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Stellingen

1. Winter in The Netherlands is so cold that were it not for the central heating all the Dutch
may have migrated back to Africa, the cradle of all human kind.

2. The transfer of information from nucleic acid to nucleic acid, or from nucleic acid to
protein, may be possibie, but transfer from protein to protein, or from protein to nucleic acid,
is impossible (Francis Crick, 1958 in Levin, B. (1994) Genes V).

3. Knowledge of the proverbs of a people can often reveal their history, and culture,

4. Murumirwo ndamenyaga igithira,
One who is fed by somebody ¢lse does not reatise when food runs out (Kikuyu proverb).

5. The revival period for cassava research has coincided with great leaps in the field of plant
molecular biclogy with gene cloning and transfer being readily applicable techniques (This
thesis).

6. It is important that some form of international legal arrangements are made to ensure that
resource poor farmers in developing couniries benefit from crops, like cassava, which after all
they have nurtured over the centuries (This thesis).

7. The history of genetics has shown that progress in understanding the functions and
functioning of genes has depended on framing the right questions and using the right
organismn to answer them (Watson, I.D., 1989).

8. To believe in evolution is to believe that a whirlwind passing through 2 junkyard can give
rise to a fully functional motor vehicle.

9. The genetic message, the programme of the present organism, therefore resembles a text
without an author, that a proof -reader has been correcting for more than two billion years,
continually improving, refining and completing it, gradually eliminating all imperfections
(Frangois Jacob, 1973 in Levin, B. (1994) Genes V).

10. The listener is the clever one (Shona proverb}.
Stellingen behorende bij het proefschrift “ Isolation and characterisation of starch

biosynthesis genes from cassava (Manihot esculenta Crantz)” door Tichafa R.I. Munyikwa, in
het openbaar te verdedingen op dinsdag 23 December 1997, te Wageningen.
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General Introduction

General Introduction

Cassava (Manthot esculenta Crantz) of the family Euphorbiaceae is a tropical
crop grown mostly for its starchy thickened roots in the lowlands of Asia, Africa, and
South America. It is an important crop for over 500 million people (Cock, [985). The
annual world production of cassava roots was about 158 million metric tons in 1994
(FAO, 1994). Of this amount about 21% was produced in Latin America, 33% in Asia,
and 46% in Africa The main producing countries are Thailand, Indonesia, Nigeria,
Brazil and Zaire which together produce over two thirds of the total world output. Most
of the cassava produced is consumed as food or feed in the producing countries. About
20% of the Asian production (mainly from Thailand) is exported to Europe for use as a
cheap source of carbohydrates for animal feed.

The importance of cassava is increasing, especially in Africa, owing to its
tolerance to drought, soil acidity and low soil nutrients, all of which hinder the
production of cereals (Hahn & Keyser, 1985). One of the African countries which has
embarked on cassava production as a way of feeding its people during times of famine as
well as a source of income for resource poor farmers located in marginal areas, is

Zimbabwe.

Cassava in Zimbabwe

Zimbabwe is a sub-tropical country situated in central Southem Africa, between the
Limpopo and Zambezi rivers. Agriculture is the mainstay of the economy of the country
with over three-quarters of the population deriving its livelihood from agriculture and
related activities. In terms of contribution to total output (Gross Domestic Output)
agriculture at 14% ranks only second to manufacturing which contributes 23% (Anon,
1996).

Due largely to the colonial history of the country over 60% of Zimbabwe's 11
million people are crammed in the poorer agro-ecological zones, natural ecological regions
(NR), NRIV and NRV (Fig 1). These are low lying arcas (average 800m above sea level)
typified by poor sandy soils, scanty and unpredictable rainfall (less than 800 mm per
annum) and mid season dry spells all of which adversely affect the cultivation of maize, the
staple food.
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Fig 1: Map of Zimbabwe showing the location of communal areas in relationship to the natural
agro-ecological regions (NR) (after Mehretu, (1994)]

This in addition to the recurrent droughts which the country experiences, five out of every
ten years are drought years (C. Chasi personal communication), reduces food security and
makes cassava the crop of choice within these areas.

Cassava or "mufarinya" as it is called in Zimbabwe is not a staple food for
Zimbabweans as it is in neighbouring Zambia, Malawi and Mozambique. The crop is
thought to have been largely introduced into Zimbabwe by migrant workers from these
countries. However, the rise to prominence of maize as a cash crop led to the demise of
sorghum, millet and cassava production and the loss of the traditional knowledge to process
the cassava crop. In view of the cyanogenic potential of cassava (Rosling, 1988) and the
lack of traditional knowledge to process it, many Zimbabweans are reluctant to grow the
plant. At present cassava is grown largely as hedges around homesteads and sometimes
farmers fields in the areas bordering the afore mentioned countries (Mharapara and Nzima,
1985).

Between 1979 and 1985 surveys as well as field trials were initiated by the

3



General Introduction

Zimbabwean Ministry of Agriculture, University of Zimbabwe and Delta Corp. (a private
company) to determine the feasibility of producing cassava in Zimbabwe. Using planting
material from the International Institute of Tropical Agriculture (IITA) as well as material
collected in Zimbabwe, selection and breeding programmes to determine cassava varieties
best suited for the local agro-ecological zones were set up. Market surveys showed a high
potential for income generation by communal farmers in Zimbabwe as they would be able

to sell excess cassava roots to the starch industry (Brian et al., 1989),

Cassava in the Modern Economy

World wide cassava has entered the modern market economy and there is a growing
demand for its use in processed food and feed products. Increasingly cassava starch and
starch derivatives such as dextrins, glucose, and high fructose syrups have become the main
products of the cassava agro-industry. Cassava starch has also found uses in the paper and
textile industry as welt as in the manufacture of alcohol and adhesives (Kay, 1987).

The varions uses of starch require different sorts of starch with distinct physical and
chemical properties. Generally these properties are produced by various techniques which
are largely based on chemical modification of the extracted starch. The inherent
environmental pollution and cost of such modifications make the genetic modification of
cassava, to produce cultivars with starch of differing physico-chemical propertics, a viable
option.

Information on the process of starch biosynthesis, particularly for cassava, is largely
inadequate. In this thesis the present state of knowledge of cassava starch biosynthesis and
its regulation is described. In addition it is shown how genetic modification of cassava

could lead to the production of starch with distinct physical and chemical properties.

Occurrence of Starch

Starch is stored in the form of osmotically inactive, water-insoluble granules in amyloplasts
(storage starch) and chloroplasts {transitory starch}. In cassava most of the starch is stored
within amyloplasts in the thickened roots commonly known as tubers. The starch content in
tubers varies from 73.7% to 84.9% on dry weight basis (Rickard et al., 1991).

Cassava starch granules are round structures, flat on one side and containing a

4
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conical pit that extends to a well defined eccentric hitum. They have a size range of 5-40
pm (Moorthy, 1994). An eighteen month investigation into granule size variation with age
showed an increase in size of the granules up to the 6th month. Thereafter the granules

remained a constant size throughout the study period (Moorthy & Ramanujan, 1986),

Structure and Composition of Starch

In common with other plant starches, cassava starch can be fractionated into two
types of polymers namely amylose and amylopectin. Amylose consists essentially of linear
chains of 100-10000 ¢ (1-4) linked glucose residues. There is a low degree of o (1-6)
branching within the amylose chains. Amylose imparts definite characteristics to starch and
is thus an important factor in starch guality. The amylose content of cassava starch ranges
from 13.6% to 23.8% (Ketiku & Oyenuga, 1972; Kawabata et al, 1984; Moorthy &
Ramanujan, 1986). Insignificant differences were found in the amylose content when
varjous varieties of cassava were compared during their growth period (Moorthy, 1985;
Moorthy, 1994). The soluble amylose (which is thought to be mainly responsible for
cohesiveness in cooked starch) content of cassava was determined to range from 10-40% of
total amylose (Moorthy, 1994). Purified amylose forms stiff gels due to hydrogen bonding
between molecules. It may also undergo retrogradation (shrinking and crystallisation) after
heating,

Amylopectin is made up of much shorter chains of ¢-D glucopyranose units. These
are primarily linked by o (1-4) bonds with ¢ (1-6) branches. The outer regions of the
amylopectin molecules which are short and unbranched are called the A chains, whereas the
B chains exhibit multiple branching, the C chains have a single non reducing end (Guilbot
& Mercier, 1985). The short nature of the A chains in cassava is apparent when cassava
starch is debranched with isoamylase and analysed for its chain length distribution by
Dionex. A peak correspending to single glucose units thereby indicating short chain length
is visible for cassava but not for potato, after 10 minutes retention time (Fig. 2). Cassava

amylopectin has a molecular weight of 4.5 x 10° (Banks et al., 1972).
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Figure 2: Distribution of chain length in cassava and potato using Dionex-HPLC after iscamylase
treatment. A peak corresponding 10 single ghucose units (an indication of short chain length) is clearly
visible for cassava at retention time |0 minutes ( marked by the arrow)

The amylopectin molecutes are highly organised and have a definite crystalline
nature. According to Blanshard (1987) amylopectin chains are arranged radially into
alternating semi-crystalline and amorphous lamellae growth rings. The semi-crystalline
region consists of domains of parallel packed double helices which also have disordered
regions within or between the crystalline areas. The disordered regions between the
crystallites may contain amylose or non organised regions of amylopectin chains. Three
main types of X-ray diffraction crystalline pattern have been described, namely; A, B, and C
starch patterns (Gallant et al., 1982; Guilbot & Mercier, 1985). Cassava has been found to
consist largely of the A type pattern which is characteristic of cereal starches. This

arrangement reflects a closely packed array of double helices in contrast to the more open B
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arrangement of crystallites of the maize endosperm and potato tuber starches. The latter
have considerably more water incorporated into their structures (Gallant et al., 1982;
Guilbot & Mercier, 1985; Moorthy, 1994)

Extracted amylopectin is more stable than amylose due to limited hydrogen
bonding. This enables it to remain fluid and confers high viscosity and elasticity to pastes
and thickeners. Cassava starch also contains crude fat (0.08-1.54%), crude protein (0.03-
0.6%), ash (0.02-0.33%) and very low phosphorous levels (0.75-4%) (Rosenthal et al.,
1974; Soni et al., 1985). A better understanding of the process of starch biosynthesis is
essential if any alteration of starch production in plants, in both nutritionally and

commercially useful ways, is to be considered.

Biosynthesis of starch

Several pathways of starch biosynthesis have been proposed. These have been based
on in vifro studies of isolated enzymes and increasingly on molecular analysis of the genes
which give rise to these proteins. It is generally held that starch is synthesised from sucrose,
Most cytosolic sucrose is converted to hexose phosphates which are then transported o the
amyloplast via a hexose transtocator. The glucose-6-phosphate formed is then converted
into glucose-1-phosphate by the enzyme phosphoglucomutase (Viola et al., 1991)

The key step in starch biosynthesis in plants takes place inside the amyloplast where
the enzyme adenosine diphosphate glucose pyrophosphorylase (AGPase; EC2.7.7.23)
catalyses the synthesis of ADP-glucose and pyrophosphate from ATP and glucose-1-
phosphate (Espada, 1962; Preiss, 1982, The pyrophosphate is removed by inorganic
alkaline phosphatase thereby driving the reaction in the direction of ADP-glucose synthesis.
ADP-glucose is the primed glucose molecule which functions as the glucosyl donor for o-
glucan synthesis by various starch synthases.

The starch synthases (S§; EC 2.4.1.21)}, mainly granule bound starch synthase
(GBSS), catalyse the conversion of ADP-glucose into amylose through (1-4) linkage of a
ADP glucose to a pre-existing glucan chain. In vitro §§ are able to utilise both amylose and
amylopectin as substrates. How the initial primers for glucan chain formation in vivo are
produced remains unclear. However, in bacteria, which synthesise glycogen through a

process similar to starch biosynthesis in plants, like maize, priming proteins termed
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glycogenin and amylogenin respectively, have been identified (Hengge-Aronis & Fisher,
1992; Singh et al., 1993).

Amylopectin is thought to be formed mainly due to the action of Branching Enzyme
(BE,; EC 2.4.1.18) and Soluble Starch Synthase (SSS). BE introduces branch points in the
amylose molecules by hydrolysis of the g (1,4) glucan chains at 15 - 20 units from the non-
reducing end. It then catalyses the formation of an o (1,6) cross linkage between the
reducing end of the cleaved chain and another glucose residue (Smith & Martin, 1993).

It would, therefore, seem as if the postulated pathway for starch biosynthesis is
relatively simple involving only three committed enzymes namely; AGPase, SS and BE.
However in all species investigated it has been shown that the participating enzymes have
several isoforms that are involved in the process of starch biosynthesis. These isoforms
differ in their tissue specificity, timing of expression, kinetic properties and products. The
existence of these isoforms is thought to provide the plants with an ability to adjust the
process of starch formation depending on the prevailing conditions and stage of growth.
Investigation of the role and function of these "committed" enzymes through biochemical
and molecular analysis enables us to understand the molecular control of the process of
starch biosynthesis. Our research has been focused on identifying and characterising the

genes and enzymes involved in cassava starch formation.
ADP Glucose Pyrophosphorylase

Plant AGPases exist as heterotetrameric proteins {ca. 210-240 kDa) composed of
two small (ca. 50-55 kDa) and two large (ca. 51-60 kDa) subunits, and their size depends
on the plant species (Preiss et al., 1990; Kleczkowski et al., 1991). These subunits are also
called AGPase B and S respectively, from the Brittle and Shrunken loci in maize, from
which the first AGPase cDNAs were cloned (Bae et al., 1990; Bhave et al., 1990; Preiss et
al., 1990). In contrast, AGPase in bacteria, from which the plant AGPase is thought to have
evolved, consists of four equally-sized subunits (Preiss et al., 1990). Genes encoding both
subunits of AGPase have been cloned from several species, e.g. the monocotyledons maize
(Bac et al.,, 1990; Bhave et al., 1990), barley (Villand et al., 1992}, wheat {Ainsworth et al.,
1993) and rice (Anderson et al., 1989) and the dicotyledons potato (Miiller-Réber et al.,
1990}, and spinach (Smith-White & Preiss, 1992}. Isoforms of AGPase S have been found
in Arabidopsis (Villand et al., 1993) and in potato (La Cognita et al., 1995).

In general there is greater homology between genes encoding small subunits from

8
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different species than large and small subunits in the same species. The potato small subunit
has 84% amino acid identity to the rice endosperm small subunit and 93% amino acid
identity to the spinach leaf small subunit. This is in contrast to the 52% and 35% amino
acid identity between small and large subunits of potato and spinach leaf respectively
(Nakata et al., 1991, Preiss et al., 1991},

Most plant AGPases are allosterically regulated. The metabolite 3-phosphoglyceric
acid (PGA) activates, and ortho-phosphate (Pi) inhibits the enzyme (for reviews see Preiss,
1984; Okita et al., 1993). Sensitivity to these metabolites has been demonstrated in
photosynthetic as well as non photosynthetic tissues (Sowokinos & Preiss, 1982).
According to Kleczkowski et al. (1993) barley AGPasc is insensitive to PGA and Pi
regulation. This demonstrates the heterogeneity in the allosteric response of the plant
enzyme.

An abundance of evidence demonstrates the prominent role of AGPase in the
biosynthesis of starch in plants. A dramatic reduction of maize endosperm AGPase activity,
leading to reduced starch levels, was shown to be caused by mutations at the independent
loci Shrunken-2 and Brittle-2 (Hannah et al, 1980). In Arabidopsis thaliana, a mutant
containing less than 0.2% of the leaf starch content observed in the wild type, showed only
0.2% of the wild type AGPase activity in leaf without alterations in the activities of the
other enzymes involved in starch biosynthesis (Lin et al.,, 1988a and b). Furthermore, by
using kinetic models, Petterson & Ryde-Petterson (1989} showed the importance of
AGPase in starch biosynthesis. More recently, Miiller-Réber et al. (1992) showed a
decrease in starch production and the accumulation of soluble sugars in potato tubers
caused by the antisense inhibition of the expression of the gene encoding for the small
subunit of the AGPase.

In addition, a mutant glgC gene from Escherichia coli which caused a 33% increase
in glycogen content in E.coli, was fused to a chloroplast transit peptide and a patatin
promoter and intreduced into potate. This resulted in an increase in tuber starch content of
35% compared to the control tubers (Stark et al., 1992).
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Starch Synthases

Starch synthases, which make amylose, can be sub-divided into two groups based
on their location. Granule bound starch synthase (GBSS) is found tightly bound to the
starch granule, whereas soluble starch synthase (SSS) is located in the stroma of the
amyloplast or chloroplast as a soluble form (MacDonald & Preiss, 1985).

Both groups (soluble and granule bound starch synthases), can further be divided
into two other groups, based on their elution from a sepharose column (MacDonald &
Preiss, 1985). These are probably the isoforms of GBSS and SSS, which have now been
found in several species including pea, potato and wheat (Dry et al., 1992; Denyer et al.,
1995; Edwards et al., 1995).

Although GBSSI of maize can extend amylopectin in vitre (MacDonald and
Preiss, 1985), it is in vivo predominantly involved in the synthesis of amylose, This is
shown by the absence of amylose in mutants of different species Jacking the GBSSI gene
{Shannon and Garwood, 1984). Moreover, Visser et al. (1991) and Salehuzzaman et al.
(1993) demonstrated that by using an antisense GBSSI gene from potato and cassava
respectively, there can be a reduction of the GBSS activity. This led to reduced amylose
levels in potato tuber starch down to about 0%.

S§S8§ is thought to be predominantly involved in the synthesis of amylopectin.
Chlamydomonas st-3 mutants, defective for one (SSSII) of two jsoforms of SSS., showed
an increased amylose content, whereas the length of the amylopectin chains shifted from
intermediate size (8-50 units) to short chains (2-7 units) (Fontaine et al., 1993).

Now that the GBSSII isoform in wheat (Edwards et al,, 1995) and potato (Denyer et
al., 1995) has been found in the granule bound fraction and the soluble fraction, the
distinction between the granule bound and soluble starch synthases has become less
profound. In potato, GBSSII is present throughout the development of the tuber, but only
accounts for a maximum of 15% of the total starch synthase activity in this tissue. Northern
analysis indicated a prominent role for GBSSII in the early stages of pea development
(Edwards et al., 1995).

Branching Enzyme
Branching enzyme is present in multiple isoforms in several plant species like
spinach, sorghum and maize (Hawker et al., 1974, Boyer, 1985; Fisher et al., 1993). In
10
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cassava Salehuzzaman et al. (1992) were able to clone only one type of BE cDNA from a
cassava tuber specific library. This cDNA has 70-75% similarity with BEI from other plant
species but less with BEIL The open reading frame encodes a prolein of 852 amino acids of
which 74 amino acids form a transit peptide whose cleavage site motif was identified as
ISA/A. The mature protein of 778 amino acids has a calculated MW of 88.7 kD and is
highly expressed in cassava tubers. The enzyme also shows differences in expression
between various cassava genotypes. It remains unclear as to whether or not the different
protein bands which react with the BE antibody, in cassava, represent different isoforms of
BE (Salehuzzaman et al., 1992).

The activity of BE is important for starch quality and quantity. The wrinkled seeded
pea and the amylose extender mutant of maize are due to the lack of activity of one of the
isoforms of BE. Consequently the plants are characterised by less branched amylopectin, a
high ratio of amylose over amylopectin, reduced starch levels, increased amounts of sugars,
as well as deeply fissured starch grains (Bhattacharyya et al., 1990, Shannon and Garwood,
1984)

Production of new cassava varieties
The availability of cloned and characterised cassava starch genes has opened new avenues
for altering cassava starch composition and structure. The development of new cassava
cultivars with starch having a range of physico-chemical properties and uses is dependent
on the availability of a reproducible transformation and regeneration method. For cassava
such a protocol has recently become available (Sofiari, 1996). With this procedure cassava
embryogenic calli are bombarded with gold/tungsten particles coated with DNA of the
appropriate gene constructs. The transfortned embryogenic calli are then selected using a
selection marker such as kanamycin or luciferase. The calli are allowed to regenerate into
plantlets using the technique of somatic embryogenesis (Raemakers et al., 1992).
Transgenic cassava plantlets can be easily screened in vitro without the need to wait for at
least six months before tuber formation in the field. This can be done using the starch filled
thickened sterns obtained when in vitro plantlets are grown on high sucrose media
(Salehuzzaman et al., 1994).

The content and composition of cassava starch can be altered by down regulation or
increase of the expression of the committed enzymes in the pathway of starch biosynthesis.

In general down regulation of any gene product can be achieved by the antisense technique.
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Antisense inhibition of gene expression leads to a reduction in the steady state mRNA
levels, a reduction in the amount of protein, and consequently reduced enzyme activity.
Before the advent of a reproducible transformation protocol in cassava, Salehuzzaman et al.
(1993) were able to demonstrate the antisense effect of cassava GBSSI in potato. The use of
antisense technology for down regulation of genes has now become common. It has been
used in suppression of chalcon synthase (CHS) gene expression in Petunia (van der Krol et
al., 1988), potato for example for AGPase B (Miiller-Réber et al., 1992), GBSS (Visser et
al., 1991) and UDP glucose pyrophosphorylase (Zrenner et al., 1993).

Use of the antisense technique to produce new cassava cultivars has a distinct
advantage over the use of naturally occurring or chemically induced mutants. Most of these
mutations are recessive in nature whilst an antisense gene acts as a dominant suppressor
gene. It can thus be used directly in allotetraploid cassava thereby reducing the time

required to breed a new variety for this trait.

Modifying cassava starch content

Reduction of starch content in cassava could be achieved by using antisense
AGPase gene constructs. Inhibition of AGPase would in principle reduce the amount of
ADP-glucose available for amylose and amylopectin formation and reduce starch levels in
the cassava tubers. Such experiments have been carried out using antisense AGPase S gene
constructs by Miiller-Rober et al. (1992) in potato. The transgenic plants that showed the
highest inhibition had AGPase activity that was less than 2% of the wild type. Additionally
the dry weight was reduced by 40% compared to the wild type potato. The tubers stored
motre sugars {sucrose up to 30% and glucose 8%) and less storage protein.

Reduction in branching enzyme activity in cassava with antisense constructs may
also decrease starch content as for the rugesus (r) mutation in pea. Pea plants with this
mutation, in addition to increased sucrose levels, also exhibited higher than normal lipid
levels (Bhattacharyya et al., 1990). Starch altered in this way is commercially irnportant,
due to its greater palatability it may be desirable for use in food products.

Storage organs devoid of starch can also be modified genetically to become storage
sites for other compounds. Such compounds could be sucrose derived ones such as fructans
and cyclodextrins as has been shown in potato (Oakes et al., 1991, van der Meer et al,,
1994). In the field, plants with high sucrose levels may become susceptible to pathogen
attack during germination or sprouting. However, the availability of organ specific,
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inducible promoters is expected to make it possible to express the gene constructs in
specific organs and at the appropriate time.

Increasing starch content in plants could have a very dramatic effect on the
economics of plant production. It would enable the cost of tuber harvesting and transport to
be offset by the profit from an increase in the dry weight to fresh weight ratio. In cassava,
starch content could be increased by over-expression of the AGPase enzyme or by the use
of the mutant bacterial AGPase gene (glgC) as was achieved in potato (Stark et al., 1992)

Modifying cassava starch structure

In cassava, an altered starch structure can be introduced by reducing the activities of
the "committed” enzymes especially BE and GBSS. This will considerably alter the ratios
of amylose to amylopectin as well as the degree of branching in the starch. A range of
cassava cultivars with altered granule size, as well starch composition can thus be
theoretically produced.

Genetic alterations in starch structure have been reported in other starch storing
plants. The cassava GBSSI gene, when introduced in antisense in wild type potato, led to
the production of starch with reduced levels of amylose and in some cases to amylose free
potato starch (Salehuzzaman et al., 1993). A similar phenomenon was observed for potato
GBSSI in potato (Visser et al., 1991)

An amylose free variety or mutant is currently not available for cassava. Hence the
availability of GBSSI as well as GBSSII would be ideal for the production of such plants in
cassava based on the antisense suppression of the endogenous gene (s). Plants with a range
of amylose were produced in potato by using the antisense approach (Kuipers et al., 1994).
Some of these genetic modifications may result in reduced synthesis and yield of starch,
This is the case with most naturally occurring mutants (Visser & Jacobsen, 1993), This may
be overcome by incorporating genetic strategies that increase yield like over-expression of
AGPase. In some cases the type of starch produced such as the amylose free type is of such

high value that the profits offset possible losses due to yield (Visser & Jacobsen, 1993).
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Outline of the thesis

In this study the cloning and characterisation of cassava cDNAs encoding enzymes
involved in cassava starch biosynthesis was undertaken. Chapter 2 describes the cloning
and developmental Northern analyis of a granule bound starch synthase (GBSSII) of
cassava. The possible role of GBSSII vis a vis GBSSI in amylose synthesis is discussed.
Chapter 3 examines the critical role of the enzyme ADP glucose pyrophosphorylase
(AGPase) in starch biosynthesis. In this chapter the isolation of two cDNAs encoding the
small and large subunits of AGPase is described. In addition to sequence and
developmental Northern analyses, investigations into AGPase activity in various cassava
tissues are described. Chapter 4 is devoted to the transformation and analysis of transgenic
potato plants carrying a cassava antisense AGPase B gene coostruct. In Chapter 5 the use
of particie bombardment to successfully transform cassava friable embryogenic calli with
the cassava AGPase B antisense cDNA is described. Investigations of possible changes in
starch biosynthesis in transgenic cassava plants are described and discussed. In this chapter
investigations on the improvement of the transformation and regeneration procedures for
cassava were also performed. A general discussion focused on the impact of genetic
modification of cassava starch, the potential benefits to resource poor farmers in southern
countrics of introducing transgenic cassava as well as the possible risk assessment

strategies is provided in Chapter 6.
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Chapter 2

Isolation, characterisation and developmental regulation of granule bound starch

synthase II from cassava (Manihot esculenta Crantz)

Abstract

A 2708 bp cDNA clone coding for granule bound starch synthase II (GBSSII) was isolated
from a cassava tuber specific ¢cDNA library. GBSSII encodes a 751 amino acid
polypeptide that showed homology to potato (61%) and pea (59%) granule bound starch
synthase II (GBSSII). The derived amino acid sequence of this cassava GBSSII exhibited
low sequence homology to cassava GBSSI (35% identity). There was an N-terminal
domain of 203 amino acids in cassava GBSSII which was similar in size to that found in
pea and potato and thus was characteristic of GBSSII polypeptides. Southern analysis of
cassava genomic DNA as well as segregation analysis of a cross between the cassava
cultivars TMS 30572 and CM 2177-2 revealed that GBSSII was a single copy gene that
was localised on linkage group T of the male derived cassava genetic map. Cassava
GBSSIT was highly expressed in young leaves, and exhibited much lower expression in
developing tubers. These results are indicative of the differing and complementary role to
GBSSI that GBSSI plays in leaf and tuber starch production.
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Isolation and characterisation of GBSSII

Introduction

In general plant starch consists of 20% o 1,4 linked glucan chains termed amylose and of
80% amylopectin, a polymer composed of o 1,4 and ¢ 1,6 linked glucan chains. The
generally accepted pathway for starch biosynthesis in higher plants and algae involves the

following reactions and enzymes.

AMYLOSE
RALP +0.(1.4 Dgluoosyla- 14D ghucan
GBSS
588
AGPase “He(1.4 Dglucan) n

Glucose-1-P+ ATP sl PPi + ADP-Ghicose

ACPuse - ADP glucose pyrophoshorylise BE/SSS\

GBSS - granule bound starch synthase
BE/SSS - tranching enzyme / soluble starch. syase AMYLOPECTIN
Branched o 14/e-1,6-Dghcan

The critical role of AGPase and the correlation between AGPase activity, ADP-glucose
formation and ultimately starch synthesis has been estabiished for several plant species
(Preiss et al., 1982). This lends credence to the above pathway being the predominant
route by which starch is synthesised in higher organisms.

Starch synthases are involved in extending glucan chains. Maize, rice, sorghum
waxy mutants and the amylose free mutant (amyf) of potato have reduced starch synthase
activity accompanied by appreciably reduced amylose levels in their starch (Echt and
Schwartz, 1981; Sano, 1984; Hseih, 1988, Jacobsen et al., 1989). These mutants lack a
protein of approximately 60 kDa which is present in the wildtype or Waxy plants. This
starch synthase was shown to be largely bound to the starch granule and was termed
granule bound starch synthase (GBSS) in contrast to soluble starch synthases which are
present in the stroma of the amylopast. Little or no change in total starch content in wexy
compared to Waxy grains was observed thus affixing the role of GBSS to amylose
formation and less to amylopectin synthesis (Shannon and Garwood, 1984). Using this
protein, cDNA clones have been isolated from several plant species including potato and
cassava (Salechuzzaman et al, 1993). The primary sequences of GBSS are highly
conserved in all species examined thus far (Salehuzzaman et al,, 1993). The role of GBSS

in amylose synthesis has been demonstrated further by transforming potato with an
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antisense GBSS gene from potato and cassava. Some of the transgenic plants produced
had no starch synthase activity and the tubers contained amylose free starch. {Visser et al.,
1991, Salehuzzaman et al., 1993).

Studies carried out on Chiamydomonas GBSS mutants showed that in addition to
facking amylose they lack a particular amylopectin fraction thereby indicating that GBSS
may also be directly or indirect]y involved in amylopectin synthesis (Delrue et al., 1992). It
was further established that whilst GBSS was important in certain tissues such as
endosperm, pollen, embryo sac etc, the waxy mutation did not reduce amylose levels in
other parts of the maize plant or at different developmental stages {Echt and Schwartz,
1981). The existence of several isoferms of granule bound starch synthase was thus
postulated. These starch synthase isoforms have been found in maize; with 4 GBSS and 2
SS polypeptides (Macdonald and Preiss, 1985), potato and developing pea embryos with a
60 kDa (GBSSI) and 77 kDa GBSSII polypeptide (Dry et al,, 1992). The 77 kDa GBSS
polypeptide, termed GBSSH, is highly active in developing pea embryos and has been
shown also to be active in both the soluble phase and granule bound in pea and potato. The
GBSSI of potato plays a relatively minor role in starch synthesis and is thought to
contribute only 15% of the total amylose content (Edwards et al., 1993) but to 60-70% of
the synthase activity of pea embryos (Denyer and Smith, 1992).

Now that the GBSSTI isoform of pea and potate has been shown to be present in
the granule bound and soluble phases, the distinction between the two categories of starch
synthases (SS} has become less profound. It has been suggested that the soluble starch
synthase {8SS) may actually become bound to starch granules due to entrapment within
the growing starch granule (Mu et al,, 1994). Within the starch granule SS would then
make predominantly amylose whilst in the soluble phase it predominantly makes glucan
chains which are more readily acted upon by branching enzyme (BE). However the
evidence for this view is [argely circumstantial. What remains clear is that there are several
isoforms of SS within a plant. These are active in both the granule bound and soluble
phases. The extent to which each SS isoformn participates in starch synthesis is largely
dependent on the tissue and stage of development of the plant.

This study was carried out to determine if there were any GBSS isoforms in the
tropical crop cassava {(Manihot esculenta Crantz). Analysis of the primary sequence of a
putative GBSSII of cassava as well characterisation of the expression of the gene during

development was carried out.
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Materials and Methods

Screening of a cassava cDNA library

Approximately 3,0x10° plaque forming units of a lambda gt11 cassava tuber specific
cDNA library were screened with a 1.5 kb fragment of the potato GBSSII cDNA. (kindly
provided by Dr. C. Martin, John Innes Institute, Norwich U.K.). The probe was labelled
with [32P] dCTP (2'-deoxycytidine 5'triphosphate) by the random primer labelling tech-
nique (Feinberg and Vogelstein, 1983). The blots were hybridised overnight at 60°C and
washed three times with 2xSSPE (3M NaCl, 0.2 M Sodium phosphate) and ¢.1% Sodium
dodecyl sulphate (SDS} at 60°C for 30 minutes each time. Autoradiography was carried
out at -80°C within intensifying screens. The positive cDNA was isolated and ¢cloned into
the Kpnl site of pUC18.

Sequencing and Sequence analysis

The clones and subclones of the putative GBSSII cassava cDNAs (in pUC18) were se-
quenced using the dideoxy method of Sanger et al. (1977). The analysis and manipulation
of the sequences was carried out using the PC-Gene programme (Intelligenetics, Mountain
View, CA, U.S.A). Homology searches to sequences in data banks was carried out using
the blast programme {Altschul et al., 1990) on the WWW site of the NCBI

(http://www.ncbi.nlm.nih.gov).

Plants and bacteria

The Latin American cassava genotype M.col 22 was grown in the greenhouse at 25-35°C.
Leaves and tubers at various developmental stages were harvested, frozen in liquid
nitrogen and stored at -80 °C for later use. The E.coli strain DH5¢ (Bethesda Research

Laboratories) was cultured according to standard protocols (Sambrook et al., 1989)

Southern Hybridisation
Genomic DNA isolation from cassava was carmried out using the method of Dellaporta et
al. (1983). The DNA was digested with various enzymes, electrophoresed on 0.8%

agarose gels and blotted on to nitrocellulose. Hybridisation with the isolated cassava
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c¢DNA labelled with [32P] dCTP was carried out at 60°C for 16 hours. The filters were
washed twice with 2X SSPE +0.1% SDS at 65°C. The blots were exposed to Kodak
XOMAT-AR films between intensifying screens at -70°C for 2 days.

Localisation of the putative GBSSII on to the cassava genetic map

The cassava rmapping population was described by Fregene et al. (1997). It consisted of
150 F) plants from an interspecific cross between TMS 30572 (the female parent), an elite
cultivar tolerant to african cassava mosaic disease, and CM 2177-2 (the male parent)
which had tolerance to bacterial blight and good cooking qualities. Localisation of the
GBSSIH gene on to the cassava genetic map was carried out using the computer package
MAPMAKER (Lander et al., 1987) and linkage positions were assigned as described by
Fregene et al. (1997).

Northern Hybridisation

RNA preparation and northern blot analysis was performed according to the protocol of
Visser et al. (1989). Some 50ug of total RNA were used per lane. The RNA was then
tzansferred to Hybond-N (RPN203N, Amersham, U.K.). Hybridisation and washing of

filters was performed in the same way as described for southern blot analysis.

Starch isolation

Starch was isolated from greenhouse grown cassava tubers as described by Kuipers ei al.,
(1994). Cassava tubers were washed, homogenised in extraction buffer (50 mM Tris pH
7.5, 10 mM EDTA, 2 mM Na;5;0s, 1| mM DTT), and then filtered through synthetic
cloth. The solution was allowed to stand at rootn temperature to allow the starch granules
to settle, The starch was washed twice with extraction buffer and acetone, collected and
dried at 4°C.

SDS PAGE and Immunoblotting

An amount of 20 mg finely ground cassava leaf or starch was boiled in 200ul of sample
buffer (20mM Tris pH 8.0, 2 mM EDTA, 20% glycerol, 2% SDS and 10% 2-
mercaptoethanol). The solubilised protein was electrophoresed on a 10% SDS
polyacrylamide gel, and then blotted on to a nitrocellulose membrane. The blot was then

analysed immunochemically as described by Hovenkamp-Hermelink et al. (1987) using
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antisera raised against potato GBSSI and GBSSI (Vos Scheperkeuter et al., 1986;
Edwards et al., 1995).

Results and Discussion

Sequence of GBSSII

Screening of a cassava tuber specific ¢cDNA library, using a potata GBSSII cDNA,
resulted in one positive clone being isolated, after three rounds of screening and
amplification. The cDNA hybridised strongly with the potato GBSSII cDNA under
stringent conditions. It was cloned into the Kpnl site of pUCI8, and characterised by
restriction analysis (Fig.la). The entire cassava GBSSH cDNA was sequenced.

Pstl  EcoRI Hincll Bgl Il Sac ] Pst [
| 515 616 764 1317 1723 2221 2578
ATG TGA

. FcoRI linker

- Untranslated leader sequence

D GBSS II protein

Poly A tail

Fig la. Restriction map of the cassava GBSSII eDNA

This clone of about 2.7 kb proved 1o be full length: there is an ATG start codon at position 150 and
a TGA stop codon at position 2303 on the nucleotide sequence of cassava GBSSIL Several putative
polyadenylation signals AATAAA (Joshi, 1987) are present at positions 2264 and 2348 upstream of the poly
A tail at the 3’end (Fig. 1b). Two putative hairpin loops centred at position 1318 and 1092 are predicted. In
addition there are 9 inverted repeats of minimum length 10 bp. Two of the repeats have palindromic
sequences and one spans the cDNA being set at position 80 (ATCCAAACCA) and also at position 2502

(TGGTTTGGA) [Fig. 1b]

27






