
Isolation and characterisation of starch biosynthesis 

genes from cassava (Manihot esculenta Crantz) 



Promotor: dr. ir. E. Jacobsen 
Hoogleraar in de Plantenveredeling, 
in het bijzonder in de genetische variatie en reproductie 

Co-promotor: dr. R.G.F. Visser 
Universitair Hoofddocent, 
department Plantenveredeling en Gewasbescherming 



( O i u o & Z - o t , ^ ^ 

Tichafa R.I. Munyikwa 

Isolation and characterisation of starch biosynthesis 
genes from cassava (Manihot esculenta Crantz) 

Proefschrift 
ter verkrijging van de graad van doctor 

op gezag van de rector magnificus 
van de Landbouwuniversiteit Wageningen 

dr C.M. Karssen, 
in het openbaar te verdedigen 
op dinsdag 23 december 1997 

des namiddags te vier uur in de Aula 

\ /v^ 



The research described in this thesis was carried out at the Department of Plant 
Breeding - Wageningen Agricultural University. Financial support was provided by 
the Directoraat Generaal voor Internationale Samenwerking (DGIS) of The 
Netherlands Ministry of Foreign Affairs through the Cassava and Biotechnology 
Project - Zimbabwe. 

CTP Data Koninklijke Bibliotheek, Den Haag 

Munyikwa, T.R.I. 

Isolation and characterisation of starch biosynthesis genes from cassava (Manihot 
esculenta Crantz) / Tichafa R.I. Munyikwa - [S.I.;s.n.] 

Thesis Wageningen Agricultural University - with references - with summaries in 
English, Dutch and Shona. Department of Plant Breeding, P.O. Box 386, 6700 AJ, 
Wageningen, NL. 

ISBN 90-5485-841-9 

Subject headings: starch biosynthesis, ADP-glucose pyrophosphorylase, cassava, 
Manihot esculenta, starch synthase, particle bombardment, transformation, luciferase 

BIBLIOTHEEK 
LANDBOUWUNIVERSITEIT 

WAGENINGEN 



lV *f02*W\y?-^S 

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 possible, 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 else does not realise when food runs out (Kikuyu proverb). 

5. The revival period for cassava research has coincided with great leaps in the field of plant 
molecular biology 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 countries 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 
organism to answer them (Watson, J.D., 1989). 

8. To believe in evolution is to believe that a whirlwind passing through a 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 
(François 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. 



For my parents who provide 
the firm foundation of my life 



ACKNOWLEDGEMENTS 

It is with great pleasure and gratitude that I am able to take this opportunity to thank the many 
individuals and organisations who assisted me during the last four years in conducting my research 
on isolating and characterising cassava starch genes at the Plant Breeding Department of The 
Wageningen Agricultural University. 

I would like to thank the Directorate General for International Collaboration (DGIS) of The 
Netherlands Ministry of Foreign Affairs for funding this research through a grant to the Cassava 
and Biotechnology Project of the University of Zimbabwe. The publications of this thesis was 
made possible by funds from Wageningen Agricultural University and sponsorship by the LEB 
fund Wageningen. 

To my promotor Prof. Dr. Ir Evert Jacobsen go my sincere gratitude for allowing me to join your 
group and for taking up my cause even at the most difficult moments when funding became a 
major problem. I will always be grateful for the energy, zeal, and critical discussions with you in 
the final days that made me strive for greater success. I am deeply indebted to my immediate 
supervisor and co-promotor Dr R. G. F. Visser for much help and support often outside normal 
working hours. Richard you were the platform on which I bounced off many of my ideas, and 
questions. You transferred to me your knowledge, incisiveness, understanding, and enthusiasm for 
the field of plant molecular biology which will last with me for my life time. I would like to 
express my sincere thanks to you both for the ticket provided for my wife to come to Wageningen. 

In Zimbabwe I am deeply appreciative of the support and advice provided me over the years by: 
Dr Ian Robertson who was co-ordinator and originator of the cassava project in Zimbabwe; Prof. 
C. Chetsanga, Director General of the Scientific Industrial Research and Development Centre 
(SIRDC); Dr J.M. Gopo, Director of the Biotechnology Research Institute of SIRDC; Prof. S.B. 
Feresu of the Biological Sciences Department at the University of Zimbabwe (UZ); Prof. R. L. 
Ndlovu Animal Sciences Dept. UZ; Dr I. Sithole-Niang, Biochemistry Dept. UZ; Dr Tongoona, 
Crop Sciences Dept. UZ., Mr Machingaidze, Gweru Teachers College and Mr J.S. Mpofu 
formely of Northlea High School Bulawayo. 

Special thanks go to the Special Programme on Biotechnology and Development 
Co-operation Programme (DGIS) staff members including Mr Th. J Wessels, Mr T. van de 
Sande and Dr R. van den Bos. I am also grateful to the staff at the Centre for Development 
Co-operation of the Vrije University of Amsterdam for all their assistance with matters 
pertaining to the project. In particular the various co-ordinators of the project Cassava and 
Biotechnology- Zimbabwe namely: Ms. J.E.W. Broerse, Ms. A. van der Wal and Mr R. 
Almekinders. I would like to acknowledge the support given to me by Dr J. Hille, Dr C.M.T. 
Rommens, Dr M.J.J, van Haaren and Dr E.A. van der Biezen of the Vrije University Genetics 
Department. 

I would like to thank all the workers and students of the Department of Plant Breeding for the 
way in which you welcomed me in your midst and the many wonderful often small but useful 
ways in which you assisted me in my work. 

Special thanks go to my colleague and member of the cassava circle Dr Ir. C.J.J.M Raemakers. 
Krit you shared my passion for research into cassava but unfortunately not its taste. It was 
always a pleasure to walk into your office to discuss the latest experiment or findings. Thank you 
for the many hours you spent critically reading my manuscript especially those parts dealing 



with cassava tissue culture. Francesc Garriga you were a wonderful friend to be with in 
Wageningen. Not only did you take care of my stomach through your wonderful cooking but you 
provided company and a useful scientific colleague especially on weekends when you and I had 
the labs to ourselves. Ronald Eijlander do you remember the many hours spent trying to develop 
new strategies to make the AGPase constructs? I will always be very grateful for the way in 
which you were willing to share your experience and knowledge. Your concern for the well 
being of my family is something that really touched me. Thank you. Dr Christian Bachern thank 
you for sharing with me your broad knowledge and interest in all things molecular, computing, 
and politics in general. Sequence retrieval and analysis were simplified by the approach you got 
us into, namely to use the internet to the maximum! To my colleagues in our room upstairs Jiang 
Huang, another member of the cassava circle, Anja Kuipers and Annemarie Wolters thanks for 
making the atmosphere in there a pleasant one. You were always willing to assist me at any time 
and also to defer the main computer to me at the most critical of times. Anja you did a wonderful 
job in translating cassava speech into Dutch! I am also grateful to Dr M. Ramanna for useful 
discussions and to Jean-Paul Vincken for critical reading of my GBSSJI and AGPases chapters. 

A lot of experiments were carried in the last fours year. I am sincerely grateful for the technical 
help and support provided to me by: Luc Suurs, Irma Straatman, Elly Jansen, Marja Rozenboom, 
Petra v. d. Berg and Angela Vermeesch. It was wonderful working with you all especially in the 
last months when so much had to be analysed all at once. Marja I am sure you are glad you now 
don't have to sit in a cold damp room looking for luciferase positive spots on FEC cultures. My 
special thanks go to Jan Rijksen and D.J. Huigen for all the work done in looking after the 
transgenic plants, generated in these experiments. Not forgetting the assistance of Mr H.W. 
Sengers in general matters at the department. 

During my stay at the Plant Breeding Department I had the opportunity to work with several 
students namely, Baldwin Chipangura Sandra Langeveld, Machiel Spuij, Tys Ketleer, Jan 
Kreuze and Rosan Kok. They participated in my research and helped to generate a lot of useful 
data and plants. I learnt a lot from working with them and I hope, in turn they got to become 
more interested in cassava in particular and plant molecular biology in general.. Many thanks to 
Mr Han Dorenstouter, Ms. Annie Marchai and Ms. Letty Dijker-Lefers who went out of their 
way to ensure that I was comfortable both at the department and in the student flat. I am grateful 
to my friends and house mates at the Old Farm House, Bauke Ylstra, Paul Absil, Machteld and 
Sander Oom, Maike and Ronald, Nicole Jeniskens, Lian and Ad Jeuken, for letting me be a part 
of their group and helping me to adjust to life in Wageningen. I am also grateful for the openness 
and friendliness of my new corridor mates in Café H5 Haarweg. To my Zimbabwean and 
Kenyan colleagues you provide me with an opportunty to talk about home and also to once again 
use Shona, Swahili and Ndebele. I am glad we endured the dutch cold together. Special thanks 
go to my friends and confidants Peter Arama, Crispen Mawadza, Farayi Chavi, Sharlin Ahmed 
and Wilbert Sadomba. Mukoma Wilbert thanks for the help with making sure the son of the soil 
does not forget his roots and putting everything in Shona. 

For my grandparents, parents, to whom this thesis is dedicated, brothers and sisters in Zimbabwe 
and my in laws and family in Kenya, thank you all for your assistance and support. 

Which leaves only the last word to got to two special people who have borne the brunt of my 
absence from home and having a telephone father. For you my wife Catherine Wambui, our 
daughter Wamuyu and future wanaichi I have special praise for your never ending patience, and 
support when this work took me away from you. I share this success with you. Mwari 
ngarumbidze! 



CONTENTS 

CHAPTER 1 General Introduction 

CHAPTER 2 Isolation, characterisation and developmental 
regulation of granule bound starch synthase II 
from cassava (Manihot esculenta Crantz) 

21 

CHAPTER 3 Isolation, and characterisation of cDNAs encoding 
the large and small subunits of 
ADP-glucose pyrophosphorylase 
from cassava (Manihot esculenta Crantz) 

42 

CHAPTER 4 Characterisation of potato (Solanum tuberosum) 
plants expressing the 
cassava (Manihot esculenta Crantz) 
small subunits ADP-glucose pyrophosphorylase 
gene in antisense orientation 

67 

CHAPTER 5 Pinpointing towards improved 
transformation and regeneration of 
cassava (Manihot esculenta Crantz). 

87 

CHAPTER 6 General Discussion 

Summary 

Samenvatting 

Pfupiso 

108 

116 

120 

124 



General Introduction 

Munyikwa, T.R.I., Langeveld, S., Jacobsen, E. & R.G.F. Visser 

Part of this chapter is published in Euphytica (1997) 96: 65-75 



General Introduction 

General Introduction 

Cassava (Manihot 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, 1985). 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 fanners located in marginal areas, is 

Zimbabwe. 

Cassava in Zimbabwe 

Zimbabwe is a sub-tropical country situated in central Southern 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), NRTV and NRV (Fig 1). These are low lying areas (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 
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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 (UTA) 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 well as in the manufacture of alcohol and adhesives (Kay, 1987). 

The various 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 properties, 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 hilum. They have a size range of 5-40 

|jjn (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 a (1-4) linked glucose residues. There is a low degree of a (1-6) 

branching within the amylose chains. Amylose imparts definite characteristics to starch and 

is thus an important factor in starch quality. 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 

various 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 rétrogradation (shrinking and crystallisation) after 

heating. 

Amylopectin is made up of much shorter chains of oc-D glucopyranose units. These 

are primarily linked by a (1-4) bonds with a (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 corresponding 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 isoamylase 
treatment. A peak corresponding to single glucose units (an indication of short chain length) is clearly 
visible for cassava at retention time 10 minutes ( marked by the arrow) 

The amylopectin molecules 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 vitro 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 to the 

amyloplast via a hexose translocator. 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 a-

glucan synthesis by various starch synthases. 

The starch synthases (SS; 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 SS 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 

7 
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glycogenin and amylogenin respectively, have been identified (Hengge-Aronis & Fisher, 

1992; Singh et al., 1995). 

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 a ( 1,4) glucan chains at 15 - 20 units from the non-

reducing end. It then catalyses the formation of an a (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 

(Bae 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 (Müller-Röber 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 
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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 AGPase 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, Müller-Röber 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 introduced into potato. 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 vitro (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 lacking 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%. 

SSS is thought to be predominantly involved in the synthesis of amylopectin. 

Chlamydomonas st-3 mutants, defective for one (SSSH) of two isoforms 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 
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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 BEU. The open reading frame encodes a protein 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 

embryogénie calli are bombarded with gold/tungsten particles coated with DNA of the 

appropriate gene constructs. The transformed embryogénie 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 stems 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 (Müller-Röber 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 Müller-Röber 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 

more 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 rugosus (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 important, 

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 vw 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 construct. In Chapter 5 the use 

of particle bombardment to successfully transform cassava friable embryogénie 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 

countries 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 (GBSSÏÏ) 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 

GBSSII 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 GBSSII plays in leaf and tuber starch production. 
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Isolation and characterisation ofGBSSII 

Introduction 

In general plant starch consists of 20% a 1,4 linked glucan chains termed amylose and of 

80% amylopectin, a polymer composed of a 1,4 and a 1,6 linked glucan chains. The 

generally accepted pathway for starch biosynthesis in higher plants and algae involves the 

following reactions and enzymes. 

AMYLOSE 

nAEP + ct(l,4Dglucosyl-a-l,4-D glucan 

GBSS 

AGPase _ . „„„_, , 
^T + a (1,4 D glucan) n 

Glucose-1-P+ATP 

AGPase - ADP glucose pyrcphoshorylase 
BE/SSS 

GBSS - granule bound starch synthase 

BB5SS -branching enzyme /soluble starch synthase AMYLOPECIIN 

Blanched a l,4/a-l,6-Dglucan 

The critical role of AGPase and the correlation between AGPase activity, ADP-glucose 

formation and ultimately starch synthesis has been established 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 (amf) 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 waxy 

compared to Wary 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 (Salehuzzaman 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 Chlamydomonas GBSS mutants showed that in addition to 

lacking amylose they lack a particular amylopectin fraction thereby indicating that GBSS 

may also be directly or indirectly 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 isoforms 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 GBSSH polypeptide (Dry et al., 1992). The 77 kDa GBSS 

polypeptide, termed GBSSII, 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 

GBSSII 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., 1995) but to 60-70% of 

the synthase activity of pea embryos (Denyer and Smith, 1992). 

Now that the GBSSII isoform of pea and potato 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 (SSS) 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 largely 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 isoform 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 GBSSH 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 gtll 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 0.1% 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 DH5a (Bethesda Research 

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

Southern Hybridisation 

Genomic DNA isolation from cassava was carried 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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cDNA 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 mapping population was described by Fregene et al. (1997). It consisted of 

150 Fi 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 

GBSSII 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 50 .̂g of total RNA were used per lane. The RNA was then 

transferred 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 et al., 

(1994). Cassava tubers were washed, homogenised in extraction buffer (50 mM Tris pH 

7.5, 10 mM EDTA, 2 mM Na2S205, 1 mM DTT), and then filtered through synthetic 

cloth. The solution was allowed to stand at room 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 200 .̂1 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 GBSSII (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 potato 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 pUC18, and characterised by 

restriction analysis (Fig.la). The entire cassava GBSSII cDNA was sequenced. 

Pst I EcoRI Hindi Bglll Sac I Pst I 

GBSS II cDNA 

515 616 764 1317 1723 2221 2575 

ATG TGA 

^ H EcoRI linker 

^ ^ f l Untranslated leader sequence 

I I GBSS II protein 

Bill Poly A tail 

Fig la. Restriction map of the cassava GBSSII cDNA 
This clone of about 2.7 kb proved to 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 GBSSII. 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. lb). 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. lb] 
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1 GTTTGATGAA CCCCATCTCA AGÇTGTTGGG GCTGTCGCAC TTGTGAGAAA TGGCATTTAT 

61 AGGATCACTT CCTTTTATTA TCOiiCCik AGCAGAAAGT TCIGTCCTTC TCCATGACM 
121 AAACCTACAG CGATCCAGAT TCTCCGTTTT CCCAIGTAGA TCACAAAACT CTTTTAATTT 
181 AGCCGTTTCG TTATCTTTGA GTTTTAAGCC TGTAAGAGCT ACAGGTAAGG AAGGCGTTAG 
241 TGGTGATGGG TCAGAGGATA CACTTCAAGC CACCATCGAG AAAAGCAAGA AAGTTCTCGC 
301 CTTGCAAAGG GACCTACTTC AGAAGATTGC TGAAAGAAGG AAATTGGTTT CTTCTATACA 
361 AAGTAGTGTT GGTGACCACG ACACAAACAA AACTTCTCAT GAACAGAGGG AAAACTCTTT 
421 GGCAAATTCA GATAATACTT CAACTAGTGA TGTGAATATG CACCAACAGC AAAATGGCCC 
481 AGTTCTTCCG AGTAGCTATG TCCATTCAAC IGCAGAIGAG GTATCAGAAA CTGCATCTTC 
S41 AGCTATTAAT AGAGGTCATG CTAAAGATGA TAAGGAACTT GAACAACATG CATCTCCTAG 
601 AACAGCCTTT GTTAAGAATT CTACCAAACA GTTTAAAGAG ATGGATTCTG AGAAACTACA 
661 GACAGATGAG ATACCATCTT TTCTTTCAAA CACCACAGAT ATTTCCACTA TAAATGAAGA 
721 AAATAGTGAA CATTCAAATG AATCAACCTC ACCTATGGTC GACAITTTIG AAAGTGATTC 
781 TATGACTGAA GACATGAAGC CACCTCCTTT GGCTGGGGAC AATGTCATGA ATGTTATTTT 
841 GGTAGCTGCA GAATGTGCTC CATGGTCCAA AACAGGTGGC CTTGGTGAIG TCGCTGGATC 
901 TTTACCAAAG GCTTTGGCTC GGCGTGGACA TCGGGTTATG GTTGTGGCAC CGCGATATGG 
961 CAACTATGTT GAACCTCAGG ATACTGGAGT CCGAAAGAGG TATAAGGTGG ATGGTCAGGA 

1021 TTTTGAAGTA TCATACTTCC AAGCCTICAT TGATGGGGTT GATTTTGTAT TCATTGACAG 
1081 TCCTATGTTT CGCCACATAG GGAATGATAT ATATGGAGGA AACAGAATGG ATATATTAAA 
1141 GAGGATGGTA TTATTTTGCA AAGCTGCTGT TGAGGTTCCT TGGCATGTCC CATGTGGTGG 
1201 AGTCTGCTAT GGGGATGGAA ATTTGGCTTT CATTGCAAAI GATIGGCATA CAGCATTGTT 
1261 GCCAGTGTAT CTGAAGGCAT ATTATCGGGA TAATGGTTTA ATGCAATATA CAAGATCTGT 
1321 TC1TGTAATT CATAACATAG CTCACCAGGG TCGGGGTCCC AGTGGAGATT TCTCTTACGT 
1381 GGGTCTACCA GAACATTACA TTGATCTCTT CAAACTGCAT GATCCGATTG GTGGTGACCA 
1441 CTTCAATATC TTTGCACCTG GTCTTAAGGT GGCAGATCGT GTGGTTACTG TTAGTCATGG 
1501 ATACGCCTGG GAGCTTAAAA CATCTGAAGG TGGTTGGGGT CITCACAATA TCAIAAATGA 
1561 GAACCACTGG AAATTGCAGG GCATTGTTAA TGGGATTGAT GCCAAAGAAT GGAATCCACA 
1621 GTTTGATATT CAACTGACAT CAGATGGTTA TACTAACTAT TCCCTGGAAA CACTTGATAC 
1681 TGGCAAGCCT CAGTGCAAGA CAGCCTTACA GAACGAGCTC CGGTTTGCCA TCCCCCCAGA 
1741 TGTCCCTGTT ATTGGGTTCA TTGGAAGGTT GGATTATCAG AAAGGIGTCG ATCTCATAGC 
1801 TGAGGCAATT CCCTGGATGG TGGGTCAGGA TGTGCAACTA GTAATGTTGG GTACTGGCAG 
1861 ACAAGACTTG GAAGAGATGC TTAGACAATT TGAAAACCAA CATAGAGATA AAGTGAGGGG 
1921 ATGGGTTGGT TTTTCTGTGA AGACAGCTCA CAGGATAACT GCTGGTGCAG ATATTTTGCT 
1981 CATGCCATCA AGATTTGAAC CATGTGGGCT AAACCAGTTA TATGCTATGA TGTACGGGAC 
2041 GATTCCTGTA GTACACGCTG TGGGTGGACT AAGGGACACG GTGCAACCTT TCGATCCATT 
2101 TAATGAGTCG GGGCTTGGGT GGACATTTGA TAGCGCTGAA TCACATAAAC TGATACATGC 
2161 ATTAGGCAAT TGCTTGCTCA CTTACCGAGA GTACAAGAAG AGCTGGGAAG GCCTGCAGAG 
2221 AAGAGGGATG ACTCCAAACC TCAGCTGGGA CCATGCTGCT GAGAAATATG AGGAGACTCT 
2281 TGTTGCAGCC AAGTACCAGT GGTGAGCAAI AGTGCTTTTC CTTAAAÎTTT GACTTTTTTT 
2341 TTTCTGTTAA ATAATGCTTC CAAGAGGTTG CCCTCTGATG CTAGTAAGGG GGCCAATAGA 
2401 TGGCCATGTA TGTTCTGCIÄ EAIBfiCrCAA TGTGTAATCA GCTTAGAGTT ATGAITCAGG 
2461 AGTTGTAATC CTTTCTGGTT TTATCACACA TTAGCAGAGG ATGGTTTGG2. SSTGATGAGT 
2521 GGTGACCCAT GTTTTAICCT TGTGCTTATT CTGTTATCTG AAAAAAAAAA AAAAA 

DNA sequence composition: 739 A; 477 C; 614 G; 745 T; 

Fig. lb. The complete nucleotide sequence of the cassava GBSSII cDNA. The translational start codon 
(ATG) and stop codon (TGA) are shown in bold. The putative polyadenylational signals A A T A A A are 
underlined. One inverted repeat (situated at position 80 and 2502) which is also palindromic is highlighted in 
bold and italics. 
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