares will pass into the colon, where it may or
may not be fermented by gut bacteria (Braval.,1998; Yanget al, 2006). The amylose level
observed in comparison to the reported valuestémaliure is high enough to render the starch
from plants N441P54, N223P12, N373P2 and N329P1beuimne material to be processed into
lenthel (very high resistant) starches. Starchlassified as rapidly digestible starch, slowly
digestible starch or resistant starch (Engbtsal., 1992). Resistant starch has been defined as
“the sum of starch and products of starch degradatiot absorbed in the small intestine of
healthy individuals” (Asp,1994). The enzyme resistance of starch is affebiedamylose
content (Chanvrieret al, 2007), moisture (Kimet al, 2006), heating time, temperature
(Eerlingenet al, 1993; Szczodrak and Pomeranz, 1991), the rateorgflose to amylopectin and
granular properties (Egguet al., 1993). Foods with significant resistance levatgorporated
into the dietary-prevention strategies, are repbtte have beneficial effects on colon health
(Topping and Clifton, 2001) and may also have aiced glycemic load with possible protective
effects against non-insulin-dependent type |l diebeobesity and heart diseases (Beéiall.,
2006; Kendallet al., 2004; Kimet al., 2003). High amylose starches also increases amidl
meal fat oxidation in humans and rats (Kaddiial., 1998). The preferential digestion of the meal
fat portion of the food, leaving the resistant aftigportion, creates false satisfaction, consumption

of less food and natural slimming down.

165



It was observed that none of the UCCO090 inducedtplavere selected among the four highest
and four lowest amylose producing plants acrossfole controls although they had some
mutant plants. This underscores the importancendividual clonal evaluation as compared to
their respective control landraces as a reliableéhate of discovering mutants rather than
comparison of mutants across different landracéselections were done across different
landraces, most useful mutants identified in UCC08fuced plants in the previous chapters
would have been overlooked. HO008 dominated thecteh by producing half of the eight
induced plants selected from the 8442 stakes plamtethe MV, field. The average amylose
values of controls (HO008, HO001, UCC090 and UC(QG26pectively ranged from 16.08 to
25.6%, 19.2 to 26.3%, 19.0 to 25.2% and 16.2 t@ 8&. M,V induced plants. Irradiation has
broadened the amylose range and increased amyé&rssi@ diversity. The expansion of the
amylose genetic base observed might be accompéagiedchange in starch biosynthesis and
therefore resulted in the display of different ftioal properties. The application of starch in
industries is also primarily controlled by the ansg to amylopectin ratio, gelatinization and
viscosity tendencies (Wickramasingbeal., 2009; Nwokochaet al., 2009; Yuanet al., 2007).
The reported cases of gamma irradiation responfbl@creasing genetic diversity are based on
the fact that mutagenic effect of ionizing radiaticesults principally from the production of
multiple damage sites in single and double DNAmstsaand when the DNA lesions were not
correctly repaired or completed (Ward, 1995). Amtmase lesions, strand breaks are considered
to be the most important as they interrupt theioaity and integrity of the double helix (Adit

al., 2007). As a result, gamma irradiation accounts8fa# of new varieties released in China
(Nagatomi, 1992) and 61% of more than 200 direet-maitant varieties released in Japan
(Nakagawa, 2008). lonic radiation was used suculgsts a tool to extensively reduce amylose
content of rice which improved taste (Kobayashi Alghimura, 2007). Gamma irradiation was
used to produce ‘Tek bankye’, a cassava mutant lgh dry matter content (40%) in Ghana
(Dansoet al.,2008). Although commercialisation of cassava ahab&ion of improved varieties
encourages genetic erosion (Masfoal.,1998; Brush, 2000; Benesi al.,2004), the broadening
of the genetic base of amylose by gamma irradiatforassava stakes had increased the genetic

diversity which would help alleviate genetic erasio
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5.7 Conclusions and recommendations

The overall four highest amylose producing plan#4N°54 (32.7%), N223P12 (31.1%),
N373P2 (27.2%), N329P11 (26.8%) were high enoughniylose content to render the starch
number one material to be processed into lentrezly(kkigh resistant) starches. Simultaneously,
the four lowest amylose producing plants select8@ML6 (14.0%), N353P6 (13.9%), N166P2
(13.2%) and N476 P22 (11.7%) had low enough amytmsgent to be classified as high
amylopectin cassava plants with high potential govcessing into waxy (very low amylose)
cassava starches. The differences in amylose vaoesss landraces were due to both
irradiation effects and genotypic variations. Thmyklbse content range of the controls from
19.7% (HOO008) to 22.6% (UCCO090) was significantirnower than the amylose range from
11.7% (N476 P22) to 32.7% (N441P54) observed iuded plants. This indicates that the
mutagenesis of the four control landraces had teguh the broadening of the genetic base of
amylose, which was also observed to be associatadive variation in the viscosities of starch.

5.8 References

Albert, L. C., Yung, H. C., Wen, C. K., Klanaroth, S. and C. H. Tzou. 2005Influence of
amylopectin and amylose content on the gelling perties of five cultivars of Cassava
starchesJ. Sci. Food Agric53: 2717-2725.

Ali, A. A. M., Naz, S., Sarwar, A. S. and J. Igbql.2007. Invitro induced mutation for
screening of red rotQolletotrichum falcatuin resistance in sugarcané&accharum
officinarum). Pak. J. Bot.39(6): 1979-1994.

Amenorpe, G. 2002.Seclection of promising early bulking and mealyssava anihot
esculenta Crantz) germplasm based on dry matter, staraparsand cyanide content .
University of Cape Coast, Ghana. M.Phil thesis.

167



Amenorpe, G., Amoatey, H. M., Darkwa, A., BaniniG. K. and V.W. Elloh. 2007 .Peak
root and starch weights of ten early bulking cats/of cassavaManihot EsculentaJ. of
the Ghana Science Associati®n(2): 54-60.

Asp, N. 1994 Nutritional classification and analysis of food lealnydratesAm. J. Clin. Nuty
59: 6795-6815.

Atwell, W. A., Hood, L. F., Lineback, D. R., Varriano-Marston, E. and H. F. Zobel. 1988.
The Terminology and Methodology Associated with iBaStarch Phenomen&ereal
Foods World33:306-311.

Baba, T. and Y. Arai. 1984.Structural characterization of amylopectin and rmiediate
material in amylomaize starch granuléggricultural and Biological Chemistry48(7):
1763-1775.

Batey, I. L., Gras, P. W. and B. M. Curtin. 1997 Contribution of the chemical structure of
wheat starch to Japanese noodle qualit§aci. Food Agric.74: 503-508.

Behall, K. M., Scholfield, D. J. and J. G. Hallfrixh. 2006.Barley B-glucan reduces plasma
glucose and insulin responses compared with resistarch in menNutr. Res. (N.Y,26
(12): 644-650.

Benesi, I.R.M., M.T. Labuschagne, A.G.O. Dixon andN.M. Mahungu. 2004 Genotype X
Environment interaction effects on native cassasecB quality and potential for starch in
the commercial sectofrican Crop Science Journdl?2: 205-216.

Brautlecht, C.A. 1953 Starch: Its sources, production and uses. RainHlblishing
Corporation, New York, USA.

Bravo, L., Siddhuraju, P. and F. Saura-Calixto. 198. Effect of various processing methods
on the vitro starch digestibility and resistantsiacontent of Indian pulse3. Agric. Food
Chem.46:4667-4674.

Brush, S.B. 2000 Genes in the field: On-farm conservation of cropedsity. IPGRI, Rome,
Italy, and IDRC, Otawa, Canada and Lewis Publisfi&sa Raton, London, New York
and Washington D.C. p.288.

Buléon, A., Ball, S., Planchot, V. and P. Colonnal998. Starch granules: structure and
biosynthesisint. J. Biol. Macromol.23: 85-112.

168



Carvalho, L. J. C. B., Batista de Souza, C. R., Caardo, J., Junior, C.B. and L. Campos.
2004. Identification and characterization of a novel eassManihot esculentaCrantz)
clone with high free sugar content and novel staptdnt Molecular Biology56: 643—659.

Ceballos, H., Sanchez, T., Denyer, K., Tofino, &., Rosero, E. A., Dufour, D., Smith, A.
M.; Morante, N., Pérez, J. C. and B. Fahy. 2008nduction and identification of Small-
Granule, High-Amylose Mutant in Cassavdapihot esculentaCrantz).J. Agric. Food
Chem.56 (18): 7215— 7222.

Ceballos, H., Sanchez, T., Morante, N., Fregen®l., Dufour, D., Smith, A. M.; Denyer,
K., Pe’rez, J. C., Calle, F. and C. Mestres. 200Discovery of an amylose-free starch
mutant in cassavaManihot esculent&rantz).J. Agric. Food Chemi5 (18):7469— 7476.

Champagne, E. T., Bett-Garber, K. L., McClung, A. M and C. Bergman. 2004Sensory
characteristics of diverse rice cultivars as inficed by genetic and environmental factors.
Cereal Chemistry81:237-243.

Chanvrier, H., Uthayakumaran, S. Appelqgvist, I. A.M., Gidley, M. J. Gilbert, E. P. and A.
Lépez-Rubio. 2007 Influence of storage conditions on the structtirermal behavior, and
formation of enzyme-resistant starch in extrudedcstesJournal of Agriculture and Food
Chemistry 55: 9883-9890.

Charles, A. L., Chang, Y. H., Ko, W. C., Sriroth, K and T. C. Huang. 2005Influence of
amylopectin structure and amylose content on tHiengeproperties of five cultivars of
cassava starchek. Agric. Food Chem§3: 2717-2725.

Colonna, P. and C. Mercier. 1984Macromolecular structure of wrinkled- and smoo#ap
starch component€arbohydrate Research26 233-247.

Danish EU-directorate. 1996.Determination of starch content under water weih5050 g
tuber. Instruction no. 2 Mkt. 4410-4-96 of July 698sued by Ministry of Agriculture and
Fishery enforced on 1 July 1996 and revised on 8teihber 1997. Available at URL:
http://lwww.starch.dk/isi/methods/13starch.htm.

Danso, K.E., Safo-Katanka, O., Adu-Ampomah, Y., Odro, V., Amoatey, H.M., Asare,
O.K., Ofori Ayeh, E., Amenorpe, G., Amiteye, S. andr. Lokko. 2008. Application of
induced mutation techniques in Ghana: Impact, ehgkts and the future. In: Book of
Abstracts, FAO/IAEA international symposium on iedd mutations in plants, 12-15
Aug., 2008, Vienna, Austria, p.108.

169



Defloor, 1., Dehing, I. and J. A. Delcour. 1998Physico-chemical properties of cassava starch.
Starch/S#rke, 50: 58-64.

De la Cruz,N. and G.S. Kush. 2000Rice grain quality evaluation procedurés. Aromatic
rices. Singh, R.K., Singh, U.S. and Khush, G.Ss.(je®xford and IBH Publishing Co. Pvt.
Ltd., New Delhi, India, pp.16-28.

Doublier, J.L. 1987. A rheological comparison of wheat, maize, fabanbaad smooth pea
starchesJ. Cereal Sci.5: 247-262.

Eerlingen, R. C., Crombez, M. and J. A. Delcour. 198. Enzyme resistant starch. I.
Quantitative and qualitative influence of incubatitme and temperature of autoclaved
starch on resistant starch formati@ereal Chemistry70: 339-344.

Eggum, B., Juliano, B., Perze, C. and E. Acedo. 139The resistant starch, undigestible
energy and undigestible protein contents of raw@uaked milled riceJ. Cereal Sci.18:
159-170.

Eliasson, A.C. 1986Viscoelastic behaviour during the gelatinizatiorsti#rch. In: Comparison
of wheat, maize, potato and waxy barley starchefexture Studie4,7: 253-265.

Ellis, H.S., Ring, S.G and M.A. Whittam. 1989. A comparison of the viscous behavior of
wheat and maize starch pasteéCereal Sciencd,0: 33-44.

Englyst, H. N., Kingman, S. M. and J.H. Cummings. 992 Classification and measurement
of nutritionally important starch fractionSuropean J. of Clinical Nutritior46: 33-50.

Fernandez, A., Wenham, J., Dufour, D. and C. C. Wraley. 1996.The influence of variety
and processing on the physicochemical and fundtipnaperties of cassava starch and
flour. In Cassava Flour and Starch: Progress inre&ef and Development. Dufour, D.,
O’Brien, G. M., Best R. (eds.). CIRAD/CIAT Montpigt France/ Cali Colombia, pp. 263-
269.

Fitzgerald, M.A., Bergman, C. J., Resurreccion, A.R Mdller, J., Jimenez, R., Reinke, R.

F., Martin, M., Blanco, P., Molina, F., Chen, M-H.,Kuri, V., Romero, M.V., Habibi,
F., Umemoto, T., Jongdee, S., Graterol, E., Redd.R., Bassinello, P.Z., Sivakami,
R., Rani, N.S., Das, S., Wang, Y.J., Indrasari, S.DRamli, S., Ahmad, R., Dipti, S.S.,
Xie, L., Lang, N.T., Singh, P., Toro, D.C., Tavasgl F. and C. Mestres. 20009.
Addressing the Dilemmas of Measuring Amylose ineRIBACC International, IncCereal
Chemistry 86(5):492-498.

170



Fredriksson, H., Silverio, J, Andersson, R., Eliagm A.-C. and P. Aman. 1998.The
influence of amylose and amylopectin charactegstio gelatinization and retrogradation
properties of different starchaSarbohydrate Polymerg85: 119-134.

Galliard, T. and P. Bowler. 1987.Starch properties and potential. Chichester, Jiay and
Sons.

Gérard, C., Barron, C., Colonna, P. and V. Planchot 2001. Amylose determination in
genetically modified starche€arbohydrate Polymergl4: 19-27.

Gibson, T.S., Solah, V.A. and B.V. McCleary. 1997A Procedure to Measure Amylose in
Cereal Starches and Flours with Concanavalidodirnal of Cereal Scienc2b: 111-119.
Gudmundsson, M. and A.-C. Eliasson. 199®Retrogradation of amylopectin and the effects of

amylose and added surfactants/emulsifi€egbohydr. Polym.13: 295-315.

Hough, J. S. 1985The biotechnology of malting and brewing. Cambeidighiversity Press.

International Starch Institute. 2002. ISI 17-1e: Determination of viscosity of starch by
Brookfield Viscometerhttp://www.starch.dk/isi/methods/17brookfield.htm

Jane, J., Chen, Y.Y., Lee, L.F., McPherson, A.E., ¥hg, K.S., Radosavljevic, M. and T.
Kasemsuwan. 1999Effect of amylopectin branch chain length and E®g content on the
gelatinization and pasting porperties of staf@hreal Chemistry76 (5):629-637.

Jenkins, D.J., Taylor, R. H. and T.M.S. Wolever. 182. Relationship between the rate of
digestion of foods and post-prandial glycaerbimbet.,23: 477.

Juliano, B. O. and P. A. Hicks. 1996Rice functional properties and rice food products
(Review).Food Rev. Int12:71-103.

Kabir, M., Rizkalla, S.W., Quignard-Boulange, A., Querre-Millo, M., Boillot, J., Ardouin,

B., Luo, J. and G. Slama. 1998A high glycemic index starch diet affects lipid rstge-
related enzymes in normal and to a lesser extemliahetic ratsJournal of Nutrition,
128:1878-1883.

Karim, A.A., Toon, L.C., Lee, V.P., Ong, W.Y., Fagah, A. and T. Noda. 2007 Effects of
phosphorus contents on the gelatinization and geddation of potato starclournal of
Food Sciencer2(2): 132-138.

Kasemsuwan, T., Jane, J.L., Schnable, P., StinardP. and D. Robertson. 1995.
Characterization of the dominant mutant amyloserm@r (Ael-5180) maize starch.
Cereal Chemistry72(5):457-464.

171



Kendall, C. W. C., Emam, A., Augustin, L. S. A. andD. J. A. Jenkins. 2004 Resistant
starches and health. of AOAC international87:769-774.

Kim, W., Chung, M., Kang, N., Kim, M. and O. Park. 2003. Effect of resistant starch from
corn or rice on glucose control, colonic eventsd drood lipid concentrations in
streptozotocin-induced diabetic ralsNutr. Biochem.4: 166-172.

Kim, J. H., Tanhehco, E. J. and P. K. W. Ng. 200€ffect of extrusion conditions on resistant
starch formation from pastry wheat floiood Chemistry99: 718-723.

Klucine J.D. and D. B. Thompson. 2002Structure of amylopectins from ae-containing maize
starchesCereal Chemistry79 (1): 19-23.

Kobayashi, K. and M. Nishimura. 2007 Waxy rice mutants with unique processing properties
for waxy rice breedingBreeding Scienc&7: 175-180.

Lansky, S., Kooi, M. and T. J. Schoch. 1949Properties of the fractions and linear
subfractions from various starchekurnal of American Chemistry Sociefl: 4066—
4075.

Lu, T-J., Lin, J-H., Chen, J-C. and Y-H. Chang. 208. Characteristics of TaroCplocasia
esculentq starches planted in different seasons and thedations to the molecular
structure of starchlournal of Agricultural and Food Chemisiry6: 2208-2215.

Moorthy, S. N. 2004.Tropical sources of starch. In: Starch in Foodadslon, A. C. (eds.).
CRC Press: Boca Raton, FL, pp. 321-3509.

Moyo, C.C., I.LR.M. Benesi and V.S. Sandifolo. 1998Current status of cassava and
sweetpotato production and utilisation in MalawmeTDepartment of Agricultural research
and Technical Services report submitted to the &fiipi of Agriculture and Irrigation
Development, p. 41.

Nagatomi, S. 1992Selection of self compactible mutants in tea plamder long-term chronic
Irradiation. Technical news, pp 40.

Nakagawa, H. 2008.Induced mutations in plant breeding and biologreslearches in Japan.
In: Induced Plant Mutations in the Genomics EraY.(Bhu (ed.). Food and Agriculture
Organization of the United Nations, Rome, pp. 48-54

Noda, T., Takahata, Y. and T. Nagata. 1992Developmental changes in the properties of
sweet potato starcheStarch/Starke44: 405-409.

172



Nwokocha, L.M., Aviara, N.A., Senan, C. and P.A. Wliams. 2009 A comparative study of
some properties of cassawanihot esculentaCrantz) and cocoyantflocasia esculenta
Linn) starchesCarbohydrate Polymerg6 (3) 362-367.

Orlando, M. 2003. Modification of proteins and low molecular weightibstances with
hydroxyethyl starch (HES), Ph.D. Thesis, Justubigi®Jniversitat Giessen.

Pérez, E. S. 2000Determination of the correlation between amylosé phosphorus content
and gelatinization profile of starches and floubsamed from edible tropical tubers using
differential scanning calorimetry and atomic absorp spectroscopyMaster Thesis in
Science. Graduate College University of WiscondimuEMenomonie, WI 54751.

Ral, J.P. Cavanagh, C.R. Larroque, O. Regina A. and/.K. Morell. 2008. Structural and
molecular basis of starch viscosity in hexaploideathJ. Agric. Food Chem56. 4188—
4197.

Rickard, J. E., Asoaka, M. and J.W.V. Blanshard. 191. The physicochemical properties of
cassava starciiropical Science3l: 189— 207.

Riley, C.K., Wheatley, A.O., Hassan, |., Ahmad, M.H Morrison, E. St. Y. and H. N.
Asemota. 2004.In vitro digestibility of raw starches extractewrh five yam Dioscorea
spp) species grown in Jamaicgtarch/Starke56: 9-73.

Sanchez, T., G. Mafla, N. Morante, H. Ceballos, DDufour, F. Calle, X. Moreno, J. C.
Pérez and D. Debouck. 2009Screening of starch quality traits in cassaMarfihot
esculenteCrantz).Starch/Starkeg1: 12-19.

Shibanuma, Y., Takeda, Y. and S. Hizukuri. 1996Molecular and pasting properties of some
wheat starche€arbohydrate Polymer29: 253-261.

Szczodrak, J. and Y. Pomeranz. 1995tarch and enzyme-resistant starch from high-araylos
starch Cereal Chemistry68: 589-596.

Tester R. F. and J. Karkalas. 2004 Swelling and Gelatinization of Oat Starch&sereal
Chemistry,73(2):271-277.

Topping, D.L. and P. M. Clifton. 2001.Short-chain fatty acids and human colonic function:
role of resistant starch and nonstarch polysacdésiPhysiol Rey.81: 1031- 64.

Ward, J.F. 1995.Radiation mutagenesis: The initial DNA lesion @sgible.Radiat. Res.]142
362- 368.

173



Wickramasinghe, H.A.M., Takigawa, S., Matsuura-Endg C., Yamauchi, H. and T. Noda.
2009. Comparative analysis of starch properties of d#fférroot and tuber crops of Sri
Lanka.Food Chemistry112:98-103.

Wolever, T.M.S., Jenkins, D.J.A., Vuksan, V., Jenkis, A.L., Buckley, G.C., Wong, G.S.
and R.G. Josse. 199Beneficial effect of a low-glycaemic index diettype 2 diabetes.
Diabet Med.9: 451-458.

Yang, C. Z.,, Shu, X, L., Zhang, L. L.,Wang, X. Y.Zhao, H. J., Ma, C.X. and D. X. Wu.
2006. Starch properties of mutant rice high in resisttatch.J. Agric. Food Chem54:
523-528.

Yuan, Y., Zhang, L., Dai, Y. and J. Yu. 2007Physicochemical properties of starch obtained
from Dioscorea nipponicaMakino comparison with other tuber starché&surnal of Food
Engineering 82: 436-442.

Zhu, T., Jackson, D.S., Wehling, R. L. and B. Geera2008. Comparison of amylose
determination methods and the development of a dualelength iodine binding
techniqueCereal Chemistry35(1): 51-58.

174



CHAPTER 6

Variations in physico-chemical properties of starchgranules of induced cassava mutants

6.1 Abstract

X- ray diffraction spectroscopy and DSC charactgian was carried out on control and induced
cassava plants. Gamma irradiation caused a chaoge A-type X-ray diffraction pattern in
control landraces to C-types in seven of the induptants. This was accompanied by a
significant variation in crystallinity indexes amgelatinization properties. On the basis gfdf
induced plants, the overall four lowest plants wei&7BP12 (40.9°C), N398P3fissur (47.0°C),
N413P2 (54.5°C) of control HO008 (68.5) descent &lgb7P4 (56.0°C) of control HO001
(63°C) descent whilst the overall four highestnggawere N389P5 (72.0°C) of control HO001
(63.0°C) descent, N473P2 (72.7°C) of control UCCQ@B.0°C) descent and N95P5 (73.3°C)
and N39P5 (83.7°C) of control HO008 (68.5) descebut of these eight plants, five
(N167BP12, N398P3fissum389P5, N95P5 and N39P5) had merged gelatinizagioth melting
transitions. Therefore,llainduced plants could be classified into thredatieization categories.
The first group consisted of three induced plantsctv lacked gelatinization transition. The
second group included 99% of the induced plants marmal gelatinization transition properties
similar to controls. The third group consisted dfglants which displayed merged gelatinization
and melting transitions, occurring within gelatatibn zone. The first and third categories
included most of the putative mutants describethenresearch chapters and they were suitable
for shortening the starch processing time requirednost commercial starch applications in

industry.

6.2 Introduction

The starch granule is a semi-crystalline structcoeposed of crystalline and amorphous
regions. The crystalline region is formed primably two starch chains coiling together to form
double helices which is networked into ordered teltissof crystalline lamellae (Hizukuri, 1985;

Hizukuri et al., 1983; Waigh, 1999; Matveest al., 2001). The space between clusters form
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amorphous regions is mainly occupied by amyloseh wiglatively longer chains than
amylopectin. The interaction of short amylopectmaios with amylose results in the formation
of heterogeneous double helixes that co-crystallizbin the crystalline lamellae (Jenkins and
Donald, 1995). The amount of double helices in@ea#th increasing amylopectin content
(Jenkins and Donald, 1995) but decrease with isangaamylose content (Charlesal., 2005),
suggesting that the amylopectin is the main faatsponsible for granule crystallinity
(Cheetham and Tao, 1997; Gereaital. 1993, Pariet al., 1999). Higher crystallinity results in
higher gelatinization temperature (Defladral.,1998a).

The crystalline nature of starch granules is charemed into X-ray patterns (A, B, C and V)
which can be identitied with predefined A, B, C angeaks by X-ray diffraction spectroscopy
(Shujunet al.,2005). The A type is associated mainly with cersalsh as maize and wheat. The
X-ray spectra of these starches display strong#radiion peaks at 15° and 23° and an
unresolved doublet at 17°, 189. The B type is from tuber starches such as pa@atbcanna.
The strongest diffraction peak of the B type appeat 17° and 526 with a d spacing of 5.4 A,

in addition to a few small peaks at 20°, 22° anti2Z24Shujunet al., 2005; Cheetham and Tao,
1998; Chandrasekaran, 1998). The A type adoptese-qgacked arrangement with eight water
molecules between each double helical structurdeiline B-type has an open structure with 32
water molecules, surrounded by six double heliSzyihoskeet al.,2003; Imbertyet al., 1988).
The C type pattern is a mixture of A and B typelse hard (outer) part of pea starch granules
contains an abundance of short chain amylopedasntified as A-type crystallinity, while the
softer (mostly interior) part of pea starch grasuig identified with long amylopectin chains
identified as B - type crystallinity. Therefore theesence of both long and short amylopectin
chains in a particular granule diffracts an intedrate pattern called the C - type crystallinity
pattern. The C - type has been observed in arrdvenod pea starch (Cheetham and Tao, 1998;
Chandrasekaran, 1998; Zobel, 1988; Hizukuri, 198®nch, 1984). During retrogradation of
starch, some of the leached amylose coils to fogimgle helix which complexes with lipids to
form an amylose-lipid-complex. This complex canstajlize into a gel that diffracts X-rays in a
V - type pattern (Lopez-Rubiet al., 2008) or is caused by amylose being complexed with
substances such as aliphatic fatty acids, emuisjfieutanol and iodine (Cheetham and Tao,
1998).
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The crystallinity of native cereal starches is #pe but this could be changed to an intermediate
C - type through chemical modification (Cheethard @no, 1998) or through plant conditioning
in the field. Cheetham and Tao (1998) have repcatéchnsition of crystalline type in maize
from A through C to B, accompanying a decreaséhéndegree of crystallinity from 41.8% to
17.2% across a range of apparent amylose contamt@% to 84% by growth conditions in the
field. The chemical reagent used for modifying tingstalline portion of amylopectin, however,
will be banned in the health-conscious period (€daang and Suphantharika, 2006). Gamma
irradiation is energetic electromagnetic wave wtddes not leave any residue such as protons,
neutrons, electrons, alpha)(or beta f§) particles in their target to cause harm. Nivesasaa
plants have been reported to produce A-type ciystgljust as some cereals (Nuwamarsgta
al., 2010;Defloor et al.,1998a; b), although some varieties may exhibittgge-pattern (Lorenz
and Kulp, 1992; Eberstest al.,1980).

The application of starch in industries depend elatgnization, viscosity, crystallinity, amylose
and amylopectin ratios and the nature of granufégkramasingheet al., 2009; Nwokochaet

al., 2009; Yuaret al.,2007). During gelatinization, starch absorbs heaxcess water to fully
break hydrogen bonds between double helices. Arayleaches from the swollen granules to
form a paste which increases the viscosity. After $tarch granules are totally destroyed, the
viscosity decreses. Cooling of the cooked pastelu®s reconstruction of the network of double
helixes toward gelation and/or solubilisation (Besand Karkalas, 1996). The temperature at
which starch begins to undergo these changes ks the gelatinization temperature. Most
of the cassava starch granules gelatinize betw8e868C (Paegt al., 2008), 65-70°C in 45%
water (Lacerdaet al., 2009). The gelatenization transitions temperatarescharacterized into
onset (T), peak () and conclusion (J or endset (d) temperatures. On an industrial scale, the
energy input for gelatinization is a significantripaf processing costs (Ellist al., 1998). The
objectives of the work reported in this chapterever identify induced plants with modified x-
ray diffraction pattern, crystallinity and gelatzation properties. This could be used to replace

the chemically modified starches in industrial agadions.
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6.3 Materials and methods

6.3.1 Source of material

The four highest yielding, early bulking and melagdraces from previous research (Amenorpe
et al.,2002) were mutagenized with 35 Gy gamma irradiafiom a C8° source and evaluated
at the Ghana Atomic Energy Commission (GAEC) frdd@2to 2009. Out of 1689 stem cuttings
planted, 476 (N1-N476) W, plants survived. The W vegetatively propagated plants were
used to produce 8442 stakes (stem cuttings withvanage adventitioud bud of 5) planted in
2008 (See chapter 3 sections 3.3.1-3.3.4 and ahdpsection 4.3.1 for details). The starch
samples were obtained from 12 months olg/Mplants in 2009 for laboratory analysis at the
University of the Free State, South Africa in 2010.

6.3.2 Determination of amylose content

The modified colorimetric method of De la Cruz amdish (2000) used for amylose
determination was explained in Chapter 5 parag&aBhi. Data of amylose content has also

been taken from Chapter 5.

6.3.3 X- ray diffraction spectroscopy of cassavaatch granules

The cassava starch granules were tightly packeéd imm x 50 mm, 3/5 mm thick rectangular
plastic cell holders, slotted into a SIEMENS D500 pay diffractometer (an automated
SIEMENS D500 X- ray powder diffractometer, Germafgr)scanning. The machine operated at
40 kV and 30 mA, with a monochromatic CuliKadiation at wavelength 1.542A. The beam slit
was 1°, receiving slits 0.05° and monochromatdrGsli5° for sharp focus, with a scanning rate
of 2.32° min' (65°/28 min) between 5-7@. Duplicate measurements were done at an ambient
temperature. Scattering data obtained were ad#éptismoothened and background was
subtracted before peak searching was carried dhtRawderx software (Cheng Dong, Institute
of Physics, National Laboratory for SupercondutyiviBeijing). Multiple ASCII text files

generated were imported as new column files andcthrges were plotted as a function of
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relative intensity (1), versus scanning angle igrées using “Origin 6.1” softwar«OriginLab
CorporationOne Roundhouse Pla:Northampton, MA 01060-4401 USA).

6.3.4 Determination of the degree of crystallinity (Xc)

The degrees of crystallinity were estimated follogvihe standard methoGuinesiet al, 2006)
as modified from Hullemaet al. (1999).The crystallinity index (Xc) was determined usihg
ratio of the intensity height of the crystallizedrfpon of the >-ray diffractogram (Hc) to the tot

intensity height (Hc + Ha) (equation 1), with respp® thebaselines drawn between 17° and

260 as shown in Figure 6.1.
— (1).

whereH; andH, are crystalline and amorphous intensities respelgti

rice

cassava
\//J’::/\\-—_R
potato
H-i.
[u] 10 20 30 40

bragg angle (28)

Figure 6.1 Intensities of amorphous (Ha) and crystine (Hc) profiles (Guinesiet al.,2006)

Intensity (a.u.)

6.3.5 Differential scanning calorimetry of starch celatinization

Gelatinization properties of starch from contratdeaces and induced plants were determ
using automated Differential Scanning Calorimetp5C822e, METTLER TOLEDO Gmbt
Germany) following a modified method of Mweet al. (2008). Approximately 3.0 n of dry
starch sample was placed into ODSC aluminium crucibles without pins (-26763), and
30ul distilled water was added to aquire a starch mato of 1:10. The mixture was stirred

achieve homogeneous moisture distribution afterclviihe cricible was hermetically seale
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The sample was left to stand for an hour to allowistare equilibration before heating from
25°C to 110°C at a constant rate of 5°C/min to tgalee the starch under nitrogen gas, flowing
at 3.5 Pa pressure. A hermetically sealed emptgildriwas used as a reference. A real time
curve with gelatinization dip was plotted by themputer using instrumental STARe software
version 9.0 (Mettler-Toledo, GmbH, 1993-2005). Tatain the characteristics of the dip, the
limits of the gelatinization dip was integrated mally and the software used the limits to
generate the data for the integral (mJ), normal{ggd), enthalpy of gelatinizatiomHg), onset
(To), peak (T) and endset ) temperatures (°C) relative to thg, imultaneously. The
temperature range {F T,) was extrapolated according to Peretal. (2006) and Mwetat al.
(2008).

6.4  Results
6.4.1 X-ray diffraction spectroscopy of cassava steh granules
In Figure 6.2 it is shown that all induced HOOO&rtt produced an A-type X-ray diffraction

pattern except N223P13 (d), N348P5 (i) and N16&R3v{th C, G, and G types respectively.
The “C” type had peaks at 5°, 15°, 17°, 20°, 223 28°26.
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (2(6)) Diffraction angle (2(6))
Figure 6.2 X-ray diffractograms of cassava starchrbm control landrace HO008 control and its
induced plants at MV, stage. Diffractograms from control HO008 (a) and nduced N330P2 (b),
N223P12 (c), N223P13 (d), N329P4 (e), N329P6 (fR29P11 (g), N348P4 (h), N348P5 (i), N96 P16
(), N95P2 (k), N95P5 (I), N39P5 (m), N166P2 (n)1M6P3 (0) and N166P5 (p) plant starches
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All starches from the control landrace and induekaDO1plants had only an A - type (Figure

| L L S S SN SN EL A L L L EE N R N | T 7T T T 7T " T T T T T 1T 11
5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (8) Diffraction angle (2(0))

T T T T T T T T T T T T T 1 | A S S S E A S R ELE SR S I B R R |
5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (2(8)) Diffraction angle (2(8))

Figure 6.3 X-ray diffractogram of cassava starch fom control landrace HOOOLlcontrol and its
induced plants at MV, stage. Diffractograms from control HO 001 (a) and induced N387P3 (b),
N387P4 (c), N387P5 (d), N383P2 (e), N383P10 (f),88B11 (g), N373P8(h) N389P2 (i), N389P4 (j),
N389P5 (k), N358P2 (I), N358P3 (m), N358P5 (n), 332 (0) N357P4(p), N357P54 (q), N357P5 (r),
N354P3 (s), N354P5 (t), N353P3 (u), N353P34 (v),9885 (w), N353P6 (x) and N354P4 (y) plant
starches
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Based on th@6# angles, all the starches of the control UCC090afa) induced plants (Figure
6.4) display an A—type X- ray diffraction patteaxcept the plants N419P4 (b), N412P4 (c) and
N412P6 (d), which seem to be-Qypes.

| LA DRLE L L L NN BN L BN NN B B B | | e T T T T+ T 7T T 7T 71T "1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (2(6)) Diffraction angle (2(6))

Figure 6.4 X-ray diffractogram of cassava starch fom control landrace UCC090 and its induced

plants at M,V, stage. Diffractograms from control UCC090 (a) andnduced N419P4 (b), N412P4
(c), N412P6 (d), N413P2 (e), N413P3 (f), 394P82, (§B898P2 (h), N398P3 (i), N398P4 (j), N405P12
(k), N405P13 (I), N408P2 (m), N408P4 (n) and N429R§ plant starches
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Based on the X-ray spectra, all starches from obttCC026 (a) (not shown) and induced
plants (Figure 6.5) display an A — type X- ray dfftion pattern, except plant N468P9 (f) which
is of a C - type.

rr——Tr T 17T "~T1T "7 "1 ~17T "1 "7 "7 "7 ™71 r~r—T1T 17T 717 "1 17T 17T 17T 1T 1T 71T 77171
5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (2(8)) Diffraction angle (2(8)

Figure 6.5 X-ray diffractogram of cassava starch fom control landrace UCC026 and its induced

plants at M;V, stage. Diffractograms from control UCC026 (a) andnduced N441P54 (b), N439P8
(c), N439P9 (d), N468P8 (e), N468P9 (f), N470P7, (¥ 70P3 (h) N470P8 (i), N473P2 (j), N474P7
(K), N474P10 (), N474P15 (m), N476P22 (n) N476 P@3 and N476P25 (p) plant starches

6.4.2 Amylose content and X-ray diffraction spectroscopyf control landrace and induced

cassava plants at MV, stage

The ranking of plants were done according to angymmtent, combinations of peak angles that
characterize crystal pattern, the crystallinityardind the crystal pattern types (Tables 6.1 - 6.4)
An A - type crystallinity was observed for the fduighest (N441P54, N223P12, N373P2 and
N329P11) and four lowest (N96 P16, N353 P6, N166aR@ N476 P22) amylose producing

plants selected across landraces. To locate aattyge in Tables 6.1-4, one should follow the
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A, B, C and V headings. For example a “C” type hidhe columns under C ( 5°, 15°, 17°, 20°,
22° and 23%20 ) filled. The B (not C) heading referred to thesgion filled to confirm the B -
type but when empty, confirmed the C - type patt€@nreferred to a C - type pattern which also
has a peak at 18° exclusively reserved for A filled

In Table 6.1, the crystalline lamellae regions k&mgiles were scanned to produce an A - type X-
ray pattern in all the induced HOO0O8 plants, exéept G, - and G, - types which were observed
in N223P13 (d), N348P5 (i) and N166P3 (0) planspeetively. Moreover, some of the induced
plants produced early peaks at PB°and late peaks at 27° or 324 which are not yet defined
or reported in literature for starch. These extaks were observed in N329P6 (f), N348P4 (h),
N96 P16 (j), N95P5 (I) and N39P5 (m) at ¥, in N223P13 (d), N329P11 (g), N348P5 (i) at
27°20 and in N223P13 (d), N348P5 (i) N96 P16 (j) at281for induced HOO008 plants. In
increasing order of the crystallinity indexes, toatrol landrace and induced HO008 plants were
ranked from 0.44A N223P12 (c), 0.47A N330P2 (bA78. N96 P16 (j), 0.48A N329P4 (e),
0.48A N95P2 (k), 0.48A N166P5 (p), 0.5A N329P6 (5A N329P11 (g), 0.5A N348P4 (h),
0.51A HOOOS (a), 0.51 N39P5 (m), 0.51A N166P2 051G N166P3 (0), 0.57£N348P5 (i),
0.58A N95P5 (I) to 0.66C N223P13 (d).

The X-ray diffraction pattern and crystalline prapes of the control landrace and induced
HOOO1 plants are presented in Table 6.2. All sesdhom the control and induced HOOO1plants
had only an A - type of diffraction patterns. Nevnor peaks were observed at 11°, 27° or 31°
260 which were not yet defined or reported in literatéor starch. The ranking of the control and
induced HOOO1 plants from lowest to highest degreerystallinity were 0.44A N383P10 (f),
0.44A N353P6 (x), 0.45A N383P11 (g), 0.45A N389R} 0.45A N358P2 (I), 0.45A N357P5
(r), 0.46A HOO0O01 (a), 0.46A N358P3 (m), 0.47A N389p, 0.47A N357P2 (0), 0.48AN387P4
(c), 0.48A N353P3 (u), 0.49A N389P2 (i), 0.49A NBZ3(n), 0.51A N387P5 (d), 0.51A
N373P8 (h), 0.51A N357P4 (p), 0.51A N357P54 (528 N354P3 (s), 0.52A N354P5 (t),
0.53C N354P4 (y), 0.53CN353P34 (v), 0.55A N383P2 (e), 0.56A N387P3 (bjl af.56A
N353P5 (w).
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In Table 6.3, the crystalline lamellae region cdrgrles diffracted an A - type X-ray pattern in
the control landrace UCCO090 and induced plants 4o&tern was observed in only three plants
(N419P4 (b), N412P4 (c) and N412P6 (d)). Some @fiitikduced plants produced peaks at24°
and at 27° or 3124 which are not yet defined or reported in literattoestarch. In increasing
order of crystallinity index, the control and inéacUCCO090 plants ranked from 0.42A N398P2
(h), 0.45A N408P4 (n), 0.47A N413P3 (f), 0.48A N&23(m), 0.49A N413P2 (e), 0.49A
N429P3 (0), 0.5A N405P13 (I), 0.51A UCCO090 (a),1A5N394P82 (g), 0.51A N398P3 (i),
0.52A N398P4 (j), 0.54A N405P12 (k), 0.56, Gl412P6 (d), 0.63£ N412P4 (c) to 0.665
N419P4 (b).

The X- ray scanned the crystalline lamellae regmingranules and diffracted an A - type pattern
in most control landrace and induced UCC026 plarable 6.4). Only N468P9 (f) showed a C -
type X- ray diffraction pattern. Some of the inddiqg@ants produced early peaks at 28°and
late peaks at 27° or 329 which were not yet reported in literature. In iragieg order of degree
of crystallinity with corresponding X-ray crystaafpern type, the control and induced UCCO026
plants were ranked from 0.42 A N474P10 (), 0.46A78P3 (h), 0.47C N468P6 (c), 0.47A
N468P8 (e), 0.47CN470P8 (i), 0.47A N474P15 (m), 0.47A N476P25 (pA9A N441P54 (b),
0.49A N474P7 (k), 0.5A N470P7 (g), 0.52A N439P9, @p3A UCCO026 (a), 0.53A N476P23
(0), 0.56C N468P9 (f), 0.56A N476P22 (n) to 0.56A7MSP2 (j).
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Table 6.1 Amylose content (%), crystallinity index%) and crystal pattern of HO008 plants at V,V, stage

Sample Amylose Combinations of angles of diffraci@aks a2d diffraction that make up crystal pattern Crystallinity Crystal
B/C \% \% AIC/B ACB A AIC/BIV B (notC)  A/C/B(24°) index (%) pattern
5° 7° 11° 13°  15° 17° 18° 20° 22° 23° 27° 31°

(a) HOOO8 19.73 - - 15.43 17.92 - - - 23.78 - - 0.51 A
- - (5.74R) (4.95R) - - - (3.74A) - -

(b) N330P2 25.63 - - 15.41 17.43 - - - 23.73 - - 0.47 A
- - (5.754) (5.084) - - - (3.754) - -

(c) N223P12  31.13 - - 15.08 17.34 - - - 23.28 - - 0.44 A
- - (5.874) (5.114) - - - (3.824) - -

(d) N223P13  23.60 5.18 - 15.24 17.66 - - - 22.72 27.34 30.79  660. c
(17.05 A) - (5.81A)  (5.024F) - - - (3.91A) (3.26A) 2.00A)

(e) N329P4 26.28 - - 15.12 17.46 18.18 20.44 - 23.03 - - 0.48 A
- - (5.85A) (5.07A) (488A) (434A) - (3.86A4) - -

(f) N329P6 22.76 - 11.14 15.11 17.10 18.02 - - 23.23 - - 0.50 A
- (7.94 A) (5.86A) (5.18R) (4.92R) - - (3.834) - -

(g) N329P11  26.83 - - 15.29 17.21 - - - 23.16 26.56 - 0.50 A
- - (5.79A) (5.15A) - - - (3.84 A) (335A) -

(h) N348P4 26.77 - 11.54 15.93 17.17 18.04 - - 23.13 - - 0.50 A
- (7.66 A) (5.56A) (5.16A) (4.91A) - - (3.844A) - -

(i) N348P5 22.34 5.39 - 15.09 17.13 18.03 - - 22.88 27.56 380.9 057 G
(16.38 A) - 5878 (B17A  @492A) - - (3.88A) (3.23A) (2.894A)

(j) N96 P16 13.99 - 11.45 15.46 17.33 - - - 23.99 - 32.68 0.47 A
- 7.72 A (5.73A) (5.11A) - - - 3.71 A) - 2. 7%

(k) N95P2 14.44 - - 15.26 17.36 - - - 23.32 - - 0.48 A
- - (5.80A) (5.11A) - - - (3.81 A) - -

(I) N95P5 17.38 - 11.96 15.30 17.92 - 20.09 - 23.30 - - 0.58 A
- (7.40 A) (5.79A) (4954 - (4.42 A - (3.82A) - -

(m) N39P5 15.36 - 11.25 15.09 17.27 - - - 23.06 - - 0.51
- (7.86 A) (5.87A) (5.13A4) - - - (3.85 A) - - A

(n) N166P2 13.20 - - 15.25 17.12 17.78 20.01 - 23.38 - - 0.51 A

- - (5.80A) (5.17A) (4.98A) (4.43 A) - (3.80A) - -
(0) N166P3 14.71 5.38 - 15.00 16.99 17.94 - - 23.23 - - 0.51 A C
(16.42) - (5.908) (5.22A) (@494A) - - (3.83 A) - -
(p) N166P5 20.34 - 15.25 17.12 20.12 20.01 - 23.38 - - 0.48 A
- (5.80A) (5.17A) (441A) (4.43 A) - (3.80 A) - -
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Table 6. 2 Amylose content (%), crystallinity index(%) and crystal pattern of HO001 plants at MV, stage

Sample Amylose Combinations of angles of diffracti@aks a2d diffraction that make up crystal pattern Crystallinity  Crystal
B/C \% \% A/C/B ACB A A/BIV B (not C) A/C/B index (%) pattern
5° 7° 11° 13°  15° 17° 18° 20° 22° 23° 27° 31°

(a)HO001 22.02 - - - 15.27 17.23 17.94 - - 23.19 - 0.46 A
- - - (5.80 A) (5.14A) (4.94A) - - (3.83A) -

(b) N387P3  26.13 - 11.60 - 15.31 17.25 17.98 - - 23.22 - 60.5 A
- (7.62A) - (5.78 A) (5.14A) (4.93A) - - (3.89A -

(c) N387P4  26.46 - 11.45 - 15.39 17.24 - - - 23.24 30.75 80.4 A
- (7.72A) - (5.75 A) (5.14 A) - - - (3.82 A) - @A)

(d) N387P5  26.36 - 11.23 - 15.14 17.25 - 20.13 - 23.04 - 105 A
- (7.88A) - (5.85 A) (5.14A) - 441A) - (3.89A -

(e) N383P2  27.15 - 10.33 - 15.24 17.22 18.21 20.43 - 23.07 - - 0.55 A
- (855A) - (5.81 A) (5.15A) (487A) (434A) - (3.85 A) - -

(fy N383P10  26.81 - - - 15.36 17.25 18.11 20.64 - 22.96 - 40.4 A
- - - (5.76 A) (5.14 A) (490A) (430A) - 3.8nA -

(g) N383P11 23.29 - 10.27 - 15.36 17.33 - 20.46 - 23.08 2655 0.78 0.45 A
- (8.614) - (5.76 A) (G11A) - (4348 - (3.85A (3.35A) (2.90A)

(h) N373P8  22.89 - - - 15.36 17.31 - - - 23.30 - 0.51 A
- - - (5.77 A) 512A) - - - (3.81 A) - -

(i) N389P2 27.2 - 11.35 - 15.23 17.14 - - - 23.47 - - 0.49 A
- (7.79A) - (5.81 A) (5.17 A) - - - 3.79 A) -

() N389P4 21.83 - - - 15.36 17.31 - - - 23.30 - 0.47 A
- - - (5.77 A (5.12 A) - - - (3.81A) - -

(k) N389P5  24.48 - 11.55 - 15.43 17.44 18.27 - - 23.35 - 50.4 A
- (7.65A) - (5.74 A) (5.08A) (4.85A) - - (3.8DA -

(I) N358P2 20.13 - - - 15.29 17.26 17.93 20.27 - 23.20 - 50.4 A
- - - (5.79 A) (5.14A) (4.94A) (438R) - (3.89A -

(m) N358P3  21.10 - - - 15.29 17.45 - - - 23.19 - 0.46 A
- - - (5.79 &) (5.08R) - - - (3.834) - -



(n) N358P5

(0) N357P2

(p) N357P4

(q) N357P54

(r) N357P5

(s) N354P3

(t) N354P5

(u) N353P3

(v) N353P34

(w) N353P5

(x) N353P6

(y) N354P4

21.24

22.62

21.10

24.17

15.38

20.97

20.99

21.03

22.69

22.68

13.91

19.04

10.39
(8.51 A)
11.84
(7.47 A
11.15
(7.93 A)
11.35
(7.79 A)
11.41
(7.75 A)
11.40
(7.76 A)
10.01
(8.83 A)
11.49
(7.69 A)
11.67
(7.58 A)
11.54
(7.67 A)
11.47
(7.71 A

15.28
(5.79 A)
15.35
(5.77 A
15.16
(5.84 A)
15.10
(5.86 A)
15.23
(5.81 A)
15.07
(5.87 A)
15.17
(5.84 A)
15.21
(5.82 A)

15.44
(5.74 A
15.25
(5.80 A)
15.51
(5.71 A)
15.42
(5.74 A)

17.69
(5.01 A)
17.45
(5.08 &)
17.12
(5.18 A)
17.22
(5.15 A)
17.23
(5.14 A)
17.26
(5.13 A)
17.35
(5.11 A)
17.26
(5.13 A)

17.48
(5.07 A)
17.15
(5.17 A)
17.35
(5.11 A)
17.84
4.97 A

18.23
(4.86 A)

17.81
(4.98 A)
17.91
(4.95 A)
17.89
(4.95 A)
17.91
(4.95 A)

18.08
(4.90 A)
17.54
(5.05 A)
18.00
(4.93 A)

20.31
(4.37A)
19.99
(4.44 A)
20.01
(4.43 A)

20.33 -

4.37A)
20.36
(4.36 A)

23.44
(3.79 A)
23.45
(3.79A
23.04
(3.86 A)
23.48
(3.79 A)
23.08
(3.85 A)
23.56
3.77 A)
22.97
(3.87A
23.06
(3.85 A)
23.41
(3.80 A)
23.33
(3.81 A)
23.46
(3.79A
23.41
(3.80 A)

0.49
70.4
0.51
0.51
426. 31.32 0.45
(337A) (2.854)
726.  30.92 0.52
(3.33A) (2.894)
20.5
0.48
0.53
0.98 0.56
(2.89 A)
40.4
30.92 0.53
(2.89 A)
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Table 6. 3 Amylose content (%), crystallinity index(%) and crystal pattern of UCC090 plants at MV, stage

Sample Amylose Combinations of angles of diffracfieaks a2d diffraction that make up crystal pattern Crystallinity  Crystal
B/C \% \% AIC/B ACB A AIC/B/V B (notC AIC/B index (%) pattern
5° 7° 11° 13° 15° 17° 18° 20° 22° 23° 27° 31°

(@) UCC090  22.55 - - 11.74 - 15.38 17.53 - - - 23.33 - - 0.51 A
- - (7.53A) - (5.76 A) (5.056A) - - 3.8A) - -

(b) N419P4  25.24 5.21 - - - 15.01 17.14 17.93 - - 23.01 27.31 30.77 0.66 [
(16.94A) - - - (5.90A) (5.17A) (4.94A) - - (®H) (3264 (2.90A)

(c) N412P4  26.77 5.55 - - - 16.48 17.63 - - 23.50 27.24 30.72 0.63 G
(15.904) - - - (5.38A) (5.03A) - - 378A) @A) (2914

(d)N412P6  22.00 5.11 - 10.72 - 15.02 17.48 18.19 - - 23.09 .4@7  30.90 0.56 c
17.27A) - (8.25A) - (5.89A) (5.07A) @487A) - - (3.85A) (3.25A) (2.89A)

(e) N413P2  25.38 - - 11.49 - 15.44 17.39 18.08 - - 23.38 - - 490 A
- - (7.70A) - (5.73A) (5.10A) (4.90A) - - 3.8y - -

(f) NA13P3  21.28 - - 11.43 - 15.30 17.34 17.90 20.50 - 23.14 - - 0.47 A
- - (7.74A) - 5.79A) (.11A) (4.95A) (4.33A) - (3.84A) - -

(g) N394P82  23.11 - - 11.46 - 15.15 17.17 18.10 - - 23.18 - - 510 A
- - (7.72A) - (5.84A) (5.16A) (4.90A) - - 3.89 - -

(h)N398P2  19.41 - - - 15.43 17.48 17.97 - - 23.49 - - 0.42 A
- - - (5.74A) (5.07A) (@4.93A) - - 3.78A) - -

(i) N398P3 23.83 - - 11.22 - 15.09 17.12 18.05 20.09 - 23.04 - - 0.51 A
- - (7.88A) - (5.87A) (5.18A) (4.91A) (4.42A) - (3.86 A) - -

(j) N398P4 18.89 - - 11.34 - 15.26 17.22 18.07 20.18 - 23.28 - - 0.52 A
- - (7.80A) - (5.80A) (5.14A) (491A) (4.40A) - (3.82A) - -

(k) NAO5P12  17.69 - - 11.53 - 15.31 17.68 18.35 - - 23.31 - - 540 A
- - (767A) - (5.78A) (G.0A1 (@4.83A) - - 3.8 - -

() N405P13  21.80 - - 11.70 - 15.28 17.35 17.99 - - 23.34 - - 50 A
- - (756 A) - (5.79A) (.11A) (4.93A) - - 3.8 - -

(m) N408P2  20.58 - - 11.27 12.55 15.05 17.16 17.84 19.76 - 0R3. - - 0.48 A
- - (785A) (7.05A) (5.88A) (5.16A) (497A) WA - (3.86A) - -

(n) N408P4  19.62 - - - - 15.30 17.84 - - - 23.24 - - 0.45 A
- - - - (5.79A) (497A) - - - (3.82A) - -

(O) N429P3  15.82 - - - - 15.11 17.19 18.08 - - 23.08 - - 0.49 A

- - - - (5.86A) (5.15A) (4.90A) - - &R - -

190



Table 6.4 Amylose content (%), crystallinity index(%) and crystal pattern of UCC026 plants at MV, stage

Sample Amylose Combinations of angles of diffracti@aks a2d diffraction that make up crystal pattern Crystaffi  Crystal
B/C \% Y AIC/B ACB A AIC/BIV B (notC  A/C/B index (%)  pattern
5° 7° 11° 13° 15° 17° 18° 20° 22° 23° 27° 31°
(a) UCC026 20.92 - - - - 15.18 17.64 18.29 - - 23.24 - 053 A
- - - (5.83A) (5.02A) (4.85A) - - (3824 - -
(b) N441P54 32.74 - 7.84 - 13.17 15.24 17.41 18.30 20.44 - 23.1 - - 0.49 A
- (1126 A) - (6.72A) (5.81A) (5.09A) (4.84A) 48644 - (3.84A) - -
(c) N468P6 22.85 - - - 15.12 17.98 19.71 - 23.06 - - 0.47 A
- - - - (5.85A) (4.93A) (4.50 A) - (38.85A) - -
(d) N439P9 25.80 - - 11.61 - 15.16 17.22 17.94 - 23.22 - 520 A
- - (7.62A) - (5.84A) (5.15A) (4.94A) - - 3.8 - -
(e) N468P8 26.50 - - 11.61 - 15.38 17.36 18.02 - 23.18 - 470 A
- - (7.61A) - (5.76A) (.11A) (4.92A) - - 3.8 - -
(f) N468P9 25.82 5.26 - - 15.28 17.02 17.76 22.42 2311  .3@7 - 0.56 C
(16.79 A) - - (5.80A) (5.21A) (4.994) - (399 (38A) (3.26A) -
(g) N470P7 23.10 - - 11.16 - 15.18 17.19 17.98 20.29 - 23.08 - - 0.5 A
- - (7.92A) - (5.83A) (5.16A) (4.93A) (@4.37A) - (3854 - -
(h) N470P3 26.52 - - - - 15.41 17.26 18.13 - - 23.21 - 046 A
- - - - (.75A) (5.13A) (4.89A) - (3.83A) - -
(i) N470P8 22.96 - - 11.60 - 15.33 17.50 18.08 - 23.30 26.09 - 0.47 A
- - (7.62A) - (5.78A) (5.06 A) (4.90A) - - (38) (B41A -
() N473P2 18.96 - - 11.57 - 15.04 17.30 18.02 20.11 23.34 -31.19 0.56 A
- - (7.64A) - (5.89A) (5.12A) (4.92A) (4.41A) - (381A) - (2.87A
(k) N474P7 18.17 - - 11.23 - 15.11 17.13 17.97 - 23.09 - - .490 A
- - (7.87A) - (5.86A) (5.17A) (4.934) - - (3.8 - -
(I) N474P10 19.10 - - - - 15.58 17.29 18.11 - 22.39 23.30 - - 420 A
- - - (5.68A) (5.12A) (4.90A) - (B97A) (38 - -
(m) N474P15 17.70 - - - - 15.26 17.49 17.97 20.18 - 23.24 - - A70 A
- - - - (5.80A) (5.07A) (493A) (4404 - (38 - -
(n) N476P22 19.54 - - 11.32 - 15.18 17.18 18.04 - 23.24 - - .560 A
- - (7.81A) - (5.83A) (5.16A) (4914 - - (38 - -
(0) N476 P23 11.65 - - - - 15.15 17.96 18.13 - - 23.32 - 053 A
- - - - (5.84A) (494A) (4.89A) - - (3814 -
(P) N476P25 17.27 - - 11.27 - 14.98 17.23 17.90 19.88 23.16 - - 0.47 A
- (7.85 A) - (5.91A) (5.14A) “495A) wA - (384A) - -
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6.4.3 Differential scanning calorimetry of starch fom control landrace and induced

cassava plants

The real timeDSC thermograph of the induced plant 357P4 anddo@rol cultivated specie
are presented in Figure 6.Bhree thermal transitions were obserin the real time DSC curv
when cassava starch is heated in excess waterZsota 150°C. These were theelatinization
transitions of cassava starch within the gelatimorazone (GZ, followed by the melting
transition within the melting zone (MZ) and fingll$he decomposition transition at higl
temperature within the decomposition zone (CHeating upto 150°C caused bursting of t
40uL Al-crucible in the furnace and robot failure to remtve broken crucibles. It also caus
the gelatinization isotherm to be obscured and amokflattened out when plotted on the s:
scale as the melting isotherm.I@dwer working temperatureetween 25 and 110°was therefore
chosen teemphasize the gelatinization of the starches. Bat transfer scale around 0.5 \*

and below is associated with the gelatinizationgition, while around 50W* signifies melting

of starch granules (Figure 6.6).

TiIJrTirrrisrrrrrrrrfjrrrrirrrrgrrrsfprrrrrgrrrrygrrrrfrrsrgygrrrrygrrrrrrrnrroi
an 40 £0 60 70 B0 a0 100 110 120 130 140 150 2Q
N35TP4 Gelatinization zone(GZ) Melting zone (MZ) Decomposition zone (DT

HO0W0E ControlNative

T L2
CE (68.5 - B1°C)

HO001Control Native

+
GZ (63-72°C
z0 | TCC020 ControlMative

Ls L2
GZ (62 - BIPC)

UCC026 ControlNative
T I

CZ (60 - T9°C)
AFISIAFI Native (commerdal variety) MEZ

+
CEZ (624 — T3.5°C] MZ

3o 40 50 a0 T0 B0 a0 1000 1100 10 130 140 150 20
WW%*WHW%%&H
0 B 10 12 14 16 18 20 22 24 iy

=]
=
=31

Figure 6.6 DSC thermographs of induced (N357P4) and five conmit landrace cassavi
starches at MV, stage

192



AFISIAFI cassava variety was included as refereagainst the four control landraces HOO00S8,
HOO001, UCCO090 and UCCO026 (Figure 6.6). It is a mmntassava variety which is used for a
“Presidential Special Initiative” in Ghana to pregustarch for export to European Markets
under the African Growth and Opportunity Act (AGOATJheir respective gelatinization

temperatures are indicated as GZ in Figure 6.6. Jé¢latinization temperature of the control
cassava starches ranged from 62.4-73.8°C, 68.5;83272°C, 62-80°C and 60-79°C. The
gelatinization temperature across the five conttdtivated species therefore ranged from 60-
81°C. Some induced plants, such as N357P4, shoatbdgelatinization and melting occurring

within the gelatinization temperature range (Figou@).

The real time DSC thermographs of some inducedcanttol HOO08 plants are shown in Figure
6.7 and 6.8 while the specific,TTp, T and other gelatinization properties are givenabl€ 6.5.
Starch granules in excess water absorb heat (ezrtatt) from the sample furnace (indicated on
the thermographs as an exothermic peak with negatig) to undergo gelatinization. Starch
from plant N330P2 showed a narrow gelatinizationgerature range (62.18-66.54°C) compared
to the control HOO008 . Induced N330P2, N169P7 amdrol
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Figure 6.7 DSC thermographs of starch from inducedHO008 cassava plants

HOO008 plants had both the gelatinization and mgltransitions before 110°C whilst N166P2,
N96P16 only had gelatinization before 110°C. Thacémlated central leaf lobe mutant
N167P12B had both gelatinization and melting isottee merging into each other within the
temperature range of normal gelatinization. Plad6®P7 and the putative free-sugar plant

N281P16 did not show any gelatinization transittwrmelting transition before 110°C. In other

words they showed only one isotherm between 2®°Q1Figure 6.7).

The DSC spectra continuation of gelatinizationnofuced plants derived from HO008 are shown
in Figure 6.8. The shorter lengths of thermograptresent starch samples which started
melting before 92°C whilst the full length thermaghs represents plants which started melting
after 92°C. Plants N223P13, N95P4, N166P3, N166AB6P5, N169P4 and N281P4 had two

gelatinization peaks whilst the remaining plantd bae.
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Figure 6.8. DSC thermograph continuation of starchrom induced HO008 plant:

The gelatinization properties of induced and cdriandrace plants of HO008 are presente
Table 6.5.The onset temperature ;) of gelatinization for the first peakanged from 40.!
(N167BP12) to 83.7°C (N39P3)eak (p) from 64.01 (N330P2) to 85.3°C (N39P'and endset
(Te) from 66.5 (N330P2) to 89.2°C (N39F. The onset temperaturefTof gelatinizalon for the
secnd peak ranged froifl.0 (N166P5) to 76.0°C (N223P13), from 74 (N218P4) to 78 °
(N223P13) and dfrom 81.0 (N281P4) to 83.0°C (N233P13). The conH@l008 had 68.5°C
75.0°C and 81.0°C values fdi, T, and T transitionsand a temperature range of 68.5C
81.0°C and the temperature difference betweelT, and T (Range 1)pf 12.5°C. TheRange 1
values ranged from 4.MNB30P2 to 42.1°C (N167BP12) andange 2 from 7.0 (N223P13)
11.0°C (N166P3)The full temperatureange (Range3) (starting from the first onset toléase
endset)
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Table 6.5 The gelatinization properties of induce@nd control landrace HO008 plants

Name Onset Peakl EndsetRangel Onset Peak2 Endset Range2 AH Range3
(To) (T (T °C (To) (T (Te) °C Jgh °C

N330P2 62.2 64.1 66.5 44 - - - - 0.0 4.4
N39P5 83.7 85.3 89.2 5.5 47.9 5.5
N95P5 73.3 77.1 80.5 7.2 77.2 7.2
N167BP13 68.5 75.3 79.0 105 - - - - 3.8 10.5
N169P7 65.3 71.7 76.7 11.4 - - - - 2.6 11.4
HO008 68.5 75.0 81.0 125 - - - - 2.3 12.5
N167A0bl 67.7 75.4 81.0 13.3 - - - - 3.3 13.3
N96P16 64.5 71.5 79.0 145 - - - - 3.6 145
N329P4 63.0 71.0 78.0 15.0 - - - - 3.2 15.0
N166P2 65.0 70.0 72.0 7.0 72.0 75.0 81.0 9.0 3.0 .016
N166P5 65.0 69.0 71.0 6.0 71.0 75.0 81.0 10.0 3.3 601
N329P11 65.0 74.0 81.0 16.0 - - - - 3.4 16.0
N169P4 67.0 72.0 73.0 6.0 73.0 75.0 83.0 10.0 42 6.01
N281P4 65.0 70.0 71.0 6.0 71.0 74.0 81.0 10.0 43 6.01
N95P4 58.9 71.4 75.5 16.6 1030.4 16.0
N95P2 64.0 70.5 81.0 17.0 - - - - 3.4 17.0
N329P6 62.0 71.5 80.0 18.0 - - - - 3.7 18.0
N166P3 65.0 69.0 72.0 7.0 72.0 77.0 83.0 11.0 58 801
N348P5 61.5 71.0 81.0 19.5 51.9 195
N348P4 61.0 72.0 81.0 20.0 - - - - 3.3 20.0
N223P13 62.0 66.5 76.0 14.0 76.0 78.0 83.0 7.0 3.921.0
N223P12 62.0 82.4 88.9 26.9 1074.6 26.9
N167BP12 40.9 77.5 83.0 42.1 2425.2 42.2
Total 1481.1 1673.1 1797.3 316.3 435.0 454.0 492.0 57.0 4764.2 372.8
Mean 64.4 72.7 78.1 13.8 72.5 75.7 82.0 95 2071621
STDEV 7.2 4.7 5.5 8.5 1.9 1.5 1.1 1.4 569.0 7.6

* referred to plants with high enthalpy of mergedhsition between gelatinization and melting.

also ranged from 4.4 (N330P2) to 42.2.0°C (N167BPTIBe enthalpy of gelatinizatiomig)
respectively ranged from 0.03 (N330P2) to 24252 ¢167BP12). Induced plants N330P2,
N167BP13, N169P7, HOO008, N167A0bl, N96P16, N329R466P2, N166P5, N329P11,
N169P4, N281P4, N95P2, N329P6, N166P3, N348P4, RP23had normal gelatinization
transition whiles induced plants N223P12, N348P35R6, N95P4, N39P5, and N167BP12 had
melting transition fused with gelatinization train, thus making it impossible to separate the

two transitions. The transition temperatures anithapies observed were therefore values for

196



both gelatinization and melting which were higrhan those having the normal gelatinizat
transitions. The two plants with the lowey, were N167BP12 (40.9°C) and N95P4 (58.9°¢
whilst N95P5 (73.3°C) and N39P5 (83.7°C) were amttreghighest induced plants of cont
HOO008 and these four plants weall having a merged transition between gelatinaratand

melting.

The real timeDSC thermographs of induced and control HO001 plahtv,V, stage are shown
in Figure 6.9and 6.10 together with gelatinization propertieTable 6.6. InFigure 6.¢, induced
plants N387P4, N387P5 and the control HO001 hadrana thermal transition in which
separate gelatinization transition was observenh fnoelting transition whilst merged transiti
between gelatinization and melting were observetheremaiing plants (N357P4, N373P
N353P6 and N389P5). Induced plants N357P4 and NB8ha@E both gelatinization and melti

transitions merged together within the gelatinatzone
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Figure 6.9. DSC thermographs of starch from inducedHO001 cassava plan
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In Figure 6.10,N383P2 differed from the rest by having two gelatation transition peak
whilst the remaining plants had only oiT, of most plants derived from HOO001 are almost
same excegdor the putative fre-sugar mutant N357P5 with significantly highe, and T, than
the rest. Plant N357P5 had a wider temperatureerang delayed gelatinization transition tl
the control. The J and T, of plant N387P3 were also lower than the reste shorter
thermographs represent starch samples which heddtaelting before 92°C whilst the long

thermographs represent starch samples which stawéthg after 92°C
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Figure 6.10. DSC thermographs continuation of staft from induced HO001 plents

The gelatinization properties of induced and cdnt#®@001 plants are presented Table 6.6.
The onset temperature JTof gelatinization for the first peak (peak ranged from 56.
(N357P4) to 72.0°C (N389P5),, from 67.0 (N383P2) to 101.0 °C (N389R&)d 1. from 69.0
(N383P2) to 108.0°C (N389PtThe onset temperatureTof gelatinization for the second pe
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Table 6.6. The gelatinization properties of induce@nd control landrace HO001 plants

Name Onset Peakl Endset Rangel Onset Peak2 tEndRange2 AH Range3
Ty (T (T °C T (T (T °C Jgh °c

N387P4 63.0 70.0 78.0 15.0 - - - - 2.9 15.0
N387P5 63.0 67.0 79.0 150 - - - - 2.5 16.0
N387P3 62.0 67.0 75.0 13.0 - - - - 2.0 13.0
N383P11 63.0 70.0 78.0 145 - - - - 2.7 15.0
N383P2 62.0 67.0 69.0 7.0 69.0 72.0 79.0 11.0 3.8 701
N383P10 62.0 70.0 78.0 9.0 - - - - 35 16.0
N373P2 62.0 69.5 78.0 140 - - - - 3.2 16.0
N373P8 62.5 81.4 88.0 25.5 1715.6 255
N389P5 72.0 101.0 108.0 36.0 1401.7 36.0
N389P4 62.0 70.5 78.0 150 - - - - 2.8 16.0
N389P2 62.0 70.5 78.0 15.0 - - - - 12.9 16.0
HOOO1Nat. 63.0 67.0 72.0 9.0 - - - - 1.5 9.0
N358P3 64.0 70.5 78.0 150 - - - - 3.7 14.0
N358P2 64.0 71.0 78.0 16.0 - - - - 3.7 14.0
N358P5 63.0 70.5 77.0 16.0 - - - - 3.1 14.0
N357P54 62.0 70.0 77.0 16.0 - - - - 2.8 15.0
N357P5 67.0 68.0 84.0 55 70.5 76.0 83.0 125 36 601
N357P4 56.0 88.0 106.0 50.0 1890.8 50.0
N357P2 64.0 71.0 77.0 13.0 - - - - 2.3 13.0
N354P4 63.0 70.0 77.0 155 - - - - 3.7 14.0
N354P3 63.0 70.0 77.0 13.0 - - - - 3.1 14.0
N354P5 63.0 70.0 77.0 140 - - - - 2.8 14.0
N353P3 64.0 70.0 77.0 140 - - - - 3.6 13.0
N353P5 63.0 71.0 77.0 16.0 - - - - 3.6 14.0
N353P6 72.0 98.0 106.0 34.0 895.4 34.0
Total 1586.5 1828.9 2027.0 426.0 139.5 148.0 162.0 23.5 5977.1 449.5
Mean 63.5 73.2 81.1 17.0 69.8 74.0 81.0 11.8 239.1 18.0
STDEV 3.1 9.1 10.2 9.7 1.1 2.8 2.8 1.1 572.1 9.1

* referred to plants with high enthalpy of mergethsition between gelatinization and melting.

ranged from 69.0 (N383P2) to 70.5°C (N357P%)from 72.0 (N383P2) to 76.0°C (N357P5)
and T from 79 (N383P2) to 83.0°C (N357P5). Thg T, and T values for the control HO001
plant were 63.0°C, 67.0°C and 72.0°C respectivehe temperature difference between the T
and T (Rangel) ranged from 5.5 (N357P5) to 50.0 (N35%n) that of Range 2 ranged from
11.0 (N383P2) to 12.5 (N357P5) respectively. Thids ranged from 1.5 (HOOOlcontrol
landrace) to 1890.8 Jg(N357P4). The full temperature range (range3) ednfrom 2.01
(HOO001 control landrace) to 50.0°C (N357P4). Rax873P8, N389P5, N357P4 and N353P6
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had a merged transision between gelatinization raelling within geleatenization zone as a
result the energy obtained was definitely more ttta small amount of energy required for
gelatinization alone. The rest of the plants (N387R387P5, N387P3, N383P11, N383P2,
N383P10, N373P2, N389P4, N389P2, HOOO1lNat., N358%3H8P2, N358P5, N357P54,
N357P5, N357P2, N354P4, N354P3, N354P5, N353P33R3phad a normal gelatinization
transition with their  significantly lower than 67.0°C of the putativedrsugar plant N357P5.
The two plants with the lowest, Tvere N357P4 (56.0°C) and N387P3 (62.0°C) whilsb3F%6
(72.0°C) and N389P5 (72.0°C) were among the highesiced plants of control HO001 and out
of these plants N357P4 and N389P5 were among plastts the fused transition of

gelatinization and melting.

Figure 6.11 shows the real time DSC thermographsoafrol landrace and induced UCCO090
plants at the W, stage. The control UCC090 and induced plants N4,18B42P4, N413P2,
N429P3 and N422P113 had two gelatinization peakistiMine remaining plants had one. All
plants showed a normal gelatinization transition plant N398P3 showed melting alone or
melting merging with the gelatinization instead geglatinization transition within the
gelatinization zone. Plants N398P3 and N398P4 laaly gelatinization within the 25 - 110°C
period. The T for control UCC090 and N405P12 were among the dsgtwhilst the deep
fissured granule producing plant N398P3 had thee&twThe putative free-sugar mutant
N394P82 had a very wide gelatinization temperatargge together with N413P2, N422P113
and N412P6 plants, indicating the presence of nofoun granules.
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Figure 6.11 DSC thermographs of starch from inducedJCC090 cassava plants

The gelatinization properties of induced and cdntrndrace UCCO090 plants are presented in
Table 6.7. The onset temperature)(©f gelatinization for the first peak ranged frofi.0
(N398P3fissur) to 62.0°C (N405P12), ffom 59.5 (N413P2) to 86.0°C (N398P3fissur) and T
from 61.0 (N413P2) to 91.3°C (N398P3fissur). Theairtemperature {(J of gelatinization for
the second peak ranged from 61.0 (N413P2) to 70(0TWIC090Nat), | from 68.0 (N422P113)
to 72.0°C (UCCO090Nat) ande from 75.5 (N419P4) to 80.0°C (UCCO090Nat). Plan&lB8P2,
N419P4, N398P4 and N422P113 were among the lowgegtolip whilst the control UCC090
and N405P12 were among the highest. TheT§ and T values for the control landrace were
62.0°C, 68.0°C peak low and 72°C peak high and 8@%pectively. The temperature difference
between the Jand T, in the Rangel column and range 2 columns wergM422P113) to
44.3°C (N398P3fissur) and 9.0 (N419P4) to 17.0°@1BP2) respectively. The putative plant
with fissured granules (N398P3fissur) had mergadsdition between gelatinization and melting

and this is supported by significantly high entlyalpf thermal transition than the rest with
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normal gelatinization transitions. TheHg ranged from 1.4 (UCCO090Nat.) to 1403.8Jg
(N398P3fissur). The full temperature range (rangkagl a range of values from 10.50 (N398P4)
to 44.3°C (N413P2).

Table 6.7. The gelatinization properties of induce@nd control landrace UCCQ090 plants

Name Onset Peak Endset Rangel  Onset Peak EndRehge? AH Range3
(To) (T (T °C T (T (T °C Jgh °c

N419P4 59.5 65.0 66.5 7.0 66.5 69.0 75.5 9.0 22 016
N412P4 60.0 65.0 66.5 6.5 66.5 69.0 76.0 9.5 23 016
N412P6 59.0 70.0 77.0 18.0 - - - - 2.7 18.0
N413P2 545 59.5 61.0 6.5 61.0 69.5 78.0 17.0 41 352
N394P82 60.0 68.5 78.0 18.0 - - - - 3.1 18.0
UCCO090Nat 62.0 68.0 70.0 8.0 70.0 72.0 80.0 10.0 4 1. 18.0
N398P4 59.0 68.5 69.5 10.5 - - - - 1.7 10.5
N398P3 fissur 47.0 86.3 91.3 44.3 1403.8 44.3
N398P2 60.0 70.0 75.5 155 - - - - 2.6 155
N405P12 62.0 69.0 74.5 12.5 - - - - 4.0 12.5
N405P13 59.0 69.0 75.0 16.0 - - - - 2.3 16.0
N408P3 61.0 69.0 78.0 17.0 - - - - 3.6 17.0
N408P2 61.0 69.0 78.0 17.0 - - - - 2.9 17.0
N408P4 61.0 69.0 78.0 17.0 - - - - 25 17.0
N429P3 61.0 65.0 77.0 16.0 66.5 69.0 78.0 11.5 2.9 17.0
N422P45 61.0 70.0 78.0 17.0 - - - - 10.3 17.0
N422P46 61.0 70.0 78.0 17.0 - - - - 8.1 17.0
N422P44 61.0 69.0 76.0 15.0 - - - - 10.5 15.0
N422P115 61.0 69.0 76.0 15.0 - - - - 6.6 15.0
N422P114 61.0 69.0 77.0 16.0 - - - - 5.7 16.0
N422P113 59.0 63.0 65.0 6.0 65.0 68.0 78.0 13.0 410. 19.0
Total 1250.0 1440.8 1565.8 315.8 395.5 416.5 465.5 70.0 1493.7 375.3
Mean 59.5 68.6 74.6 15.0 65.9 69.4 77.6 11.7 711 791
STDEV 3.3 4.9 6.4 8.0 2.9 1.4 1.6 3.0 305.4 6.5

* referred to plants with high enthalpy of mergeuhsition between gelatinization and melting.

The real time DSC thermographs of control landie@ee induced UCCO026 plants atW4 stage

is presented in Figure 6.12. The shorter lengthth@imographs represent starch samples which

started melting before 100°C whilst the full lengflermographs represent plants which started
melting after 100°C. Plants N439P9, N439P8, N47@R8 N476P22 had two gelatinization

peaks whilst the remaining plants had one. Thetdesgperatures for most of the induced plants
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above the control UCC026 were lower than that efdbntrol and vice versa. Plant N470P3 did
not show any gelatinization or melting during tiéina periods. The putative free-sugar mutant
(N441P54) and exceptional fissured granule produpiant (N441P26) were among plants with

the wide gelatinization temperature range.
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Figure 6.12 DSC thermographs of starch from inducedJCC026 cassava plants

The gelatinization properties of induced and cditif©@C026 plants at M/, stage are presented
in Table 6.8. There is no significant differencedifferential scanning of control landrace and
induced plants of UCC026 except N473P2 with theestigl, and T, values of 72.7°C and
74.0°C. The onset temperaturey)(Tof gelatinization for the first peak ranged fro8®.0
(N441P54, N439P9, N439P8, N468P8, N468P9, N481RP%2.7°C (N473P2), 65.0 (N439P9,
N439P8, N470P8, N476P22) to 74.0°C (N473P2), 6G84BOP9, N439P8, N476P22) to 79.0°C
(N481P26, N468P8, N468P9, N473P5, N474P10, N470W41P54 (sug), UCCO026Nat,
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N474P2). The onset temperature)(df gelatinization for the second peak ranged fré®n0
(N439P9, N439P8, N476P22) to 67.0°C (N470P8)frdm 69.0 (N439P9, N439P8) to 70.0°C
(N476P22) and dfrom 78.0 (N476P22) to 79.0°C (N439P9, N439P8, 0RB). The onset
temperature (J) of gelatinization for the control UCC026 was 6Z0 T, was 70.5°C and ¢l
was 79.0°C. The temperature difference betweenTthand T in the range 1 and range 2
columns ranged from 3.4 (N473P2) to 19.0°C (N48168P8, N468P9, N441P54 (sug)),
and 12.0 (N476P22, N470P8) to 13.0 °C (N439P9, R83%espectively. ThaHg ranged from
0.69 (N474P10) to 11.47 3g(N473P2) whilst the control UCC026 had 3.05'Jhe full
temperature difference (range3) ranged from 3.47@®2) to 19.0°C (N439P8, N481P26,
N468P8, N439P9, N468P9, N441P54 (sug)).

Table 6.8.The gelatinization properties of induce@nd control landrace UCC026 plants

Name Onset Peakl Endset Rangel Onset Peak2 EnBsetge2 AH Range3
(To) T) (T °C T (T)  (T) °C  Jdgh °C

N441P54(sug) 60.00 70.00 79.00 19.00 - - 23.1 19.00
N439P9 60.00 65.00 66.00 6.00 66.00 69.00 79.00 0013. 2.76 19.00
N439P8 60.00 65.00 66.00 6.00 66.00 69.00 79.00 0013. 1.88 19.00
N468P8 60.00 68.50 79.00 19.00 - - - 2.75 a9.0
N468P9 60.00 68.50 79.00 19.00 - - - - 2.77 a9.0
N470P7 61.00 69.50 79.00 18.00 - - - 3.46 a8.0
N470P8 61.00 65.00 67.00 6.00 67.00 69.50 79.00 0012. 0.97 18.00
UCCO026Nat 62.00 70.50 79.00 17.00 - - - 3.05 7.0Q
N473P2 72.74 74.00 76.14 3.40 - - - - 11.47 3.40
N473P5 63.00 68.50 79.00 16.00 - - - - 2.58 a6.0
N474P2 64.00 71.50 79.00 15.00 - - - - 3.35 as.0
N474P15 61.00 68.00 76.00 15.00 - - - - 241 0Q5.
N474P10 62.00 69.00 79.00 17.00 - - - - 0.69 0Q7.
N474P7 62.28 68.12 73.84 11.56 - - - - 231 415
N476P25 61.00 69.00 78.00 17.00 - - - - 3.20 0Qa7.
N476P23 61.00 69.50 78.00 17.00 - - - - 276 0Q7.
N476P22 61.00 65.00 66.00 5.00 66.00 70.00 78.00 .0012 1.50 17.00
N481P26 60.00 68.00 79.00 19.00 - - - 2.11 009.
Total 1112.02 1232.62 1357.98 24596 265.00 277.805.00 50.00 53.14 295.96
Average 61.78 68.48 75.44 13.66 66.25 69.38 78.752.501 2.95 16.44
STDEV 2.97 2.40 5.25 5.67 0.50 0.48 0.50 0.58 2.26 3.79
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6.5 Discussion

6.5.1 Amylose content and crystalline propertiesf cassava plants at MV, stage

Starch is mainly synthesized in the storage rogams, such as seeds, tubers and roots. To store
glucan molecules in an effective and stable coowliin these organs, starch is packed in a
semicrystalline granular form (French, 1984). Stab@osynthesis is not consistent throughout
the development of starch granules. The struct@iranoylose and amylopectin varies in the
radial locations, from the hilum to the peripheRag and Jane, 2000; Jane and Shen, 1993). To
date, the only available non-invasive probe of cétagranule organization has been X-ray
diffraction, a technique which reports on an ordemerangement of double helical amylopectin
forming the crystalline region but it does not @et@regularly packed structures in the
amorphous region (Gidley and Bociek, 1985; Tukometra., 2007; Rodriguez-Sandovel al.,
2005). The classification of the diffractogramsoitystal patterns of cassava starch was based
on the location of major and minor peaks identifirgth individual diffractograms in degrees of
Brag's angle 26). It can be deduced from reports of Shugtral. (2005), Cheetham and Tao
(1998) and Chandrasekaran (1998) that peaks d158;,,17°, 18°, 20°, 22° and 229 are used

to classify the starches. The X- ray diffractiorit@an of an A-type crystal, lacks the 5° and 22°
260 peaks; the X-ray diffraction pattern of a C-typgstal lacks 18° and 2229 peaks and that of

a B-type crystal lacks only the 189 peak from the above combinations of peak andash
peak comes with the inter-atomic distance (d-dggretween the crystalline lamellae planes
within the crystalline regions of the starch grasulNew and minor peaks were observed in the
current study at 11°, 27° or 320 in some induced plants (Figure 6.2:d, i, 0 anbl& 6.1:d, i,

0) which were not yet reported in literature. Itymae due to irradiation response of cassava

plants at the amylopectin level.

The range of amylose content in control cassavalsta 10 — 30%, amylopectin is 70-90% and

the range of the degree of crystallinity in a tgbicontrol cassava starch is between 15% and
45% (Zobel, 1988, Christopher, 1997; Taal.,2004). Since amylopectin is solely responsible

for the crystallinity of granules (Manners, 1969jkdi, 1969; Hizukuri, 1986) but the

percentage amylopectin is far greater than the edeg@f crystallinity. It means that some
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amylopectin is not in the crystalline form. Suchxc¢ess” amylopectin is not only found in the
amorphous regions, but also in the form of douleliices (Cooke and Gidley, 1992). The excess
amylopectin double helices and amylose tie-chaihgchvare not part of the crystallites are
arranged between the crystalline lamellae acting@salled defects (Matveest al., 1998;
Yuryev, 1998). The non crystalline portion of anpdotin molecules exists outside the
crystalline regions and that portion is responsilte faster chemical reactivity and
gelatinization. It is less dense than the crystalliegion and makes up between 15 — 75 % of the
total amylopectin portion of starch granules, dejyeg on the botanical origin (Gallaet al.,
1992, Matvee\et al.,2001). The new minor X-ray diffraction peaks obserat 11°, 27° or 31°
260 for some of the starches from induced plants mighés a result of converting excess double
helixes of amylopectin into more organized crystallform. More work will have to be carried
out to investigate the origin of those peaks (Tallel — 6.4). In some induced plants, extra
peaks were observed in N329P6 (f), N348P4 (h), R96 (j), N95P5 (I) and N39P5 (m) at 11°
260; in N223P13 (d), N329P11 (g), N348P5 (i) at2rand in N223P13 (d), N348P5 (i) N96 P16
() at 3126 for induced HOO0O08 plants. The emergence of theagspm induced HOO008 plants
and others caused drastic reduction in the amophegion of granules; therefore the ratio of
crystalline intensity to the total intensity resadtin higher crystallinity indexes observed.
Chemical industries recognize the amorphous remgiamylopectin as a good acceptor site for
active chemicals (Gallaret al., 1992). However, with relatively higher crystallinedexes
observed, it implies that such starches would raeepreferred for binding chemicals in tablet
forms since the chemical active portion is much lendahan those with lower crystallinity

indexes.

All of the controls and most induced plants hadAan type X- ray diffraction pattern. Only
seven induced plants showed a transition from dpp#&-to C-type diffraction pattern. These are
three induced plants of HO008 (N223P13 (d), N348pP&nd N166P3 (o) with C, £and G)
respectively; three induced plants of UCC090 (N4L98), N412P4 (c) and N412P6 (d) plants
with Ca — pattern each; and one induced plant of UCCO2&8R9 (f) with a C — pattern. None
of the HO001 plants showed the C-type pattern. ddwirrence of the A-type X-ray diffraction
pattern in control landrace and most induced casgdants implies that cassava cultivars

generally show an A-type pattern as reported intnodsthe literature. Cassava, which is a
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storage root is known not to contain starch of & diffraction pattern under natural condition
like tuber crops (such as potato, sweet-potatoyama), unless mutated or modified (Deflaair
al., 1998a;b; Ebersteint al., 1980; Lorenz and Kulp, 1992 and Nuwamamyaal., 2010). The
irradiation of cassava stakes before planting Vvisesefore observed to change the diffraction
pattern of seven induced plants planta from A-type to C-types with respect to HOOO0S,
UCCO090 and UCCO026 controls. This observation irntéatdahat A-type to C-type transformation
requires reorientation in the packing of the douidécal starch molecules and redistribution of
water within the crystallites. For example, a clafrgm eight water molecules per unit cell in
the A structure to 36 per cell in the B was repbrtarko and Wu, 1978). The C-type may
contain an intermediate level of water molecules y&t cell between A and B types. The
implications are that the C- type is more resistarttydrolysis than the A-type. It was reported
that the extent of final hydrolysis of starch wasd than 35% for predominantly B-type starches,
60% for C-type and more than 70% for predominaAtlypr V-types, thus suggesting that the B-
type starch is more resistant than the C-typeo¥ald by A - types (Géraret al.,2001).

Cassava, rice, corn and potato were reported te biystallinity indexes of 0.50, 0.53, 0.44 and
0.55 respectively (Guinest al., 2006). The crystallinity indexes observed rangexnf 0.44
(N223P12) to 0.66 (N223P13) compared to 0.51 ferdbntrol HO008; 0.44 (N383P10) to 0.56
(N353P5) compared to 0.46 for the control HO0042(QN398P2) to 0.6 (N419P4) compared to
0.51 for the control UCC090 and 0.42 (N474P10) .&6QN476P22) as related to 0.53 of the
control UCCO026. The range of crystallinity indexasserved for induced plants were similar to
that reported in literature, but a few induced fdawere significantly higher than respective
controls and reported figures. Similarly, the ollerange of the crystallinity indexes observed
across the four induced landraces (0.42 to 0.66) waader than across the four controls (0.46
to 0.53). It also showed that some induced plargeevhigher in crystallinity indexes than the
range reported by Zobel (1988) of 0.15-0.45 (15-4%&¢rees of crystallinity) and Tareg al.
(2006) of 0.17-0.51 (17-51 % degrees of crystdiliniin normal cassava starches. The
crystallinity indexes of 0.51 was observed for contHOOOS8 but higher indexes of 0.57
(N348P5), 0.58 (N95P5) and 0.66 (N223P13) wererebsgefor induced HO008 plants. Lower
degree of crystallinity (0.46) was displayed by ttohHOO0O01, but higher degrees of crystallinity
such as 0.52 (N354P3), 0.52 (N354P5), 0.53 (N354®88 (N353P34), 0.55 (N383P2), 0.56

207



(N387P3) and 0.56 (N353P5) were displayed by indud®001 plants. Similarly, crystallinity
index of 0.51 was observed for control UCCO090 bigthér values of 0.52 (N398P4), 0.54
(N405P12), 0.56 (N412P6), 0.63 (N412P4) and 0.681@¥4) were observed for induced
UCCO090 plants. The control UCC026 also had degfeerystallinity of 0.53 (UCCO026) and
higher values in induced plants of 0.53 (N476PR36 (N468P9), 0.56 (N476P22) and 0.56A
(N473P2). The higher crystallinity indexes observeste similar to the 0.4 to 0.58 (39.53 to
57.75% degrees of crystallinity) reported for aciddified cassava starch (Atichokudomceti
al., 2001) which is suitable for compressing chemig#ls tablets in the pharmaceutical industry
(Sanguanponget al., 2003; Chun, 1997). The induced plants with thehésg crystallinity
indexes observed may therefore replace acid mddstarches in pharmaceutical industries
because they already have far less amorphous seganpared to their controls (Figures 6.2.1:
d, i, 0).

The seven induced plants with C - type patternsevaenong the highest ranking crystallinity
indexes. Hizukuri (1985) reported that the crysygle is strongly influenced by the amylose
content and average chain length of the respeativdopectin. Whether A -, B - or C - types of
patterns are formed is thought to be related toawwrage chain lengths within amylopectin
clusters. Short A and,Bhains display A-type crystallinity, while long8, chains make up the
B-type crystallinity, while intermediate chain leéhgis associated with C-type crystallinity
(Cheetham and Tao, 1998; Hizukuri, 1985; Hizulatral.,1983). However, wrong impressions
should not be created about higher crystalliniyeixes observed and their resistance status. The
crystallinity levels and amylose content has nokedrdirect influence on final hydrolysis or
resistance of starches as previously reported. dl@dence reported by Gérard and co-workers
(2001) showed that the extent of final hydrolysis starches was directly related to the
proportion of B-type of chains in the whole granulde seven plants with C-type patterns and
crystallinity indexes might have various proporgoof B-types of chains in the whole granule
that may impart various degrees of resistance tgreatic hydrolysis. Longer chains of B (B2-
B4) offer more resistant than shorter B1-chainsusThhe effect of B-crystalline type on the
susceptibility of starch to hydrolysis prevailedeowcrystallinity level and amylose content
(Gérardet al.,2001).
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In decreasing order of,the seven plants with C-types patterns had valties.0°C (N166P3),
61.5°C (N348P5), 62.0°C (N223P13), 59.0°C (N412B6)0°C (N412P4), 59.5°C (N419P4)
and 60.0°C (N468P9). The respective crystallinityexes were 0.51, 0.66, 0.57, 0.63, 0.53, 0.66
and 0.56. The variation in both gelatinization @ngstallinity indexes observed were influenced
by both the varietal and gamma irradiation effe@isere was a strong varietal effect because
plants from four different controls responded difetly to gamma irradiation effects at the
molecular level. Amylopectin chain length differetlveen the X-ray crystallographic starch
types. The longer B-chain is characteristic of dtas with the B crystal pattern as found in
potato whilst the shorter A-chain is a characterief A-crystal pattern of cereals and cassava
(Hizukuri, 1987). Therefore the seven C-type pldratd an intermediate chain length between A-
type and B-type patterns. According to Chiotelldakeste (2002) starch with more of the
shorter A and B1 chains were weaker than B2 - Bflnshbecause they are not long enough to
connect and bind two or more cluster units togetfibe A-type with A and B1 chains would
therefore register lower onset gelatinization terapge and lower resistance to hydrolysis than
the seven C-type granules with more combinations, &1 and B2-B4 chains. Similarly, A-type
X-ray pattern starches are more compact and cliygtdhan B-type and C-type starches but are
less resistant to amylase hydrolysis than B-typk @riypes (Planchatt al., 1997; Williamson

et al.,1992; Gallantet al., 1992; Gérarcet al., 2001). According to Cheetham and Tao (1998),
one would expect that crystalline regions and exclesible helices of amylopectin in an A-type
to resist amylase hydrolysis but in practice ih@ so. This is why less crystalline starches with
high amylose or amorphous regions resist amylageston more than waxy starches with more
crystalline regions (Padmanabhan and Lonsane, 199®) higher crystallinity index alone is
therefore not enough to explain the higher gelzgiton properties. The ratio of shorter to longer
chain lengths of amylopectin packed in the graamie other physical characteristics of granules
might probably play a role. The actual length oftcal C chains is still not known but it is
longer than A and B chains. It connects more ciaste give more strength to granules.
Therefore, variation in C chains of amylopectirGrtypes of diffraction patterns may also add to

the variation in strength, resistivity to hydrolysind stability of starch granules.

Assuming all other factors affecting gelatinizatiammd crystallinity remain constant, the higher

the degree of crystallinity the higher théls (Kruegeret al., 1987). TheAHg for the seven
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plants with C-types of X-ray pattern were 5.83" J§l166P3), 51.85 Jy(N348P5), 3.91 JY
(N223P13) of HOOS plants, 2.66 JgN412P6), 2.28 Jby (N412P4), 2.23 Jy (N419P4) of
UCCO090 plants and 2.77 3g(N468P9) of UCC026 plant. ThaHg for N348P5 was
significantly higher than N166P3, N223P13 and thst.r HoweverAHg for N223P13 was
similar to N468P9, N412P6, N412P4 and N419P4. Blauith higherAHg and crystallinity are
suitable for pharmaceutical industries whilst ptawtth lower gelatinization and crystallinity can
compete with other starches for the productionlobleol, starch for sizing paper and textiles,
glues, sweeteners, bio-degradable products, butarblacetone, manufacturing of explosives,
and coagulation of rubber latex (FAO, 2001).

6.5.2 Gelatinization properties of the four controllandraces of cassava

Starch granules heated in excess water was obsenadzborbed heat (endothermic) lost by the
DSC sample furnace relative to the reference fwn@xothermic) to undergo gelatinization
transition before melting and decomposition traosg. Three thermograph transitions were
observed in the real time DSC curve, when indue@ssava starch was heated in excess water up
to 150°C. The gelatinization transition of cassacaurred first, between 60-85°C (Passal.,
2008), 65-70°C in 45% water (Lacerdnal.,2009) followed by melting around 170°C (Sriroth
et al, 2000) and 169.2°C (of dry unhydrous cassava Igtaficacerdaet al., 2009) and
decomposition transitions at higher temperaturég dnthalpy required for melting dry cassava
starch was estimated as 129.16'Jlacerdaet al,, 2009) which is far higher than the energy for
gelatinization of cassava 11.41-154.04 ' gwetaet al, 2008) 10.4 and sweet potato 12.9%J.g
(Peroniet al, (2006).

Heating samples in 4@m aluminium crucibles up to 150°C was too high @sda result,
pressure was generated which caused the burstitige @rucibles. As a precaution, a lower but
safer working temperature between 25 and 110°C clasen to place more emphasis on the
gelatinization of the starches with heat transfeale around 0.5 WlQyinstead of 50W.{§

associated with melting and decomposition transstig-igure 6.6).
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T, is similar for most of the control landraces exce{©008, however Jand T differed
significantly. In increasing order of,,Tthe five landraces were ranked as 62°C (UCCEC
(UCCO026), 62.4°C (AFISIAFI), 63°C (HO001) and 685¢HO008) with corresponding,Tas
68°C, 70.5°C, 66°C, 67°C, 75°C and the final & 80°C, 79°C, 73.8°C, 72°C and 81°C
respectively. The full gelatinization temperatuenges observed were 18, 17, 11.4, 9.0 and
12.5°C respectively. cIvalues vary depending on the concentration otktar water. A 45% of
cassava starch water mixture was reported to gedatbetween 65-70°C (Lacerdaal.,2009)

or between 60-85°C (Paes al., 2008) and a 50% of starch water mixture gelatenimtween
57.6-62.0°C (Mwetaet al., 2008). Similar T's were observed for landrace starches from
UCCO090, UCCO026, AFISIAFI, and HOO001, but not for 68, which is higher at 75°C. Apart
from obvious genotypic differences, the higheranhd T, are characteristic of starches with
lower proportions of short amylopectin branch chajdaneet al., 1999). Since ontrol HO008
had the highestgJ it was expected to also have the higiad4g. The fact that thaHg of control
HOO008 (2.3 Jg) was second to control UCCO026 (3.05dmplies that other factors were
responsible for the relative decrease in Altks. Among all the control landraces, it was only
Control HOO008 granules that had dents/holes irgthaules whilst control UCC026 lacked them
(Chapter 5: Table 4.2). This could be responsiblettie reduction in enthalpy required by the
control UCCO026. Control HO008 had a rough surfatécty may aid water absorption whilst a
smooth surface without dents or holes was observedntrol UCC026 (Chapter 5: Table 4.2).,
which might prevent early absorption of water agall to the delay of the gelatinization process
and subsequent higher enthalpy demand for theads@C026 compared to HO008.

All the control landraces had A-type X-ray diffrexct with crystallinity indexes of 0.46, 0.51,
0.51 and 0.53 for HO001, HO008, UCC090 and UCCOZpectively. The breakdown of
hydrogen bonds in double helixes within the rekliivhigher crystalline regions of control
UCCO026 compared to HO008 might also be respongiblthe higherAHg observed for control
UCCO026 than control HOO08. These structural difiees of amylose and amylopectin have
varying effects on the starch functionality suchgakatinization temperatures, pasting viscosity,
gel elasticity and strength, swelling power andibiity (Lu et al.,2008; Tattiyakukt al.,2007;

Lu et al., 2005; Charlest al., 2005; Janeet al., 1999; Sasaki and Matsuki, 1998; Naetaal.,
1998; Shibanumeaet al., 1996). Starches with higher levels of short chahal lower
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gelatinization T, Tp and T or Te temperatures, whereas higher contents of longensi{DP 18-
25 and DP 25-80) led to higher gelatinisation terapeges (Yamiret al., 1999; Sang-Ho and
Jay-Lin, 2002; Alberet al.,2005).

6.5.3 Gelatinization properties of starch from induced @assava plants at MV, stage

All the control landraces showed single gelatin@apeaks for starch except starch from control
UCCO090. After irradiation double gelatinization geaof starch were observed in some plants
which showed a lower firstplthan T, of respective control landrace except N357P5. Epam
lower first T, values were observed in induced N223P13 (67, 78Rap6P3 (69, 77°C),
N166P2 (70, 75°C), N166P5 (69, 75°C), N169P4 (B2C¥ and N281P4 (70, 74°C) plants than
T, of 75.0°C from the control HOO0O08. Lower first peakere observed in N419P4 (65, 69°C),
N412P4 (65, 69°C), N413P2 (60, 70°C), N429P3 (88§ and N422P113 (63, 68°C) than first
T, of the control UCCO090 (68, 72°C). Again lower fipeeaks in N439P9 (65, 69°C), N439P8
(65, 69°C), N470P8 (65, 70°C) and N476P22 (65, T@R@n first peak in the control landrace
UCCO090 (68, 72°C). Control HO001 had the sarped the first J of N383P2 (67, 72°C) but
produced a higher first peak in N357P5 (68, 76°T})e putative free-sugar mutant N357P5

therefore showed a deviation in the general lonerds observed for others.

It was noted that thirteen doublg, Plants (N223P13, N166P2, N412P4, N413P2, N439P9,
N476P22, UCC090, N166P5, N169P4, N281P16, N419P4R2R113, N470P8) had non-
uniform granule sizes whilst only three of the deub, plants (N166P3, N429P3, N439P8) had
uniform granules. These suggest that the obsenvafidouble gelatinization isotherms were due
to non-uniform granules more than uniform granulemall granules gelatinize at a higher
temperature and over a wider temperature range lérger granules (Vermeylegt al., 2005;
Jane, 2007). In the pool of large and small grandlee large granules would preferentially
gelatinize at a lower temperature to produce tist fieak before the small granules produce the
second peak. Therefore the two peaks observed laggely due to gelatinization of large
granules occurring before that of small ones. Gowtto this, a few starches with non-uniform

granule sizes did not show double gelatinizatioaksewhile some plants with uniform granules
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did. This might suggest that additional minor fastmight also contribute to the occurance of

double T, peaks.

Starch from the control landraces HO008, HO001 66026 presented one peak at 75, 72 and
72°C respectively, while control UCC090 presented peaks at 68 and 72°C. Most of the
induced plants showed single peaks around 68, 754, however, Jand T, may differ from
their respective control landraces. Since gelation by DSC was only carried out once
because of lack of logistics required for evaluatad large replicated samples, a comparison
between the control landrace and respective indptzeds was the most probable option left for
selecting putative mutants. Furthermore, most nigstan vegetatively propagated crops starts
with DNA changes in a single cell, which later @vdloped into a full grown mutant. Therefore
mutation screening lays more emphasis on individwaluation of induced plants rather than
means based on pool results. Since work done bytdamrd others (2008) using identical DSC
equipment did not show any significant differenedween repeated calorimetric scanning of the
same sample, the results of the current study nilgdriefore be largely due to the effects of
irradiation. It may therefore be concluded in gahéhnat gelatinization occurs between 60 and

80°C with the J of cassava starch gelatinization observed betw8eand 75°C.

The four induced plants that displayed the ovelaies T, temperatures were N167BP12
(40.9°C), N398P3fissur (47.0°C), N413P2 (54.5°C) amintrol HO008 (68.5) descent and
N357P4 (56.0°C) of control HOO001 (63°C) descenilsttithe four plants that displayed the
highest T temperatures were N389P5 (72.0°C) of control lacelrHOO001 (63.0°C) descent,
N473P2 (72.7°C) of control UCC026 (62.0°C) desa@amt N95P5 (73.3°C), N39P5 (83.7°C) of
control HOO008 (68.5) descent. Out of these eigantgsl five of them (N167BP12, N398P3fissur,
N389P5, N95P5 and N39P&jere having merged gelatinization and melting titaorss.

The drastic enthalpy changes in the 11 plants weserved in the\Hg values of 47.9 Jy
(N39P5), 77.2 J§ (N95P5), 1030.4 Jg(N95P4), 51.9 J§ (N348P5), 1074.6 Jg (N223P12),
2425.2 J§ (N167BP12) of HO008 descent; 1715.6*J¢§N373P8), 1401.7 Jg (N389P5),
1890.8 Jg (N357P4), 895.4 Jy (N353P6) of HO001 descent; and 1403.8 Jj398P3fissur)
of UCCO090 descent. The alteratis values observed for 11 induced plants were sicanitiy
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higher tham\Hg values of the control landraces (2.3'Jgr HO008, 1.5 J§ for HO001, 1.4 Jg

! for UCCO090 and 3.1 Jgof UCC026). The drastic enthalpy changes in th@lafts were also
extremely higher than 10.4 J.¢Peroniet al., 2006) and 11.4-15.0 JgdMweta et al., 2008).
Such differences could be attributed to cassavatgpea, environment and starch water ratios
used for DSC determinations. The alterlds values of the 11 plants were due to merged
thermal transition between gelatinization and mgltwithin gelatinization zone. The resultant
merged enthalpy of thermal transition was signiftba higher than plants with normal
gelatinization isotherms. Dry cassava starch (alnaogydrous) was reported to melt around
170°C (Srirothet al., 2000) and 169.2°C with an enthalpy of melting eated as 129.16 Jg
(Lacerdaet al., 2009) which falls within the range of transitiontlealpy observed from 47.9 to
2425.2 Jg. This further confirmed that the observed highethalpy of thermal transition was
either for melting alone or melting and gelatiniaat As a result of the fused enthalpy transition,

it is impossible to separate the gelatinizatiorthieom from the melting isotherm.

Notable among the 11 plants were descendants di@@®08 that display multiple changes due
to irradiation such as plant N223P12 which disptagehigher F at 82.4°C and also with the
lowest crystallinity index (0.42), while plant N388B displayed a lowerpTat 71°C and also with

a transition from A-type to C-type of X-ray difffid@n. Plant N167BP12 also displayed a
transition from oblanceolate to lanceolate middefllobes and possessed fissured granules.
Plant N39P5 was among the least four amylose progysants (15.4%) of HO008. Among the
four highest amylose producing plants of HO001 plast N389P5 which displayed a highey T
at 101.0°C whilst plant N353P6 was also among the& fowest amylose producing plants
(13.9%) of HOOO01. Descendants of UCCO090 that dysmlamultiple changes includes plant
N398P3 (which is similar to N398P4) displayed areraill lowest T, at 47.0°C, higher T, at
86.3°C and exceptionally deep fissured granules ehaily produce flakes (Chapter 4 section
4.5.2.5). Plants with fissured granules are bowngaive such abnormal lower gelatinization and
melting transitions or possible merging of the tirensitions. This agreed with a report that a
novel sweet potato (Kanto 116) with cracked grasmhl@d an approximately 20°C lower pasting
temperature and lower energy of gelatinization (&8 than the control and parent starches

(Katayamaet al., 2002). The significance of the early completionn@drged gelatinization and
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melting transition is that short processing timeeguired for commercial applications in various

industries.

Apart from the 11 plants with extremely higitg, 3 plants were also observed withaiis or
any form of thermal transition during differentistanning calorimetry of starch from 25 to
110°C. These novel plants were N281P16 and N167PHMQD08 descent and N470P3 of
UCCO090 descent. Plant N281P16 is a putative frgaevsmnutant, while N167P7 has oblanceolate
central leaf lobes, which indicate that these twamis have been affected by irradiation. Plant
N470P3 is rich in amylose (26.5%) but relativelwlm crystallinity indexes (0.46) and with an
A-type of X-ray diffraction pattern. The commerciahplication is that they are already in a
gelatinized state after extraction and drying aadsignificant heating cost would be incurred in

water processing for industries.

Finally, two plants were observed to have a nomgetdtinization thermograph and a normal low
AHg but with relatively high T than their control landrace. These were N357P%H0001
descent and N473P2 of UCC026 descent. The putdtee-sugar mutant N357P5 was
significantly higher in § (67°C) and crystallinity index (0.51) than 63°C) and crystallinity
index (0.46) of the control landrace. This mearat tvater-soluble sugars contained in the
putative free-sugar mutant N357P5 probably causetherease in J and crystallinity index
observed. This agreed with the report that sugassarage roots reduce the water replacement of
hydrogen bonds during swelling of granules andilstabthe amorphous regions of the starch
granules through interaction with starch chainsigSpnd Hoseney, 1982; Kohyama and
Nishinari, 1991), thereby delaying gelatinizatiodancreasing the ;TandAHg of starch (Spies
and Hoseney, 1982; Summ al., 1999). This implies that macro molecule compositaod

packing in the starch granules of plant N357P%ed#fl as evidenced in gelatinization properties.

Plant N473P2 with J(72.7°C) and J (74°C), narrow temperature range value (3.4°Q)iga

AH (11.5 Jg), a high degree of crystallinity of 0.56% whichsignificantly different from
(62°C), T, (70.5°C), temperature range (17.8H (3.0 Jg") and crystalinity of 0.53% of the
control UCC026. Since other prominent changesarchtphenotypic properties were also noted
in previous chapters, the drastic changes obsdorad398P3, N398P4, N281P16 and N167P7,
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N357P5 could also be ascribed to the effect ofliatzon. Drastic changes ascribed to irradiation

effect without changes in phenotypic propertiesd@lso be re-examined during;VMs stage.

6.5.4 X- ray diffraction spectroscopy and gelatiniation properties of the overall four

highest and four lowest amylose producing plants

The overall four highest (N441P54, N223P12, N378R@ N329P11) and four lowest (N96 P16,
N353 P6, N166 P2 and N476 P22) amylose produciagtplwere found to have A-type
crystallinity. This is similar to the report thabth waxy maize mutants (very low or zero
amylose content) and normal maize showed eitheyp&-r intermediate C-type crystallinity
(Padmanabhan and Lonsane, 1992). This impliesaimtiose levels may influence, but not
determine, the crystal type of the starch. It ihea determined by the proportion of longer B
chains of amylopectin (Géraet al., 2001). The observed A-type pattern in both foghbst
and four lowest amylose producing plants theretmeeed with literature. The A-type of X-ray
pattern is more crystalline and more compacted Braend C- types (Burtoat al.,1995), but A

— types are less resistant to amylase hydrolyais By and C-types (Rilegt al.,2004; El-Harith

et al., 1976; Planchogt al., 1997, Williamsoret al., 1992, Gallanet al., 1992; Gérarcet al.,
2001; Gallantt al.,1982). Therefore high crystallinity alone is neason enough to explain the
resistance of starch granules and its applicaiahe bio-ethanol, food and chemical industries.
Abundance of small granules, presence of chanpeigs, the dilution effect of amylose on
amylopectin crystallinity and the location of amsgowithin the granule are among the major
factors that influence local crystallinity and stance (Fannoat al.,1993; Gallanet al., 1997;
Ciéslaet al., 1992; Zobel, 1988; Morrisoat al., 1994; Jenkins and Donald, 1995). There is a
less ordered arrangement of the polysaccharidenghaithe smaller granules compared to the
larger ones (Chiotelli and Meste, 2002).

Gelatinization properties are characteristic ofadgpe of the plant and it is reported to vary with
amylose/amylopectin ratio, crystallinity, granuleesand distribution, crystalline/amorpous ratio
and quantity of smaller components like phosphdipgls and proteins (Gunaratne and Hoover,
2002; Goiliet al.,2008; Péreet al.,2005; Mweteet al.,2008). When all other factors that affect

gelatinization are assumed to remain constanthidpeer degree of crystallinity was associated
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with higher gelatinization properties (Defloat al., 1998b). Most induced plants with
significantly high amylose contents (see Chapten@)e observed to have loweg and T, than
those with low amylose content and vice versa. fohe highest amylose producing plants had a
lower onset gelatinization temperature comparethéfour lowest amylose producing plants.
The T, for the four highest amylose containing plantsemeot significantly different from each
other (60.0°C N441P54, 62.0°C N223P12, 62.0°C N2J3BExcept 65.0°C (N329P11), with
significantly higher T than the rest. The higheg ©bserved for N329P11 was therefore due to
the breaking down of the relatively ordered streetof amylopectin and hydrogen bonds during
pasting than the rest as supported by relativelyetoamylose content and higher crystallinity

index than the rest.

The same reciprocal relation was observed for thgl@se contents of the overall four highest
amylose producing plants, 32.7% (N441P54), 31.1982@%12), 27.2% (N373P2), 26.83%
(N329P11) amylose content and crystallinity index#s0.49, 0.44, 0.49, 0.50 respectively.
Similarly, the crystallinity indexes of 0.47, 0.4@,51 and 0.56 showed an inverse relation to
amylose contents in the overall four lowest amylas®lucing plants of 14.0% (N96P16), 13.9%
(N353P6), 13.2% (N166P2) and 11.7% (N476P22). Due highest amylose containing plants
might have had an increased interaction betweenas@and amylopectin double helixes in the
semi-crystalline shells which caused their decréasgstallinity and vice versa (Gallaat al.,
1997; Morrisonet al., 1994; Jenkins and Donald, 1995). This observatgneed with Hough
(1985) who had reported that the degree of crysiigll was inversely proportional to the
amylose content as waxy maize starch, with no aseylovas reported to have the highest
percentage crystallinity (41.8%), while high amyawaize with 84% amylose content had the
lowest percent crystallinity (17.2%).

With other factors being constant, the decreasaystallinity could lead to low gelatinization
temperature and endothermic enthalpies (Gakardl, 1997; Sasaki, 2005). TheHg for the
N441P54, N223P12, N373P2 and N329P11 were 3.12 1074.6 Jg, 3.16 Jg, 3.40 Jg
respectively. The higihHg for the N223P12 was significantly higher than thst of the four
highest amylose producing plants. This might be wumelting transition alone or merging of

melting with gelatinization transition within thelgtinization zone as explained earlier.
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6.6 Conclusions and recommendations

By X- ray diffraction spectroscopy it was shownttiagmost all induced and control landrace
cassava plants produced an A - type X-ray diffoacpattern. Only seven plants were found to
be of the C - type. This was accompanied by a fsogmt variation in crystallinity indexes and
gelatinization properties. Plants with highdts and crystallinity indexes observed are suitable
for pharmaceutical industries, whilst plants withwer gelatinization and crystallinity may
possibly find application in the production of diod, starch for sizing paper and textiles, glues,
sweeteners, bio-degradable products, butanol aetbrae, manufacturing of explosives, and
coagulation of rubber latex. The four cassava plarith the overall lowest ltemperatures were
N167BP12 (40.9°C), N398P3fissur (47.0°C), N413R2F5C) of control HOO08 (68.5) descent
and N357P4 (56.0°C) of control HO001 (63°C) deseenilst the overall four highest plants
were N389P5 (72.0°C) of control HO001 (63°C) descHiAd73P2 (72.7°C) of control UCC026
(62.0°C) descent and N95P5 (73.3°C) and N39P5 {83.Gf control HO008 (68.5) descent. Out
of these eight plants five of them (N167BP12, N3®&Bur, N389P5, N95P5 and N39P5)
dislpayed merged gelatinization and melting tramsg. Therefore, |h induced plants could be
classified into three gelatinization categoriese Tinst group consisted of three induced plants
(N167P7, N281P16, and N470P3) which did not shogelatinization transition. The second
group included 99% of the induced plants with ndrgeatinization transition properties similar
to control landrace. The third group consisted bfplants (N223P12, N348P5, N95P5, N95P4,
N39P5, N167BP12, N373P8, N389P5, N357P5, N353Pa\&88P3) which displayed merged
gelatinization and melting transitions, occurringithmm the gelatinization zone during
calorimetric scanning from 25 — 110°C. The firsdahird categories included most of the
putative mutants described in the previous researapters. These starches might be suitable for

shortening the starch processing time requiredastrmommercial starch application industries.
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CHAPTER 7

General conclusions and recommendations

Immediately after irradiation, mutation is inducéd the planting material. The use of
inappropriate chemical screening tests for a lgrgpulation of induced plants is the major
reason for the unnecessary delay in noticing a mytkant with desired traits. To increase the
efficiency of mutation breeding, improvement of esming methods is more important than
length of trials used for raising mutation probaiei. The quest for cutting down cost and
finding useful amylose mutants early enough in toma breeding for increasing market
demands was a driving factor behind early evalaadibindividual induced plants in this study.
The early characterization of ;M; plants developed from acute 35 Gy gamma irradiatib
cassava stakes from a €source was helpful in the identification of sofiditant with linear
leaf shape of central leaf lobes and chimericalamist in both root and shoot systems. Early
identification of these mutants was a sign thatitfagliation dose applied was effective to cause
in plantamodification of starch granules and amylose castefventually, four putative mutant
plants were observed to possess altered starchiegsiasuspected to be free-sugar plants at the
MV, stage. It was recommended that apart from the faline test, the field glucose oxidase—
peroxidase strip test should be conducted on th@lR26, N357P5, N394P82 and N441P54
free-sugar plants for confirmation of their freegaustatus in the subsequent mutation breeding

stages which was not covered here.

Starch granule descriptors were developed to guskers to characterize starch granules
effectively under both nean-situ andex-situconditions in control and induced cassava plants.
The ranking from relatively scarce to the most cannraits of starch granules observed was as
follows: small size (108, 8%), presence of multatie (108, 8%), absence of dents/holes (181,
14%), presence of fissures (216, 17%), presencempound granules (325, 25%) and absence
of smooth surface (469, 36%). The ranking of desariscores was helpful in knowing which

traits were relatively very scarce. Mutants are anidtely to be found among scarce traits than
common ones. If a less scarce trait is to be censttlas a deciding factor for a mutant, there

must be an exceptional difference between it ardctintrols. For instance, none of the control
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landrace plants produced up to tetravalent compograhules. The production of up to
dodecavalent (12) compound granules by the frearsp@nt (N357P5) is an exceptional
planta modification compared to control landrace stadchaddition, linear central leaf lobe
mutants (N167B, N169P4), and putative free-sugatania (N281P16, N357P5, N394P82 and
N441P54) also produced fissured granules, but 9I8808P3 and N481P26 showed extremely
deep fissures. Compound granules were found inyesassava root cortex (rind) but not in the
majority of the storage root flesh. It thereforems to be an indication of an important mutation
if such granules are also found in the storageftesh.

The mutagenesis of the four control landraces teduh the broadening of the genetic base of
amylose, which was also observed to be associaitbdtive variation in the viscosity of starch.
The amylose content of the control landraces rariged 19.7% (HOO008) to 22.6% (UCC090)
which was significantly narrower than the amylosage from 11.7% (N476 P22) to 32.7%
(N441P54) observed in the four highest amylose yriod) plants N441P54 (32.7%), N223P12
(31.1%), N373P2 (27.2%), N329P11 (26.8%) and fowrelst amylose producing plants N96P16
(14.0%), N353P6 (13.9%), N166P2 (13.2%) and N478 @24.7%), which were significantly

different from the four control landraces.

By X- ray diffraction spectroscopy it was shownttlagmost all control landrace and induced
cassava plants produced have an A - type X-rayadiibn pattern. Only seven plants were
found to be of the C - type. This was accompanigdlsignificant variation in crystallinity
indexes and gelatinization properties. Plants Witiher AHg and crystallinity indexes observed
are suitable for pharmaceutical industries, whipdants with lower gelatinization and
crystallinity may possibly find application in thgroduction of alcohol, starch for sizing paper
and textiles, glues, sweeteners, bio-degradabléupts, butanol and acetone, manufacturing of
explosives, and coagulation of rubber latex. The fmassava plants with the overall lowest T
temperatures were N167BP12 (40.9°C), N398P3fis4idrOfC), N413P2 (54.5°C) of control
HOO0O08 (68.5) descent and N357P4 (56.0°C) of comtf@D01 (63°C) descent whilst the overall
four highest plants were N389P5 (72.0°C) of contf@l001 (63.0°C) descent, N473P2 (72.7°C)
of control UCC026 (62.0°C) descent and N95P5 (T3)2thd N39P5 (83.7°C) of control HO008
(68.5) descent. Out of these eight plants fivehefrt (N167BP12, N398P3fissiN389P5, N95P5
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and N39P5) were having merged gelatinization antlimgetransitions. Therefore llainduced plants
could be classified into three gelatinization catégs. The first group consisted of three induced
plants (N167P7, N281P16, and N470P3) which lackelhtigization transition. The second
group included 99% of the induced plants with ndrgeatinization transition properties similar
to controls. The third group consisted of 11 plaig823P12, N348P5, N95P5, N95P4, N39P5,
N167BP12, N373P8, N389P5, N357P5, N353P6 and N398#8ch displayed merged
gelatinization and melting transitions, occurringhin gelatinization zone during calorimetric
scanning from 25 — 110°C. The first and third categs included most of the putative mutants
described in the research chapters. For exampltheirll plants, some of the descendants of
HOOO08 such as plant N223P12 displayed a higheatT82.4°C and also with the lowest
crystallinity index (0.42), while plant N348P5 diaped a lower § at 71°C and also with a
transition from A-type to C-type of X-ray diffraom. Plant N167BP12 also displayed a
transition from oblanceolate to lanceolate mideiaf lobes and with the fissured granules. Plant
N39P5 was among the least four amylose produciagt®l(15.4%) of HO008. Among the four
highest amylose producing plants of HO001 was pN889PS5 which displayed a higheg at
101.0°C whilst plant N353P6 was also among the fowest amylose producing plants (13.9%)
of HOOO01. Also descendants of UCCO090 includes pN@®@8P3 (which is similar to N398P4)
displayed an overall lowest, Tt 47.0°C, higher T, at 86.3°C and exceptionally deep fissured
granules that easily produce flakes (Chapter 4dimeet.5.2.5). The significance of the early
completion of merged gelatinization and meltingnsiéion is that short processing time is
required for commercial applications in various ustties. It is therefore recommended that

more research attention should be paid on thesgspliring MV ;3 stages.
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Summary

Cassava provides more dietary energy per unittheraany staple crop but native cassava starch
has limited food and industrial applications. Diffet transgenic biotechnology approaches and
ex situ physical and chemical starch modifications havenbased to obtain desirable traits
suitable for various food applications. But constsnare skeptical about the safety of the
genetically modified foods and chemical residuesmieet the demand, gamma irradiation (this
is energetic electromagnetic wave) which does eavé any residue, was used as a tool to
inducein planta variation in amylose production. The four highastylose producing plants
N441P54 (32.7%), N223P12 (31.1%), N373P2 (27.2%329%11 (26.8%) and four lowest
amylose producing plants N96P16 (14.0%), N353P69¢3 N166P2 (13.2%), N476 P22
(11.7%) observed in the MM, generation were found to be significantly diffarénom any one

of the four controls HO008 (19.7%), HO001 (22.0%{C090 (22.6 %) and UCC026 (20.9%).
Mutation is uncontrollable and could also lead texpected useful mutants. From this study
four unexpected putative free-sugar mutants weentified, which could be used for bioethanol
and glucose syrups production; two exceptional desured and flaky mutants for the food
industry; seven mutants with transition from A-@etypes of X-ray diffraction patterns with
very high levels of crystallinity indexes suitaldte replacing acid modified starches in pressing
tablets in the pharmaceutical industries were disd. Based on DSC classification, three
gelatinization categories were observed. These \p&aets without gelatinization transition,
plants with gelatinization transition and plantsthwimerged gelatinization and melting
transitions, occurring within gelatinization zonerithg calorimetric scanning from 25 — 110°C.
The first and third categories included most of plutative mutants described in the research
chapters and they were suitable for shorteningstlaech processing time required in most

commercial starch applications in industry.
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Opsomming

Cassava voorsien meer voedingsenergie per eenhteadag enige ander stapelvoedsel, maar
natuurlike cassava stysel het beperkte voedsehdumsiriéle toepassings. Heelwat transgeniese
biotegnologie metodes eex situ fisiese en chemiese stysel modifikasies is al wkbom
eienskappe te kry wat in aanvraag is vir verskillewoedsel toepassings. Verbruikers is egter
skepties oor die veiligheid van geneties gemodifide voedsel en chemiese residue. Om hierdie
probleem aan te spreek is gamma bestraling, wateswgnergie is en geen residu agterlaat nie,
gebruik as ‘n metode onm situ variasie in amilose produksia plantate genereerDie vier
klone met die hoogste amilose waardes N441P54%32 M223P12 (31.1%), N373P2 (27.2%),
N329P11 (26.8%) en die vier klone met die laagstardes N96P16 (14.0%), N353P6 (13.9%),
N166P2 (13.2%), N476 P22 (11.7%) wat gevind ishe MV, generasie, was betekenisvol
verskillend van die ongemuteerde kontroles HOO0@87%), HO001 (22.0%), UCC090 (22.6 %)
en UCCO026 (20.9%). Mutasie is ongekontroleerd am dias ook lei tot onverwagse bruikbare
mutasies. Uit hierdie studie is vier onverwagse rlopoge hoé suikerinhoud mutasies
geidentifiseer wat gebruik kan word vir bio-etaren, glukose stroop produksie; twee mutasies
met diep groewe en goeie flokkuleringseienskappestgsel vir die voedselindustrie; en sewe
mutasies met transisie van A - na C - tipe X-strdiffraksiepatrone met hoé vlakke van
kristaliniteitsindekse wat geskik is vir die vergamg van suur gemodifiseerde stysel vir die
maak van tablette in die farmaseutiese industrebaSseer op DSC klassifikasie is daar drie
kategorié van gelvorming gesien. Eerstens was klaae sonder gelvorming transisie, daar was
die met gelvorming transisie en dan die klone vesiagnentlike gelvorming transisie en smelting
transisie gehad het, binne die gelvormingssonesketidering tussen 25 — 110°C. Die eerste en
derde kategorié het meeste van die voorlopige nastasgesluit wat in hierdie studie bespreek
is. Hulle was geskik vir verkorte stysel prossesgsiyd soos wat deur meeste kommersiéle

stysel produkte in die industrie vereis word.
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Appendix

Letter Plants represented

A N93P2 N99P4 N14P3 N67P4 N85P4 N57P17  N59P5 N304PB3I313 P6
N28 P2 N300 P7  N223 P6 N225P9 N179P8 N205P2 NA%3P
N72P7 N85P2  N169P4new N321P6  N69P5 N314P6
N66P4 N68P2 N60P3 N60P4
N84P6 N89P8 N109P2 N73P8 N76P3 N72P5 N73P5 N62P10I66 P7
N57 P12  N342 P7  N39P2 N333P5  N338P8 N328P9  N33P4 N320P6 N322P8
N319 P1 N302 P20 N305 P2 N280 P3  N297P2 N260P3 61RP26 N253P2 N259P3
N236P5 N217P14 N220 P16 N206 P2  N215 P2 N20 P4 02R21 N173P5 N198P13
N17P2 N149P3  N16P2 N11P2 N136 P3 N49 P8 N312P3 N222P5 N164P3

E N78P8 N94P5 N123P7 N74P2 N78P2 N67P6 N70P5 N55P1RI59 P2
N50 P13 N48 P9 N49P5 N40P4 N47 P13 N186P2  N240P4 N164P3 N168P5

F N264P8  N328P3  N116P8 N218P8  N222P4 167P8ol N144 P10 N139P5 N5 P6
N31P5 N46P11 N162P5 N2P1 N2P2 N167A OE
N87 P3 N92 P6 N1P2 N79P9 N8P3 N5P1 N79P10 N45P13I5 P3
N41 P2 N3P2 N3P1 N25 P1 N276P3 N201P4 N228P5 R443 N201P2

| N54P7 N88 P2 N158P15 N24P2 N242P3 N210P7 N112P3 N4 P8

J N71P14  N118P25 N46P12 N53P2 N341P6 N40P6 N289P5  308m& N266 P3
N200 P3 N212 P10 N148P2 N164P1: N142P8 N280P6 N283 P16

K N328P4  N49P9 N10P2 N31P6 N322P2 N264P4  N277P7 PMN20 N250 P6
N2 P2 N171 P9  N187P11 N168P7  N17P3 N152P2  N16ER7NN136P2 N146P6

L N93P5 N98 P2 N1P3 N9P3 N92P7 N8P3 N9P2 N78P7 N8 P
N71 P4 N56 P6 N6P1 N55P4 N55P6 N52P8 N53P6 N40P6N5P2
N4 P3 N342 P2  N347 P6 N322 P7  N338P11 N32P4 N32P4 N316P2 N32P2
N312P5 N301P7 N31 P4 N3 P2 N3 P3 N29 P1 N29P3 PRI28 N285P11
N28P1 N270P9  N271P2 N25P3 N27 P3 N240 P2  N246 P32N234 P2  N24P3
N23P3 N220P2 N224P4 N219P8 N22P2 N214P7 N215P7 21 RS N212 P7
N21P2 N200P16 N202P13 N196P6  N20P1 N185P13 N186P2 N173P7 N18 P3
N171 P9 N165P6 N167P6old N161P7  N165P4 N160P9 61R1 N152P4 N16P1
N151 P2 N143 P2 N146 P3 N140 P4  N140P5 N133P2 PR14 N130P5 N131P27
N13P2 N126P4  N127 P5 N110 P8 N123 P11 N1 P4 NI®2P N197 P2 N115P4
N6 P2 N349P11 N312P4 N275P3 N226P5 N206 P10 N16[P7 N148P6 N13P1

M N187P2 N274P2 N15P3 N164P12

N N298P3  N335P7  N132P3 N152P2  N158P2

O N320P3 N61P2 N114P7 N135P6 N214P8

P N321P2  N339P3  N101P3 N180P8  N222P5 N127P4  N130P2 N113P2 N189 P3

Q N254P6  N318P3  N142P3 N229P4  N232P2 N218P4  N223P12 N213P2 N216 P5

R N263P3 N345P3 N181P14 N225P8 N235P2 N192P13 NIP2P N181P15 N191 P6
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ZA
ZB

ZC

ZD

ZE
ZF
ZG
ZH
z
7]
ZK

ZL

ZM
ZN

Z0
ZP

ZQ
ZR

ZS

N128P3
N41P6
N313P9
N27P1
N91P2
N339P5
N306P5
N193P19
N309P3
N299P4
N311P7
N341P11
N220P17
N43P5
N288P7
N333P9
N274P5
N172P2
N337P3
N58P5
N4P1
N308P6
N310P7
N75P3
N42P2
N105P2
N102P16
N300P13
N89P10
N35P2
N207P4
N134P4
N257P6
N318P4
N273P2
N261P12
N94P4
N321P58
N10P3
N47P10
N256P8

N227P7
N94P5
N305P4
N207P2
N91P4
N344P9
N55P12
N147P3
N64P9
N81P4
N337P4
N346P2
N145P5
N81P3
N267P3
N294P5
N223P2
N157P9
N338P9
N99P3
N48P8
N346P3
N22P2
N225P20
N46P10
N120P7
N63P4
N221P8
N90P3
N27P2
N186P5
N105P6
N266P5
N322P6
N197P3
N84P3
N98P6
N283P20
N79P7
N318P6
N246P27

N110P2
N16P4
N308P3
N253P3
N13P3
N175P9
N144P20
N151 P4
N161P8
N132P2
N168P13
N131P25
N180P4
N164P13
N273P7
N298P2
N258P14
N159P12
N172P2
N14P1
N182P10
N296P4
N274P4
N314P3
N247P6
N104P5
N80P3
N270P7
N100P11
N279P4
N193P11

N119P7 N349 P1

N122P7
N135P5
N264P5
N100P10
N127P2
N287P4
N85P5
N38P11
N250P4

N120P5 N127P3
N345P2 N349P10
N30P1 N304P10
N177P5 N188P11
N59P11 N87P2
N331P5 N165P4
N291P3 N305P5
N164 P13
N302P18 N304P11
N245P5 N258P2
N291P9 N292P3
N333P3 N333P4
N137P2 N196 P20
N316P10 N336P7
N23P1 N235P3
N284P5 N293P2
N193P2 N204P4
N146P7 N153P22
N270P3 N308P7
N243P5 N58P2
N33P5 N168P60OLD
N298P5 N204P4
N174P9 N179P7
N340P2 N272P2
N267P5 N162P15
N138 P5
N346P4 N4P1
N178P15 N198P10
N75P3 N88P6
N254P4 N254P9
N185P12 N185P12
N203 P3
N227P10 N238P1
N309P7 N310P6
N175P4 N181P10
N216P7 N246P35
N64P3 N91P5
N265P2 N282P2
N75P4 N77P7
N29P3 N295P3
N244P32 N245P3

N23P2
N332P5
N287P7
N17P1
N36P6

N272P3

N198P11
N173P7
N180P4
N309P2

N285 R$179 P13

N303P19
N194P8
N278P4
N188P7

N140P8
N189P3
N165P5
N172P3
N284P12
N169P3

N187P2

N326P2
N111P4
N64P11
N244P3
N174P9
N129 P3
N184P12
N296P2
N157P4
N172P6
N62P2
N221P10
N68P3
N261P13
N237P2

N336P101169P20l

N344P5 25RiB
N290P6 N282P4
N26 P1

N40P3

N291P2 N203P2

NRO7P N168P7ol
N190P6  133RB
N248P
RB314

N263 P8

N285 P9

N348PMN36 P3

N239 P2

N183 P1

N168 P7

N242P7 N283P1

NBO3P  N297P11 N301P1(
N198P11 N183P3 N188 P8
N280P7 N276P4 N278 P3
N188P7 N184P2 N186 P5
NL41P  N139P2 N160 P7
N242P5
N22P3

N6 N74 P3
N16@P30 N114P5 N116 P5
N155P3 N162P15 N125 P8
2R21
N67P7 3PK4 N61 P6
N244P31 236RB N243 P7
RE.80 N134P7 N167P13ne

N110 P5 N189 P5 N250 P5
0R29 N38 P7 N205 P6
N296P5 N284P3 N295 P2
N169P4 N14P1 N268 P2
N19P N153P14 N162 P5
N62P5 N34P4N51 P5
R262 N1P1 N1P2
N70P4 N6P1 62 A8
N271P4 N258P12 N260 P2
N240P  N209P5 N222 P3
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y4)

zU
zv
ZW
ZX
zY
7z
ZZA
Z7B
zzC
ZZE
ZZF
727G
ZZH
2z
723
ZZK
zzZL
ZZM
ZZN
770
zzP
Z7Q
ZZR
27s
zzT
zzU

N206P21
N131P24
N63P7
N137P4
N339P6
N277P4
N90P5
N334P3
N101P5
N212P8
N275P2
N213P3
N289P7
N295P4
N322P4
N326P3
N109P14
N133P4
N182P9
N332P4
N70P2
N229P11
N303P1
N96P3
N256P12
N241P7
N272P4
N345P4
N56P2
N336P14

N171P7
N122P5
N81P2
N142P8
N35P5
N36P3
N98P5
N42P5
N335P6
N347P8
N278P2
N337P2
N71P7
N300P9
N344P8
N4P3
N68P5
N156P4
N53P6
N34P1
N86P6
N238P13
N106P5
N104P2
N77P4
N297P7
N311P8
N58P4
N88P4
N51P8

N190P6
N124P20
N275P4
N126P5
N103P3
N128P2
N121P36
N149P4
N63P2
N132P4
N224P3
N175P4
N130P7
N292P5
N101P4
N12P2
N83P6
N281P3
N111P2
N144P12
N111P43
N192P15
N122P7
N129P6
N83P2
N139P3
N108P19
N15P2
N106P9
N129P2

N145P3 N167P8 N141P5 N143P1 N136P4
N11P2 N121P56 N106P4 N11P1 N100P13
N316P3 N94P3 N103P4 N238P9 87R2
N129P4 N116P9 N123P17  IR528 N224 P6
N118P23 N151P3 N107P7 N113P3 N104P4
N241P5 N267P4 N154P8 N200P2 N143P5
N80P2 N86P11 N38P5 N47P8 9R29
N256P10 N300P6 N228P10 N245P N156P2
N169P2 N302P19 N154P2 N161P9

N152P6 N159P9

N266P6

N186P6

N223P6 N259P5 N147P4 N188P8 N135P4
N294P6

N175P9

N172P5 N216P3

N334P4 N340P7 N325P7 N329P6 N289P3
N148P5 N156P3

N117P4 N12P1

N187P8 N219P7 N160P12

N271P3 N46P10 N166P5 N237P4 N149P2
N214P6

N169PA lin

N145P5

N155P4 N209P8

N166P6 N231P3

N263P6

N279P2

N108P14

N293P3 N329P11 N281P15 2R29

N138 P3
N102 P3
N157 P6

N154 P4
N38 P2
N260P7

N138 P4

Appendix 4.1. Plants represented by letters A — ZZBig.4.4
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