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Abstract

Cassava (Manihot esculenta Crantz) is a perennial tropical crop grown for its

starchy tuberous roots. Genetic engineering offers a powerful tool for plant

improvement complementing traditional breeding approaches. Methods for

efficient cassava transformation, including plant regeneration in vitro, gene

delivery, selection of transformed tissues and recovery of transgenic plants, still

need to be developed or improved. Subsequently, useful genes can be

transferred into cassava cells towards its genetic improvement.

Because plant regeneration via shoot organogenesis from cotyledons of

somatic embryos (called 'somatic cotyledons' for short) in cassava is rapid, less

genotype-dependent and compatible with Agrobacterium-med\ated gene

transfer, improvement of the shoot organogenesis frequency will increase the

efficiency of cassava genetic transformation. Therefore, the competence for

shoot organogenesis from somatic cotyledons of 4 cultivars was evaluated

using a regeneration medium supplemented with silver nitrate, which has been

shown to enhance plant regeneration in vitro in many plant species. Adding 1-

12 mg/l AgNÛ3 to the regeneration medium improved regeneration rates and

reduced callus formation in all tested cultivars. Both the extent of the response

to and the optimum concentration of AgNCb were cultivar-dependent. The

shoots regenerated from expiants cultured on a medium containing AgNCb were

less stunted than those cultured on a medium without AgNC^. Moreover, the

application of AgNCb did not change the sensitivity of shoot organogenesis to

the selective agents hygromycin and mannose.

An efficient transformation method based on biolistics and plant

regeneration via shoot organogenesis from somatic cotyledons was

established. Optimal bombardment conditions were determined. These include

the amount of DNA used per shot (0.5 |ig), flying distance at 12.5 cm between

the filter and the target tissue as well as pre- and post-plasmolysis treatment of

20 hours. Efficient selection of transformed tissues with hygromycin was

achieved using a two-step selection protocol. In order to eliminate regenerated
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escapes, a rooting screen was developed based on the different sensitivity of

rooting between non-transgenic and transgenic plants to the selective agents

The use of antibiotic or herbicide-based selection systems has caused

public concern for years In order to avoid the use of such selection systems,

the applicability of a positive selection system based on the E coli

phosphomannose isomerase (PMI) gene as the selectable marker gene and

mannose as selection agent was tested in cassava Transgenic plants could be

obtained from somatic cotyledons on 10 g/l mannose and 0 5% sucrose For

embryogénie suspensions, the selection medium containing 40 g/l mannose

combined with 1% sucrose could be used to efficiently inhibit their growth and to

obtain transgenic plants These studies demonstrated that it is possible to

obtain transgenic cassava plants using non-antibiotic positive selection This is

also the first report on production of transgenic plants from embryogénie

suspensions using hygromycin or mannose selection

The paucity of proteins in cassava storage roots may result in serious

protein deficiency amongst the people who depend heavily on cassava roots as

staple food Improvement of the total protein content as well as of the

availability of balanced essential amino acids of cassava roots will greatly

increase their value A synthetic storage protein gene (asp1) coding for an 11 2

kDa protein rich in essential amino acids (80%) was transferred into cassava

using Agrobactenum Molecular analysis of 7 transgenic plant lines showed that

the aspl gene was integrated in the genome of cassava and expressed at RNA

and protein levels The current results indicate that it may be possible to

improve the low protein content of cassava by introducing the novel storage

protein into cassava Future plans will focus on the analysis of the effects of

ASP1 on total protein content and amino acid composition as well as on its

deposition patterns in transgenic plants grown in the greenhouse

The methods developed during this thesis now allow us to aim at several

targets of genetic improvement of cassava, such as African cassava mosaic

virus resistance and prolongation of leaf life
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Zusammenfassung

Maniok ist eine ausdauernde tropische Pflanze, die wegen ihrer stärkehaltigen

Speicherwurzeln angebaut wird Als Ergänzung zur traditionellen Züchtung bietet

die Gentechnologie die Möglichkeit, pflanzliche Eigenschaften zu verbessern

Methoden zur effizienten genetischen Transformation von Cassava müssen weiter

entwickelt werden Dazu gehören die in vitro Regeneration von Pflanzen, die

Genubertragung, die Selektion von transformiertem Gewebe und die Aufzucht

transgener Pflanzen Anschliessend können ausgewählte Gene übertragen

werden, um Cassava genetisch zu verbessern

Eine Erhöhung der Sprossbildungsfrequenz wird die Effizienz einer

genetischen Transformation von Cassava steigern, weil die Regeneration von

Kotyledonen somatischer Embryonen, sogenannter somatischer Kotyledonen, von

Cassava via Sprossbildung schnell und weniger abhanig vom Genotyp ist

Ausserdem ist der Gentransfer mit Agrobactenum möglich Aus diesem Grund

wurden vier Sorten auf ihre Kompetenz zur Sprossbildung ausgehend von

somatischen Kotyledonen untersucht Dabei wurde ein Regenerationsmedium mit

Silbernitrat entwickelt und ausgewertet Silbernitrat ist dafür bekannt, in vielen

Pflanzenarten die Regenerationsfahigkeit zu erhohen Eine AgNCb-Konzentration

von 1-12 mg/l erhöhte die Regenerationsraten und reduzierte die Kallusbildung in

allen getesteten Sorten Sowohl das Ausmass der Regeneration, als auch die

optimale AgNCb-Konzentration waren abhangig von den Sorten Sprosse, die auf

AgNCb-haltigem Medium regenerierten, waren weniger in der Entwicklung

gehemmt als jene auf Medium ohne AgNCb Ausserdem beeinflusste die Zugabe

von AgNCb nicht die Empfindlichkeit der Sprossentwicklung gegenüber einer

Selektion mit Hygromycin und Mannose

Eine effiziente Transformationsmethode wurde etabliert, die auf der

biohstischen Methode und der Regeneration von Pflanzen durch Sprossbildung

aus somatischen Kotyledonen beruhte Optimale Parameter fur die Bombardierung

wurden bestimmt Dazu gehorten die DNA-Menge pro Schuss (0 5 [ig), die Distanz

zwischen Filter und Gewebe (12 5 cm) und auch die Dauer der Plasmolyse des

Gewebes (20 Stunden) vor und nach dem Schiessen Fur eine effiziente

Hygromycinselektion von transgenem Gewebe wurde ein Protokol entwickelt, in

welchem in zwei Schritten selektioniert wird Um regenerierte, nicht transgene

Pflanzen zu beseitigen, wurde ein Bewurzelungstest entwickelt Er beruht auf einer
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unterschiedlichen Empfindlichkeit transgener und nicht transgener Pflanzen

gegenüber Selektionsmitteln wahrend der Bewurzelung

Die Verwendung von Selektionssystemen mit Antibiotika- oder

Herbizidresistenz, erregt in der Öffentlichkeit seit Jahren Besorgnis Um den

Einsatz solcher Selektionssysteme zu vermeiden, wurde die Eignung eines

positiven Selektionssystems an Maniok getestet In diesem System wird die E coli

Phosphomannose-Isomerase (PMI) als Marker und Mannose als selektiv wirkende

Substanz verwendet Auf 1% Mannose und 0 5% Saccharose konnten transgene

Pflanzen aus somatischen Kotyledonen regeneriert werden Fur embryogene

Suspensionskulturen wurde ein Selektionsmedium mit 4% Mannose und 1%

Saccharose verwendet Das Zellwachstum wurde effizient gehemmt, sodass

transgene Pflanzen erhalten wurden In dieser Arbeit wurde gezeigt, dass es

möglich ist transgene Cassava Pflanzen mit einem nicht - antibiotischen positiven

Selektionssystem zu erhalten Ausserdem gelang es erstmals, ausgehend von

embryogenen Suspensionskulturen, unter Hygromycin- oder Mannoseselektion

transgene Pflanzen zu produzieren

Der geringe Proteingehalt in Speicherwurzeln von Cassava kann bei

Menschen, die sich hauptsächlich von Maniok ernähren, zu schwerem

Proteinmangel fuhren Eine Verbesserung des Gesamtproteingehaltes und auch

der Verfügbarkeit essentieller Aminosäuren in Maniokwurzeln wurde ihren

Ernahrungswert bedeutend steigern Ein synthetisches Gen (asp1), welches fur ein

1 2 kDa grosses Speicherprotein codiert und reich an essentiellen Aminosäuren

(80 %) ist, wurde mit Agrobactenum in Maniok transferiert Die molekulare Analyse

sieben trangener Pflanzen zeigte, dass das asp 1 Gen in das Genom von Cassava

integriert wurde und dass es expenmiert wurde, sowohl auf RNA- als auch auf

Proteinebene Die vorliegenden Ergebnisse zeigen, dass die Erhöhung des

geringen Proteingehaltes in Cassava durch die Expression neuartiger

Speicherproteine möglich sein konnte In Zukunft wird der Einfluss von ASP1 auf

den Gesamtproteingehalt und die Aminosaurezusammensetzung in Cassava

untersucht und ausserdem die Verteilung von ASP1 in transgenen Pflanzen im

Gewachshaus bestimmt werden

Die in dieser Arbeit entwickelten Methoden ermöglichen es uns nun,

verschiedene Aspekte der genetischen Verbesserung von Maniok anzustreben,

wie zum Beispiel eine Virusresistenz gegen ACMV und eine Verlängerung der

Lebensdauer von Cassavablattern

Zusammenfassung IV



Abbreviations

2,4-D 2,4-dichlorophenoxyacetic acid

AC promoter DNA A promoter in complementary sense

ACMD African cassava mosaic disease

ACMV African cassava mosaic virus

ASP1 artificial storage protein 1

AV promoter DNA A promoter in virion sense

AVG aminoethoxyvinylglycine

BA or BAP 6-benzylaminopurine

bp base pair

CaMV cauliflower mosaic virus

CGIAR Consultative Group on International Agricultural Research

CIAT International Center for Tropical Agriculture, Columbia

DIG digoxygenin

DNA deoxyribonucleic acid

dsDNA double-stranded DNA

ER endoplasmatic reticulum

FAO Food and Agricultural Organization of the United Nations

FEC friable embryogénie callus

GD Gresshoff and Doy medium

GFP green fluorescent protein

GUS ß-glucuronidase

HMW high molecular weight

HPLC high-performance liquid chromatography

hpt or hph hygromycin phosphotransferase gene

IBA lndole-3-butyric acid

UTA International Institute of Tropical Agriculture

kb kilo base, kilo base pair

kDa kilo Dalton

LUC luciferase

mRNA messenger RNA
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NAA a-naphthalene acetic acid

nptll neomycin phosphotransferase II gene

ORF open reading frame

PCR polymerase chain reaction

PEG polyethylene glycole

PIG particle inflow gun

PMI phosphomannose isomerase

RNA ribonucleic acid

RT-PCR reverse transcription-polymerase chain reaction

SCV settled cell volume

SDS sodium dodecyl sulphate

SDS-PAGE sodium dodecyl sulphate Polyacrylamid gel electrophoresis

SH Schenk and Hildebrandt medium

ssDNA single-stranded DNA

T-DNA transferred DNA

Ti-plasmid tumor-inducing plasmid

vir virulence
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1 General Introduction

1.1 Cassava {Manihot esculenta Crantz)

Cassava (Manihot esculenta Crantz, Euphorbiaceae, 2n=36) is one of the most

important food crops in the tropics and subtropics. It is a woody perennial shrub

or a small tree with finger-like leaves. Its tuberous roots contain starch up to

85% of their dry weight and serve as a staple food and livelihood for over 500

million people world-wide (Cock 1982). Cassava is native to tropical South

America. The origin of cassava has been disputed for many years. Recently,

based on a single-copy nuclear gene, glyceraldehyde 3-phosphate

dehydrogenase, researchers have pinpointed cassava's evolutionary origins to

the southern border of the Amazon River basin in Brazil, and it appears that

cassava may be derived from the populations of subspecies flabellifolia and not

from several progenitor species (Olsen and Schaal 1999), as previously

proposed (Renvoize 1972; Allem 1994). Cassava was introduced from Latin

America to Africa by the Portuguese in the 16th century (Jones 1959) and to

Asia by Spanish traders during the late 17th century (Leone 1977). It is spread in

large areas of Africa, Asia and Latin America. Today, cassava is grown in over

60 countries most of which are developing countries. An average of 8 t/ha of

cassava roots can be produced in a 12-month growing season. The annual

world production of cassava in 1999 was around 168 million metric tonnes from

16 million hectares. Approximately, 57% is used for human consumption, 32%

for animal feed and industrial purposes; 11% is lost as waste. Of the total

production, Africa, Asia and Latin America account for 52.5%, 29.8% and 17.5%

respectively (FAO 2000a).

In sub-Saharan Africa cassava provides up to 60% of the daily calorie

uptake (Cock 1985, CIAT 1994) and more than 80% of the harvest is used as

food. In certain regions the leaves, which contain appreciable quantities of

protein and vitamins, are used as a major component of the diet to provide

supplementary protein, vitamins and minerals to complement the carbohydrate

rich staple (Lancaster and Brooks 1983). Cassava is a vital food security crop

that helps the fight against hunger and poverty in developing countries and

especially in Africa, where the food security problems are the most severe in the
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world (FAO 2000b). Partly by introducing high yielding varieties of cassava,

Ghana managed to reduce undernourishment more rapidly than any other

country in the world between 1980 and 1996 (FAO 2000b). In many countries,

cassava chips and flour are important animal feeds. The ability of cassava to

tolerate unfavourable ecological conditions, for example drought and low fertility

soils, makes it suitable to be cultured by small-scale and subsistence farmers in

marginal areas unable to support any other crop. Cassava is propagated

vegetatively from stem cuttings and planting usually starts at the beginning of

the rainy season. A unique advantage of cassava over e.g. cereals is its

flexible harvesting time that makes it an excellent famine foodstuff. The starchy

roots of cassava produce more calories per unit of land than any other crop

except sugarcane (Henry et al. 1995). Thus cassava is one of the most reliable

and cheapest sources of food.

However, cassava has its problems. The storage roots are a good source

of dietary carbohydrate but they are deficient in protein. Due to the low protein

content (1-2%) and limited amounts of sulphur-containing amino acids (Omole

1977), additional food sources are required to ensure a diet balanced in protein,

vitamins and minerals (Cock 1985). During the long culture period (up to 18

months) of cassava, repeated attacks by various insect pests and virus

diseases can cause 20-50% yield losses world-wide, and locally they can lead

to total crop failures (Belloti et al. 1999; Thresh et al. 1994). Furthermore, all

parts of the plants contain toxic levels of cyanogenic glucosides, which have to

be removed by laborious processing before cassava can be safely consumed

(Akintowa et al. 1993). In addition, cassava suffers from postharvest

physiological deterioration during transport, storage and marketing (Wenham

1995). Although the roots can remain in the ground for many months, once they

are harvested they deteriorate rapidly and within 48 hours they are

unmarketable.

The efforts to tackle these problems using conventional breeding are

severely frustrated by the high heterozygosity of the allopolyploid plants with

low natural fertility as well as by the lack of resistance genes in the sexually

compatible germplasm. Although some new cassava varieties have already

been introduced by CGIAR, some of which are resistant to pests and diseases

(UTA 1998), traditional breeding is difficult, time consuming and laborious.
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Biotechnology, identified as a powerful tool to overcome these limitations, not

only provides an alternative approach but also complements the efforts in

traditional breeding (Puonti-Kaerlas et al. 1999).

1.2 Plant regeneration in vitro and transformation approaches

Plant transformation is now a core research tool in plant biology and a practical

tool for cultivar improvement. Over 3000 field trials of transgenic plants are in

progress or completed in at least 30 countries. These trials involve over 40 plant

species modified for various agronomic traits (Dale 1995, Whitman 2000).

Besides the most routinely produced insect resistant and herbicide tolerant

transgenic plants, also plants with new agronomic traits have been produced.

Recently, the development of the 'Golden Rice', which contains high levels of ß-

carotene and other carotenoids (Ye et al. 2000), paves the way for novel

strategies to combat blindness in developing countries.

Three prerequisites for applying genetic transformation for plant

improvement are first of all, a reliable regeneration system which is compatible

with transformation methods allowing regeneration of transgenic plants,

secondly, an efficient way to introduce DNA into the regenerable cells, and

lastly a procedure to select and regenerate transformed plants at a satisfactory

frequency (Birch 1997).

1.2.1 Plant regeneration

In plant regeneration systems for transformation, the most important factor is a

source of large number of regenerable cells which are accessible to the gene

transfer treatment, and which will retain their capacity for regeneration during

target preparation, cell proliferation and selection treatments. Plant regeneration

through tissue culture can be accomplished using one of three methods:

meristem culture, somatic embryogenesis and organogenesis.

Meristems

Meristems isolated from e.g. zygotic embryos or apical and axillary buds are the

natural growth centres of the plant and plant regeneration is initiated from

multiple cells which can directly develop to shoots without dedifferentiation

(Murashige 1974). Therefore, this system is easy, fast and relatively genotype-

independent. Applications of meristem culture include germplasm preservation,
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micropropagation, transformation and eliminating virus or disease from plant

materials.

Somatic embryogenesis

Somatic embryogenesis is the production of embryo-like structures from

somatic cells. The somatic embryo is an independent bipolar structure and is

not vascularly attached to the tissue origin (Ammirato 1987). Such embryos can

develop further and germinate into plantlets through developmental steps that

correspond to those of the zygotic embryos. Production of somatic embryos

from cell, tissue and organ cultures may occur either directly or indirectly. The

direct mode of somatic embryogenesis involves the formation of an asexual

embryo from a single cell or a group of cells on a part of the expiant tissue

without an intervening callus phase. The indirect mode of embryogenesis

consists of establishing an expiant in culture, subsequent proliferation of

embryogénie callus or suspension, initiation of pro-embryos and inducing

bipolar embryo formation from pro-embryo initials (Sharp et al. 1980). Plant

regeneration via somatic embryogenesis is widely applied in micropropagation,

mutation breeding, cryopreservation and transformation (Bhojwani and

Razadan 1996).

Organogenesis

Plant development through organogenesis is the formation and outgrowth of

monopolar organs e.g. shoots and roots from expiants. These organs develop

procambial strands which establish a connection with the pre-existing vascular

tissue dispersed within the expiant (Flick et al. 1983). Plant regeneration via

organogenesis can be achieved through production of adventitious organs from

a callus or a suspension derived from the expiant or through the emergence of

adventitious organs directly from the expiant without an intervening callus

phase. The regeneration systems based on organogenesis as well as somatic

embryogenesis are an important tool in the application of plant biotechnology.

1.2.2 Gene transfer techniques

Most commonly used systems to transfer foreign genes into plant cells are

particle bombardment and Agrobacterium-med\ated gene transfer. Other gene

transfer methods, such as protoplast transformation (Paszkowski et al. 1984;

Shillito 1999), microinjecting DNA into cells or zygotes (Schnorf et al. 1991;
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Leduc et al. 1996), silicon carbide whisker-mediated DNA transfer (Thompson

et al. 1995) or electroporation (Fromm et al. 1986; Lurquin 1997), have also

been developed in plant transformation. However, the transformation efficiency

of these techniques is low.

Agrobacterium-mediated transformation

The plant pathogen, soil bacterium Agrobacterium tumefaciens, has the ability

to transfer a portion of a large plasmid (Ti-plasmid), the T-DNA, delimited by the

border repeats of 25 bp, to the plant cells in nature (Van Larebecke et al. 1974).

Expression of the oncogenes located in the T-DNA cause the crown gall

disease mainly on dicotyledonous plants and some gymnosperms (Smith and

Townsend 1907; De Cleene and De Ley 1976). The T-DNA transfer process

initiates when Agrobacterium perceives certain phenolic and sugar compounds

secreted by wounded plant cells, which activate the T-DNA transfer process. A

single stranded form of T-DNA (ss-T-DNA) is transferred into the host plant cell

nucleus and integrated into the genomic DNA. During the T-DNA transfer, the

virulence proteins D2 (VirD2) and E2 (VirE2) containing short peptide

sequences protect ss-T-DNA against nucleases and act as a nuclear

localisation signal (NLS) to target the incoming ss-T-DNA into the plant cell

nucleus (Tinland et al. 1995; Mysore et al. 1998; Zupan and Zambryski 1997).

Other virulence proteins on the bacterial surface form a pilus through which the

T-DNA and the transferred proteins may translocate. The vir genes can function

in eis and trans. Plant genes are also involved in T-DNA transfer and integration

(for a review see Gelvin 2000).

The oncogenic genes between the border repeats of the T-DNA, which

define it for transfer (Wang et al. 1984), cause the tumorigenic properties of the

transformed cells. These oncogenes can be deleted or replaced by foreign

genes without interfering with the capacity of T-DNA transfer. Two kinds of

'disarmed' vectors were developed according to whether the DNA to be

introduced is physically linked to or separated from the vir genes of the Ti-

plasmid. The former type of vectors is known as 'co-integrative vectors' (Fraley

et al. 1985; Zambryski et al. 1983) and the latter type is referred to as 'binary

vectors' (Hoekema et al. 1983). Duplication of VirG region in transformation

vectors has been shown to lead to increased virulence of Agrobacterium in rice,

carrot, celery and cassava (Hiei et al. 1994; Liu et al. 1992; Arias-Garzön and
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Sarria 1995, Li et al. 1996). Recently Van der Fits et al. (2000) reported that a

constitutive virG mutant gene (w'rGN54D) on a compatible plasmid dramatically

increased Agrobacterium-med\ated plant transformation. Treatment of

Agrobacterium with acetosyringone during inoculation and cocultivation could

increase the efficiency of transformation as well (Hiei et al. 1994). Today

Agrobacterium-med\ated gene delivery is routinely applied in important

dicotyledonous crops such as sunflower (Everett et al. 1987), cotton

(Firoozabady et al. 1987), tomato (Fillatti et al. 1987), potato (Sheerman and

Bevan 1988), soybean (Hinchee et al. 1988), sugarbeet (Lindsey and Gallois

1990), papaya (Fitch et al. 1993) and cassava (Li et al. 1996; Schöpke et al.

1996). However, monocotyledonous plants, especially graminaceous crops,

were thought to be outside the host range of Agrobacterium (Bevan 1984, De

Cleene 1985). Mainly due to the addition of acetosyringone to the cocultivation

medium and the use of appropriate target tissues, as well as selected A.

tumefaciens strains combined with suitable binary plasm ids, successful

Agrobacterium-med\ated transformation in monocots has been possible since

the end of the 1980s, in asparagus (Byterbier et al. 1987), maize (Gould et al.

1991), banana (May et al. 1995), barley (Tingay et al. 1997), rice (Hiei et al.

1994; Rashida et al. 1996) and wheat (Cheng et al. 1997).

Biolistic transformation

Methods of direct gene transfer avoiding the host range limitations of

Agrobacterium have been developed as well. Sanford and co-workers

established a method for gene delivery by microprojectile bombardment (Klein

et al. 1987). Microprojectile bombardment mediated transformation is one of

the most promising gene transfer techniques even for those plants which have

proved recalcitrant to transformation by any other procedure. DNA-coated

microprojectiles are accelerated by means of an explosion or a burst of gas to a

sufficient velocity to penetrate plant cell walls and release the DNA for

expression and/or integration in the plant genome. Finer et al. (1992) developed

the system further and constructed the Particle Inflow Gun (PIG), which is

inexpensive and simple to use. Biolistics has now become the second most

widely used technique for plant transformation after Agrobacterium-med\ated

transformation. This technique has been successfully used to transform

meristems and tissues with high regeneration potential, to deliver foreign DNA
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into intact and regenerable cells, tissues and organs with no limitation of

Agrobacterium related host specificity and tissue culture related regeneration

difficulties, and to transform organelles such as chloroplasts (Luthra et al. 1997;

Klein and Jones 1999). Many important crop plants, for example, rice (Christou

etal. 1991), maize (Gordon-Kamm et al. 1990), wheat (Vasil et al. 1992, 1993),

soybean (McCabe et al. 1988; Finer and McMullen 1991) and cassava (Shopke

et al. 1996, Raemakers et al. 1996) have been successfully transformed using

biolistics.

1.2.3 Selectable markers

Transgenic plant cells have been traditionally selected by the introduction of

genes conferring resistance to a selective chemical agent or genes conferring a

phenotype allowing visual or physical screening or even by PCR screening to

identify plants containing transgenes (Birch 1997). A number of dominant genes

encoding enzymes rendering the plants resistant to antibiotics or herbicides are

widely used as selectable makers in plant transformation (table 1.1).

Table 1.1 Selectable marker genes for plant transformation

Marker gene Enzyme encoded Selective agent Reference

Antibiotics

nptll Neomycin
phosphotransferase II

Kanamycin
Neomycin
Geneticin (G418)

Bevan et al 1983

Fraley etal 1983

Herrera-Estrella etal 1983

hph, hpt Hygromycin
phosphotransferase

Hygromycin B Waldronefa/ 1985

Van den Elzen etal 1985

aacC3, aacC4 Gentamycm-3-A/-
acetyltransferase

Gentamycin Hayfordefa/ 1988

ble not known Bleomycin
Phleomycm

Hilleefa/ 1986

dhfr Dihydrofolate reductase Methotrexate Herrera-Estrella et al 1983

SPT Streptomycin
phosphotransferase

Streptomycin Jones et al 1987

aadA 16S rRNA Aminoglycoside-
3'-adenyltransferase

Spectinomycin
Streptomycin

Svabefa/ 1990a

Svabefa/ 1990b

Herbicides

bar Phosphmothricin
acetytransferase

Phosphmothricin De Block et al 1987

als Mutant forms of acetolactate Chlorsulfuron Haughn etal 1988

synthase Imidazohnones

aroA 5-Enolpyruvylshikimate-3-
phosphate synthase

Glyphosate
(Roundup)

Comai etal 1985

Shahefa/ 1986
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The usefulness of a particular resistance marker depends on the

characteristics of the selection agent, the resistance gene and the plant

material. A selection agent that inhibits the growth of untransformed cells but

does not have adverse effects on the transformed cells is preferred in plant

transformation. The sensitivity of the plant cells to the selection agent depends

upon the genotype, the explant type, the developmental stage, and the tissue

culture conditions.

Alternatively, visible markers, e.g., GUS (Jefferson 1987), luciferase (Ow

et al. 1986) and green fluorescent protein (GFP) (Chalfie et al. 1994), can be

used to screen transgenic plants. Because GUS assays in general are

destructive to the tissue, a non-destructive assay has been developed which is

based on secreted GUS in spent media of in vitro plant culture (Gould and

Smith 1989). Assaying only parts of putatively transgenic plants, e.g. root or leaf

pieces, may also allow selection of transgenic plants. The luciferase reporter

gene (lue), isolated from Photinus pyralis, was used for selection of transgenic

plants in Dendrobium (Chia et al. 1994) and cassava (Raemakers et al. 1996).

Although the luciferase assay is expensive and labour intensive, its non¬

destructive nature has advantages over the GUS assay, which is destructive.

Another non-destructive scorable marker GFP from the jellyfish Aequorea

victoria can be directly visualized and was used to monitor the transformed cells

as well as for selection (Haseloff et al. 1997).

A selectable marker system based on a new plant vector in which a

chimeric ipt gene is inserted into the transposable element Ac has been

developed (Ebinuma et al. 1997). The ipt gene from the T-DNA of A.

tumefaciens encodes the enzyme isopentenyl transferase involved in the

biosynthesis of cytokinins (Barry et al. 1984). Transgenic plants containing the

ipt gene under control of the 35S promoter exhibited an extremely shooty

phenotype and loss of apical dominance on hormone-free medium. The maize

transposable element Ac has the ability to move to new locations within a

genome (Fedoroff 1989). Therefore, phenotypically normal transgenic plants

may be obtained when the chimeric ipt gene transposes or becomes lost along

with Ac in transgenic cells. When combined with a dexamethasone-inducible

system for controlling ipt expression, the isopentenyl transferase could also be

used as a high efficiency marker for plant transformation (Kunkel etal. 1999).
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Positive selection, a new concept for selection of transgenic plant cells,

was developed recently (Joersbo and Okkels 1996; Haldrup et al. 1998a,b;

Joersbo et al. 1998). The transgenic cells are selected by addition of a

compound which is converted by the transformed cells into a compound

inducing a positive response, e.g. growth or shoot formation. Non-transgenic

cells stay alive without shoot formation, which means that neighbouring cells

are not exposed to toxic secretions from dying cells. Simultaneously, cells

containing the transgene can utilize a component in the medium which results in

growth or differentiation, and non-transformed cells remain unaffected, therefore

having no detrimental effect on transgenic cells. For example, many plant

species can not metabolise mannose, a simple sugar. In the plant cells

mannose is phosphorylated by a hexokinase to mannose-6-phosphate which,

when accumulating in the cells, could lead to energy starvation and severe

growth inhibition (Ferguson et al. 1958; Malca et al. 1967). However, cells

transformed with a PMI (phosphomannose isomerase) gene are able to convert

mannose-6-phosphate to fructose-6-phosphate which can be utilized as a

carbon source, giving these cells a metabolic advantage. Therefore, transgenic

plants could be regenerated using mannose selection. Positive selection

systems using either mannose (Joersbo et al. 1998,1999) or xylose (Haldrup et

al. 1998a,b), which do not cause any risk to animal, human or environmental

safety, have been recently shown to be more efficient for potato, tomato and

sugar beet transformation than methods based on antibiotic selection.

1.3 Genetic engineering of cassava

1.3.1 Plant regeneration in vitro

Different regeneration systems of cassava have been developed using a variety

of starting materials (fig. 1.1).

Meristems

Meristems can be used as expiants to obtain virus- or disease-free planting

material or to multiply shoot cultures of elite cassava varieties on cytokinin-

containing medium (Kartha 1974; Kartha and Gamborg 1975; Roca 1984; Ng et

al. 1990). By culturing apical or axillary bud-derived meristems on a medium

containing 5-10 mg/l BAP multiple shoots can be induced (Konan et al. 1994a,
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1997; Puonti-Kaerlas et al. 1997). This is an efficient method for the shoot

propagation de novo which is relatively genotype independent.

Figure 1.1 Scheme of plant tissue culture de novo in cassava

Expiants
e.g. Immature leaves ormerlstems

Shoot organogenesis

Plant regeneration via shoot organogenesis had been reported using different

expiants by two research groups (Li et al. 1996,1998; Mussio et al. 1998).

Adventitious shoots were induced from cotyledons of somatic embryos (called

'somatic cotyledons' for short) of cultivar 'MCol22' after culturing somatic

cotyledons on the organogenesis medium containing 1 mg/l BAP and 0.5 mg/l

IBA for 20 days (Li et al. 1996,1998). After a passage on elongation medium

supplemented with 0.4 mg/l BAP, the regenerated shoots were easily rooted in

hormone-free medium and could be successfully transplanted to soil (fig. 1.1).

This system was successfully transferred to other cultivars, and organogenesis

was induced at a frequency of 42-53% in cultivars MCol1505, MPer 183 and

TMS60444. Organogenic ability of somatic cotyledons was also tested by the

use of different cytokinins and auxins on a Chinese cultivar 'Nanzhi 188' (Ma

1998). Compared to regeneration via germination of embryos derived from

suspensions, shoot organogenesis is faster, requiring less time in tissue culture,

which may reduce the risk of somaclonal variation. The regeneration efficiency
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of different cultivars varies between 5% and 70% (Puonti-Kaerlas, unpublished),

which may constrain the use of genetic engineering in cultivars with low

regeneration capacity. Much effort is still required in the future to improve the

capacity of organogenesis from somatic embryos of various cultivars.

Experiments on immature leaf lobes of the African cultivar 'Somali' showed that

the duration of induction period using 2,4-D (27uM) for 10 days followed by

zeatin treatment (>2.3 uM) was critical in controlling organogenic competence

(Mussio et al. 1998) (fig. 1.1). However, the transferability of this protocol has

not been proved and so far only one cultivar was tested.

Somatic embryogenesis

Somatic embryogenesis is the most routinely used method of de novo plant

regeneration of cassava in vitro (fig. 1.1). Primary somatic embryos can be

induced on cotyledons of zygotic embryos (Konan et al. 1994b), immature

leaves (Stamp and Henshaw 1987a; Szabados et al. 1987; Raemakers et al.

1993a; Mathews et al. 1993; Li et al. 1995), shoot apical or axillary meristems

(Stamp and Henshaw 1987a ; Narayanaswamy et al. 1995; Szabados et al.

1987; Puonti-Kaerlas et al. 1998) and floral tissue (Mukherjee 1995; Woodward

and Puonti-Kaerlas 1998, in press). Picloram (1-12 mg/l) and 2,4-D (1-8 mg/l)

are the most commonly used hormones for inducing primary embryogenesis

(Stamp and Henshaw 1982, 1987a; Raemakers et al. 1993a; Li et al. 1995).

Other investigators showed that in certain genotypes, dicamba (1-66 mg/l)

(Sudarmonowati and Henshaw 1993) and NAA (Sofiari et al. 1997) were

superior to 2,4-D or picloram for inducing primary embryos. Mature embryos

with green cotyledons develop after transfer of the primary embryos to

hormone-free medium or to a medium supplemented with low amounts of

cytokinin and/or auxin (Stamp and Henshaw 1982, 1987a). Shoots can be

regenerated from these mature somatic embryos. The somatic cotyledons can

be used as expiants to induce the secondary somatic embryos on auxin-

containing medium either the same as or different from the medium used for the

primary embryo induction (Stamp and Henshaw 1987b; Szabados et al. 1987;

Raemakers etal. 1993b; Mathews etal. 1993; Li etal. 1995, 1998). Continuous

culture of somatic embryos on auxin supplemented medium allows a cyclic

system of somatic embryogenesis. Such cultures can be maintained as a
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continuous explant source for plant regeneration and transformation studies (fig.

1.1).

Many improved methods have been developed to increase the efficiency of

plant regeneration via somatic embryogenesis as the frequency of germination

of mature somatic embryos is low. Matthews et al. (1993) reported that a

protocol using a culture step on hormone-free medium containing 0.5%

activated charcoal followed by desiccation before transfer to hormone-free

medium allowed up to 83% plant regeneration from germinating embryos. The

efficiency of regeneration from somatic embryos could also be considerably

improved by adding silver nitrate, or maltose instead of sucrose, or a

combination of different hormones in the culture medium (Li et al. 1998; Ma

1998).

Friable embryogénie callus and embryogénie suspensions

Organized mature somatic embryos of cassava genotype TMS60444' can

produce friable embryogénie callus (FEC), a kind of less organized embryogénie

tissue, during cyclic embryogenesis on a medium supplemented with GD salts

and vitamins (Gresshoff and Doy 1974) and 10-12 mg/l picloram (GD2) (Taylor

et al. 1996). The FEC can be maintained under a three-week subculture regime

on GD2 medium for more than 2 years. By the combination of picloram with

NAA FECs were also induced from other cultivars (Taylor et al. 1997). FEC can

be used to establish embryogénie suspension cultures (fig. 1.1). Suspension

cultures are initiated by culturing FEC in liquid Schenk and Hildebrandt (1972)

medium with 10-12 mg/l picloram and 60 g/l sucrose. The suspension develops

into mature embryos after transfer to maturation medium and germinates into

plants after desiccation treatment (Raemaker et al. 1996; Taylor 1996). The

disadvantages of this system are the low regeneration capacity of the

embryogénie suspensions and the long span of tissue culture in vitro (20 - 30

weeks) which may cause somaclonal variation (Schökpe et al. 1997a;

Munyikwa et al. 1998).

Protoplasts

Cassava is very recalcitrant to plant regeneration from protoplasts. Plant

regeneration has never been repeated after a report of shoot regeneration from

mesophyll protoplasts (Shahin and Shepard 1980). Tissues that contain

embryogenesis-competent cells, such as apical meristems, immature leaves
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and somatic embryos, have been used to isolate protoplasts. However, the

protoplasts only regenerated into green callus or adventitious roots in the best

case despite more than 50 different medium regimes tested (Sofiari 1996;

Anthony et al. 1995; McDonnell and Gray 1997). Recently protoplasts isolated

from FECs and embryogénie suspensions of cassava genotype TMS60444'

were found to divide and develop readily into callus after culture in a medium

supplemented with 0.5 mg/l NAA and 1 mg/l zeatin (Sofiari et al. 1998). After 2

months of culture about 60% of the callus had a friable embryogénie nature.

This callus could either be cultured for maturation or for further proliferation.

Plants were regenerated after culture of desiccated mature embryos (fig. 1.1).

One disadvantage of this system is the long time span (>20 weeks) from expiant

to suspension culture and to regenerated plantlets which may result in

somaclonal variation and loss of regeneration capacity, the most common

problem associated with suspension cultures. Another limiting factor is the

production of FEC which is strongly genotype-dependent.

1.3.2 Genetic Transformation

Two independent groups simultaneously published their reports on successful

and reproducible genetic engineering of cassava (Li et al. 1996, Schöpke et al.

1996). So far there are only six reports on successful cassava transformation

and regeneration. Table 1.2 lists the different published transformation

procedures used in cassava.

Table 1.2 Published transformation procedures in cassava

Expiant Regeneration
mode

Gene transfer

technique

Plasmid (genes) Selection Transgenic tissues Expression Reference

somatic

embryo

SE electro poration pDE4(U/dA) chimeric transformed

embryos

TGE Luong et al, 1995

somatic

cotyledon

SO Agrobacterium pTOK233 (hpt, u/dAint, nptll),

pBinGuslnt(nptf/, u/dAint)

hygromycin transgenic plants SAP, NAP Lief a/, 1996

suspension SE particle
bombardment

plLTAB313(npW, uidA) paromomycin transgenic plants SAP Schopke etal, 1996

suspension SE particle
bombardment

pJIT100(/(;c, pat), pJIT64(/uc) luciferase transgenic plants SAP Raemakers et al, 1996

suspension SE particle
bombardment

plLTAB28(u/dA)
—

chimeric transformed

suspension cells

TGE Schopke etal, 1997b

suspension SE particle
bombardment

pHB1(/uc, AGPase),
pJIT100(/(;c, pat)

luciferase

and ppt
transgenic plants SAP, NAP Munyikwa etal, 1998

suspension SE Agrobacterium pMOM977(nptll, u/dAint) paromomycin transgenic plants SAP Gonzalez etal, 1998

somatic

cotyledon

SE Agrobacterium pGV1040(nptll, bar, uidA) ppt transgenic plants SAP Samaefa/, 2000

Abbreviations: SE = somatic embryogenesis, SO = shoot organogenesis, TGE = transient gene expression, SAP = Southern analysis positive, NAP = Northern analysis positive,

For gene abbreviations see text
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Meristems

Apical or axillary bud-derived meristems are the natural growth centres of

plants, and thus regeneration from these structures should be less genotype

dependent. Regeneration methods were developed for cassava meristems via

multiple shooting and via somatic embryogenesis (Konan et al. 1997; Puonti-

Kaerlas et al. 1997). Transient and stable expression of GUS and/or luciferase

was demonstrated in meristems, meristem-derived somatic embryos and

multiple shoot clusters after particle bombardment or cocultivation with

Agrobacterium (Puonti-Kaerlas et al. 1997; Konan et al. 1994c). However, the

regeneration of homogenous transgenic plants has never been reported.

Shoot organogenesis

Li et al. (1996) obtained transgenic plants via shoot organogenesis from

somatic cotyledons by using Agrobacterium-med\ated transformation. The

shoots regenerated via organogenesis develop from cells at or close to the cut

edges of the somatic cotyledon expiants, which makes them suitable targets for

Agrobacterium mediated gene transformation. Green somatic cotyledons were

harvested and inoculated with different Agrobacterium tumefaciens strains. The

results of compatibility tests conducted with four different strains carrying an

intron-interrupted uidA gene showed that cassava cotyledon expiants

cocultivated with LBA4404 (pTOK233) and LBA4404 (pBin9Guslnt) gave the

highest transient transformation frequencies. In control experiments 15 mg/l

hygromycin or 20 mg/l geneticin blocked regeneration of adventitious shoots.

Expiants cocultivated with LBA4404 (pTOK233) formed resistant calli and small

shoots after 20 days of culture on shoot organogenesis medium supplemented

with 20 mg/l geneticin or 15 mg/l hygromycin. Pre-induction of the

Agrobacterium with acetosyringone (200 uM) for two hours and extending the

cocultivation time to four days resulted in the highest transient transformation

rates as well as an increased transformation frequency. Other factors, e.g. the

developmental state of cotyledons, were also important for optimal

transformation frequencies. In the GUS assays three out of 27 regenerated

geneticin resistant shoot primordia and six out of 30 hygromycin resistant

shoots gave a positive reaction. Stable transformation was proven in the

hygromycin resistant and GUS positive plants by Southern and northern

analyses. The transformation frequency in this experiment was 0.4%. This
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transformation system is easy to handle and a lot of expiants can be treated

within a reasonable time, which should allow regeneration of several

transformants from each experiment. Also, as the time required for shoot

regeneration is relatively short, the risk of somaclonal variation is less than in

long-term cultures. However, as many escapes were found after selection,

selection system needs further improvement.

Somatic embryos

Up to 1995 the only available de novo regeneration system in cassava was

somatic embryogenesis. Primary and secondary somatic embryos develop from

groups of cells, usually located at or near the vascular tissue. The multicellular

origin of cassava somatic embryos makes them poorly suited for genetic

transformation, and their location under the plant epidermis also limits their

accessibility to Agrobacterium (Raemaker et al. 1995). Somatic embryos

bombarded or electroporated with constructs carrying GUS and/or luciferase

genes only resulted in chimeric transformed embryos (Luong et al. 1995;

Puonti-Kaerlas et al. 1997). Furthermore, the GUS positive tissue disappeared

during the subculture of these embryos for repeated cycles of secondary

somatic embryogenesis (Sofiari 1996). Sarria et al. (1995, 2000) showed that a

wild type strain of Agrobacterium tumefaciens (CIAT1182) was able to transfer

and insert a T-DNA carrying the nptll, bar and uidA genes into cells of the

somatic-embryo-derived cotyledons of 'MPeru183', and transgenic plants were

regenerated through embryogenesis. Basta at the concentration of 8-32 mg/l

was used to select the transformed tissues. However, because the transgenic

plants contain the oncogenes of CIAT1182, they are probably of limited

agricultural value. The long time required for regeneration and very low

efficiency make this method not practicable for routine use.

Friable embryogénie callus (FEC) and embryogénie suspensions

After the development of the FEC and suspension system of the genotype

TMS60444, a reproducible transformation method was established by using

these tissues. In contrast to the organized primary or secondary somatic

embryos, the new embryogénie units in FEC develop from the surface cells of

the globular embryogénie clusters, and appear to be of single cell origin, which

makes them suitable to Agrobacterium-med\ated and biolistic transformation

methods (Taylor et al. 1996). More than 90% of the suspension cells being
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highly embryogénie in nature, a lot of high-quality target tissue for

transformation can be prepared. Schöpke et al. (1996) first reported that

transgenic plants were obtained from microbombarded embryogénie

suspension of TMS60444' using paromomycin for the selection of transformed

tissues. Molecular analysis of paromomycin-resistant embryogénie calli and of

one plant regenerated from these tissues confirmed the stable integration of

bombarded DNA into the cassava genome. The suspension were also

transformed using different selection systems, such as visual selection using

firefly luciferase as a screenable marker gene (Raemaker et al. 1996; Munyikwa

et al. 1998) or a combination of chemical selection and luciferase screening

(Snepvangers et al. 1997).

Agrobacterium-med\ated transformation of embryogénie suspension

cultures was also developed for cassava (Gonzalez et al. 1998). The

Agrobacterium strain ABI containing the binary vector pMON977 carrying the

nptll gene as selectable marker and an-intron-interrupted uidA gene as visible

marker was used in this transformation study. Two transgenic plants were

regenerated from infected suspension cells after inoculation and cocultivation

with Agrobacterium. The method involves a number of different steps, including

the selection of paromomycin-resistant embryogénie tissue, the formation of

somatic embryos and regeneration from these embryos on a medium without

selective agent, which is essential to the regeneration of transgenic plants.

Generally it takes at least 30 weeks to regenerate transgenic shoots. Also, the

efficiency of the method is limited due to a low rate of transformed calli

producing somatic embryos and a low conversion rate of embryos into plants.

Recently, protoplasts isolated from FEC and suspension were brought to

regenerate to plants (Sofiari et al. 1998). This system can be used to produce

new hybrids by protoplast fusion between sexually incompatible species and

may open a new way for combining genetic material in cassava.

Selectable markers in cassava transformation

Transgenic paromomycin resistant cassava plants were produced using the

nptll gene as selectable marker from suspensions after cocultivation with

Agrobacterium or particle bombardment (Schöpke et al. 1996; Gonzalez et al.

1998). Compared with kanamycin and geneticin, only paromomycin was

efficient in killing nontransformed embryogénie cells. However, it still allowed
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around 40% escapes in transformed tissues. The hph gene, conferring

resistance to hygromycin, was reported to be inefficient in killing cassava

suspension cells in the dose response test (Schöpke et al. 1996). Hygromycin

can, however, be used as selective agent in other cassava transformation

systems. By using 15 mg/l hygromycin, transgenic plants could be regenerated

from transformed somatic cotyledon expiants via shoot organogenesis (Li et al.

1996). Escapes at a level of 80% were monitored. More escapes (97.6%) in

cassava transformation were observed by using the bar gene as selectable

marker gene and the herbicide Basta as selective agent (Sarria et al. 2000).

The luciferase reporter gene (lue) isolated from Photinus pyralis was used

to identify and select for transgenic tissues from bombarded suspensions of

cassava (Raemakers et al. 1996). Of the putative transgenic mature embryos

derived from different transformation events, between 3% and 21% were

luciferase-positive. Southern analysis confirmed the integration of transgenes in

the LUC positive plants. Compared with chemical selection by antibiotics or

herbicides, which might be too rigorous leading to the loss of regenerative

capacity of the transformed tissue, LUC-based selection would have no adverse

effect on regeneration. Nevertheless, the LUC-based selection method requires

access to costly equipment including a coupled device camera for detection and

localization of the bioluminescence. The combination of PPT and LUC selection

increased the selection efficiency and improved the regeneration of transgenic

plants (Munyikwa et al. 1998). This method, however, is also time and labour

intensive and costly. It can not be used routinely in every laboratory.

1.4 Potential applications of cassava genetic engineering

Genetic engineering of cassava can complement traditional breeding methods.

Problems that may be efficiently solved by biotechnology include, for example,

pest and disease resistance, improved nutritional quality of cassava roots and

increased yield. With the progress in cassava genetic transformation, new

improved cultivars may be obtained in near future.

1.4.1 Disease resistance

Cassava suffers from a number of diseases throughout the world. A world-wide

survey shows over 30 fungi and bacteria attacking the crop, e.g. Xanthomonas
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campestris pv. manihotis causing bacterial blight (Verdier et al. 1997), the

fungus Colletotrichum gloeosporioides causing anthracnose and Sphaceloma

manihoticola causing superelongation disease. Furthermore, a number of

viruses cause severe problems for cassava cultivation. African cassava mosaic

disease (ACMD), the most important disease of cassava in Africa, can cause

local losses of up to 80%, with losses throughout Africa reaching 36% of total

cassava production (Tresh et al. 1994). Cassava common mosaic virus

(CsCMV), a potex virus (Costa and Kitajima 1972), causes up to 20% yield

losses (CIAT 1991) and is at present the most destructive viral disease of

cassava in Latin America.

African cassava mosaic virus (ACMV): ACMD is caused by whitefly-

transmitted ACMV, a Begomovirus of the family Geminivirdae with a genome

that consists of two covalently closed circular single-stranded DNA (ssDNA)

molecules known as DNA A and DNA B (Stanley 1983; Frischmuth and Stanley

1991). The virion sense strand of DNA A encodes the coat protein gene

(CP/AV1). There are three overlapping genes on the complementary sense

strand. Of these genes, REP/AC1, the replication-associated protein gene, is

required for the replication of both genomic components (Etessami et al. 1991);

TrAP/AC2, is thought to be involved in the frans-activation of sense gene

transcription from both A and B components; and REn/AC3 is responsible for

the virus proliferation rates (Haley et al. 1992; Hong and Stanley 1995). The

DNA B carries two genes (NSP/BV1 in the sense orientation; MPB/BC1 in the

complementary sense strand) required for cell to cell and long distance virus

spread and is probably responsible for the development of disease symptoms

(Von Arnim et al. 1993; Haley et al. 1995; Liu et al. 1997). The vector

transmission and virus spread, as well as systemic infection of susceptible

hosts, need both genomic components (Stanley 1983; Von Arnim et al. 1993;

Haley et al. 1995). ACMV, like other Geminiviruses, does not encode their own

polymerases and, instead, depends on the host enzymes for viral DNA and

RNA synthesis. The virus replicates through a circular double-stranded DNA

intermediate via a rolling-circle mechanism. The promoter activity of ACMV is

auto-regulated by its own gene products (Haley et al. 1992; Hong and Stanley

1995). Different approaches on the genetic engineering of ACMV resistance
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have been tested in the past few years. By using the transgenic model plant

Nicotina benthamiana, variable increase in ACMV resistance could be

observed. Constitutive expression of defective interfering DNA (Stanley and

Townsend 1985; Stanley et al. 1990), of a mutated Rep, movement protein or

coat protein gene (Day et al. 1991; Hong and Stanley 1996; Von Arnim and

Stanley 1992; Duan et al. 1997; Sangaré et al. 1999) and the virus-induced

expression of dianthin (Hong et al. 1996) were tested in stably transformed

plants. Preliminary results using a virus-induced cell death system based on

barnase and its specific inhibitor, barstar, showed that it was possible to reduce

ACMV replication by 37-99% in transgenic tobacco plants (Frey 2000).

Therefore, this strategy perhaps can be used in transgenic cassava to engineer

sustainable resistance to ACMV.

1.4.2 Pest resistance

Cassava is considered more tolerant to pests than most crops because it does

not have critical periods that affect root production (Cock 1978). Nevertheless,

recent research has shown that several pests can reduce yields significantly

when pest populations are high and/or environmental conditions are

unfavourable. In addition, due to its long growing cycle, 8-24 months, cassava

may be subject to repeated and prolonged attacks from various insect pests

(Belloti et al. 1999). There are over 10 major anthropod pests of cassava,

including whiteflies, mites, mealybugs and hornworms, which cause yield and

planting material losses in Africa, Asia and South America (Herren and

Neuenschwander 1991; Belloti etal. 1999).

In Africa classical biological pest control succeeded in controlling green

mite and mealybug, both of which originate from South America (Herren and

Neuenschwander 1991; Neuenschwander 1994). Typhlodromalus aripo, a

Brazilian phytoseiid predator of mite, released in Africa reduces cassava green

mite population by 35-60% and increases fresh root yields by 30-70% on farm

field trails (Belloti et al. 1999). However, classical biological control in most

cases has only limited success. Comprehensive understanding of the

biodiversity in cassava cropping systems is needed to improve the efficiency of

such experiments. In many areas of Latin America and Africa the efforts for

cassava pest control are limited by farmers' inability to invest in inputs and by
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weak national agricultural research and extension agencies (Belloti et al. 1999).

The repeated or continued use of pesticides in prevention of pest attacks is

neither economically nor environmentally sustainable for cassava farmers

(Bellottiefa/. 1994).

Transgenic plants expressing the cry genes, which encode insect specific

5-endotoxins (Bt toxins) (Schnepf et al. 1998), are able to protect themselves

against insect pests. Since 1996, varieties of potato, cotton and corn containing

modified cry genes were commercially grown and proved to be highly effective

and economical in controlling major pests (Peferoen 1997; De Maagd 1999). Bt

spraying are an efficient method in biological control of cassava hornworm

(Bellotti and Arias 1979), and the spraying of Bt toxins has been recommended

as a biological control method for other cassava insects (Anon 1978).

Expression of the cry genes in transgenic cassava would complement the

available methods for pest control in an environmentally and economically

sustainable way. Several groups are currently working on this area.

1.4.3. Quality and yield

The starchy roots of cassava produce more calories per unit of land than any

other staple crop in the world. One of the major factors that determine the

nutritional value of cassava roots is the content and the amino acid composition

of the storage proteins. Unfortunately, the cassava storage roots only contain

1% to 2% crude protein (dry weight) and have low levels of most essential

amino acids. Methionine, tryptophan and cysteine are limiting amino acids in

the roots (Maini 1978). In the tropics and subtropics, vegetarian populations

which strongly depend on cassava root intake may suffer from qualitative

malnutrition unless they can supplement their diet with other food sources

containing enough essential amino acids. As a result, the physical and mental

development of children can be irreversibly retarded. There has been much

interest in improving the protein content of cassava roots (Bolhuis 1953; Nassar

1986), but, so far traditional breeding has not been able to improve the protein

content of cassava roots.

The recent development of cassava transformation methods will allow in

the near future the addition of agriculturally valuable traits for improved root

quality. A number of storage proteins of seed and root crops, such as Brazil nut
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2S albumin protein (Youle and Huang 1981), maize zeins (Shewry and Tatham

1999) and HMW subunits of wheat (Shewry et al. 1989), may contain high

contents of certain amino acids. For example, Brazil nut 2S albumin is rich in

sulphur-containing amino acids (Met 17.3 mol %, Cys 13.1 mol %) and wheat

HMW 1Dx5 contains 36.2 mol % Gin, 20 mol % Gly and 13.2 mol % Pro

(Shewry and Casey 1999). Plants transformed with a storage protein gene, e.g.

5-zein, Brazil nut 2S albumin or wheat HMW subunits, could result in improved

protein content in transgenic plants and thus could increase their nutritive value

(Tu et al. 1998; Coleman et al. 1996; Blechl and Anderson 1996; Bagga et al.

1997). Improvement of protein content of cassava storage roots may also be

achieved via genetic transformation.

On the other hand, cassava leaves contain valuable high quality protein up

to ten times the amount of protein in the storage roots and provide a reliable low

cost source of vitamins, minerals and protein (Eggum 1970; Balagopalan et al.

1988). It is possible to obtain from cassava leaves more than 6 tons of crude

protein per hectare. However, excessive leaf harvesting reduces storage root

production, and therefore leaves can only be harvested every 2-3 months in

order to minimize losses in root yield (Bokanga 1994). In the semiarid regions,

drought or other unfavorable climate conditions can accelerate the leaf

senescence, which leads to considerable decrease in root quality and yield (El

Sharkawy et al. 1992; Osiru etal. 1994).

Prolonging the longevity of leaves could improve the root yield and quality

as well as permit more frequent foliage harvesting. Leaf life could be prolonged

in transgenic tobacco plants carrying the ipt gene encoding cytokinin under the

control of a senescence-regulated promoter (SAG12) from Arabidopsis thaliana

(Gan and Amasino 1995). A similar approach could be exploited in cassava for

prolonged leaf life.

Cassava roots store starch at 74-85% of their dry weight and 20-30% of

their fresh weight (Rickard et al. 1991). The starch consists of two different

polysaccharides: amylose and amylopectin. Modification of starch composition

would increase the industrial value of cassava root for special uses such as

amylose-free starch and roots with increased levels of sugar (Munyikwa et al.

1997). The two key enzymes for starch biosynthesis are granule bound starch

synthase (GBSS), and branching enzyme (BE). Starch synthase produces the

Introduction 21



linear chains of a(1-4)-glucose by using ADP-glucose and branching enzyme

synthesizes the a-1,6 cross-links of amylopectin. The content and composition

of cassava starch can be altered by downregulating or upregulating the

corresponding enzymes in the pathway of starch biosynthesis. Expression of

the antisense AGPase B gene in transgenic cassava plants resulted in reduced

levels of starch (Munyikwa et al. 1998). The BE and two isoforms of the GBSS

genes, which control the amylose/ amylopectin ratio in starch, have been cloned

as cDNAs from cassava root libraries (Salehuzzaman et al. 1994; Munyikwa et

al. 1998). Novel modified cassava starches could possibly be created by

expressing these genes in transgenic cassava plants.

1.5 Aim of this thesis

The great potential of genetic engineering holds a great promise to cassava

breeding. Until recently, cassava was considered as a recalcitrant species to

genetic engineering, and so far there are only few reports of successful

production of transgenic cassava plants. The aim of this thesis was to develop

efficient cassava transformation methods for routine utilization and to improve

the agronomic value of cassava by introducing new traits.

To develop an efficient transformation system, we first aimed at improving

the efficiency of shoot organogenesis from somatic cotyledons. Because the

method of shoot organogenesis from somatic cotyledons is rapid, less

genotype-dependent and compatible to /Agrobacter/t/m-mediated gene transfer,

improvement of the frequency of shoot organogenesis will benefit cassava

genetic transformation. The effect of silver nitrate, which has been shown to

enhance plant regeneration in vitro in many plant species, was investigated on

shoot organogenesis from somatic cotyledons in four cultivars.

To develop a novel transformation system, which is more genotype-

independent and efficient and which can offer an alternative method for

producing transgenic cassava plants, we aimed at the development of a method

based on biolistics and plant regeneration via shoot organogenesis from

somatic cotyledons.

The selection systems based on antibiotics or herbicides cause much

public concern because of inadequate knowledge of the agents' impact on the

environment and on human health. As an alternative to antibiotic or herbicide
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selection, a positive selection system based on the phosphomannose

isomerase (PMI) gene as the selectable marker gene and mannose as selection

agent was tested in cassava.

After developing improved transformation protocols, we then aimed at

more advanced studies in cassava biotechnology. In order to improve the

protein content as well as the balanced essential amino acids of cassava roots,

a synthetic storage protein gene aspl coding for a 11.2 KD protein rich in

essential amino acids (80%) was transferred to and expressed in cassava.
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2 Results

2.1 Improvement of cassava shoot organogenesis by the

use of silver nitrate in vitro

(Manuscript, submitted to Plant, Cell, Tissue and Organ Culture)
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Abstract

To improve the regeneration efficiency of cassava (Manihot esculenta Crantz) in

vitro, the effect of AgNÛ3 on shoot organogenesis from somatic cotyledons was

assessed. Adding AgNÛ3 to the regeneration medium improved the

regeneration rate and reduced callus formation in all tested cultivars. Both the

extent of the response to and the optimum concentration of AgNÛ3 were

cultivar-dependent. In the model cultivar MCol22, the use of AgNÛ3 at

concentrations between 4 mg I"1 and 12 mg I"1 increased shoot organogenesis

frequency and the number of shoot primordia per expiant, the maximum effect

being observed on a medium containing 12 mg I"1 AgNÛ3. At this concentration,

the frequency of shoot organogenesis was enhanced from 60% to 90% while

callus formation decreased from 100% to 5%. The highest shoot organogenesis

rates were obtained by supplementing the medium with 2 mg I"1 and 1 mg I"1

AgNÛ3 in KU50 and Hanatee, respectively, while cultivar T5 showed an

optimum response at 4 mg I"1. The shoots regenerated from expiants cultured

on a medium containing AgNÛ3 were more elongated than those cultured on a

medium without AgNÛ3. The application of AgNÛ3 did not change the dose

response of shoot organogenesis for the selective agents hygromycin and

mannose.
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Abbreviations: BA - 6-benzylaminopurine; CBM - cassava basic medium; CEM - cassava

elongation medium; CMM - cassava embryo maturation medium; COM - cassava shoot

organogenesis medium; IBA- indole-3-butyric acid

Introduction

Cassava (Manihot esculenta Crantz) is a perennial tropical root crop used as a

staple by more than 500 million people world-wide (for a review see Puonti-

Kaerlas 1998). Genetic engineering of cassava has high potential as an efficient

complement to traditional breeding in improving agriculturally valuable traits

such as pest and virus resistance or improved root quality. However, the

transformation efficacy of cassava, like all other crops, depends on plant

regeneration efficiency. Shoot organogenesis from somatic cotyledons of

cassava is a rapid regeneration system minimising somaclonal variation (Li et

al. 1998) that has already been demonstrated to be compatible with genetic

transformation using particle bombardment (Zhang et al. 2000) and

/Agrobacter/t/m-mediated transformation (Li et al. 1996, Puonti-Kaerlas et al.

1997). The regeneration efficiency is nonetheless genotype-dependent, varying

between 5% and 70% (Puonti-Kaerlas, unpublished), which may constrain the

use of genetic engineering in cultivars with low regeneration capacity.

Silver nitrate has been shown to be effective in improving somatic

embryogenesis and plant regeneration in a number of crop species including

Brassica spp. (Palmer 1992, Zhang and Ling 1995,1996, Eapen and George

1997, Kuvshinov et al. 1999), maize (Vain et al. 1989a,b, Carvalho et al. 1997),

muskmelon (Yadav et al. 1996), cucumber (Roustan et al. 1992, Mohiuddin et

al. 1997), cowpea (Brar et al. 1999), peanut (Pestana et al. 1999), wheat

(Lashermes 1992), rice (Lentini et al. 1995) and barley (Castillo et al. 1998). As

Ag+ can prevent a wide variety of ethylene-induced plant responses including

growth inhibition and senescence, the effect is assumed to be mediated via the

inhibition of the physiological action of ethylene (Beyer et al. 1984), a potential

inhibitor of many plant regeneration systems (Vain et al. 1989a, Chraibi et al.

1991, Kong and Yeung 1994). In this paper we present the results of the first

study on the effect of AgNÛ3 on cassava shoot organogenesis from somatic

cotyledons, which allow the improvement of in vitro regeneration rates of
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cassava without interfering with the efficiency of selectable markers required for

selection of transgenic plants.

Materials and methods

Somatic embryogenesis

One Colombian (MCol22) and three Thai cultivars (T5, KU50 and Hanatee)

were used in this study. The plants were maintained as shoot cultures on CBM

(MS salts and vitamins [Murashige and Skoog 1962] supplemented with 2%

sucrose and 2 uM CuS04, solidified with 0.6% agar, pH 5.8) at 26°C with 16 h

photoperiod (fluorescent tubes, 200 uM m"2s"1) and subcultured at four week

intervals. Apical shoot meristems and 2-5 mm long immature leaf lobes were

isolated from shoot cultures and cultured on CIM medium (CBM supplemented

with 12 mg I"1 picloram) at 26°C in the dark. After 2 weeks, the developing

embryos were transferred to fresh CIM medium to initiate cycling secondary

embryo cultures. After 2-3 cycles, the somatic embryos were harvested and

cultured onto CMM medium (CBM with 0.1 mg I"1 BA) at 26°C with a 16 h

photoperiod (90-110 uM m"2s"1 ) for production of maturing somatic embryos.

Shoot organogenesis

Green cotyledons were collected from somatic embryos cultured on maturation

medium for 10-15 days, cut to 5 mm2 pieces and transferred to COM medium

(CBM with 1 mg I"1 BA and 0.5 mg I"1 IBA) for shoot organogenesis at 26°C in

the dark. Shoot primordia developing on the expiants were transferred to CEM

(CBM supplemented with 0.4 mg I"1 BA) for shoot prolongation.

Silver nitrate test

COM medium supplemented with AgNÛ3 was used for assessing the effect of

silver nitrate. An 8 mg ml"1 stock solution of AgNÛ3 (Merck, Darmstadt) was

filter sterilised, stored at 4°C and added into the autoclaved medium. The effect

of various silver nitrate concentrations (0, 1, 2, 4, 8 and 12 mg I"1) on callus

formation and on shoot regeneration ability of cotyledon expiants was tested.

Fifty expiants per cultivar were cultured per treatment. Each experiment had 3

replicas and was repeated 3 times. After 3 weeks, the status of shoot
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organogenesis and callus formation were recorded. Three different degrees of

organogenesis and callus formation were used to evaluate the response of the

cotyledon expiants to silver nitrate. Organogenesis degree 1 (OD1) indicates

less than five shoot primordia per expiant, organogenesis degree 2 (OD2)

between five and ten shoot primordia per expiant and organogenesis degree 3

(OD3) more than ten shoot primordia per expiant. In the evaluation of callus

development, callus degree 1 (CD1) indicates callus size less than 0.25 cm in

diameter, callus degree 2 (CD2) callus size between 0.25 cm and 0.5 cm in

diameter and callus degree 3 (CD3) indicates the size of calli larger than 0.5 cm

in diameter.

Plant regeneration

The developing shoot primordia and regenerating shoots were detached from

the expiants and transferred to CEM medium for shoot elongation. In one

experiment the effect of AgNÛ3 on the competence of shoot primordia to

produce elongating shoots was evaluated. Twenty clusters of shoot primordia

per treatment were transferred to CEM for elongation. After 4 weeks, the

number of elongated shoots was recorded. The shoots were transferred to CBM

for rooting and further growth.

Effect of silver nitrate on selection agents

In order to test whether AgNÛ3 influences the efficiency of hygromycin and

mannose used for selection of transgenic cassava shoots, cotyledon expiants

were cultured on COM supplemented with 8 mg I"1 AgNÛ3 and either with 20

mg I"1 hygromycin or 20 g I"1 mannose. Fifty expiants of MCol22 were used in

each treatment with 3 replicas. After 4 weeks, the number of developing shoots

was recorded. For statistical significance, the data were analysed by LSD test at

5% level.

Results

Differences were observed between the four cultivars in their competence for

organogenesis under standard conditions (Table 1). MCol22 had the highest

organogenesis frequency (63%), while in T5 only 25% of the expiants were able

to produce shoot primordia. The organogenesis frequency of KU50 and
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Hanatee was about 50%. In most of the expiants organogenesis degree one

(less than five shoot primordia per expiant) was dominant. At the same time,

large amounts of non-morphogenic callus were produced from the cut edges of

the expiants (Figure 1).

Enhancement of organogenesis frequency

After 4 weeks' culture on COM supplemented with different concentrations of

AgNÛ3, different responses could be observed among the tested cultivars both

in shoot organogenesis frequencies and the numbers of developing shoot

primordia per expiant (Table 1). In MCol22, the frequency of shoot

organogenesis and organogenesis degree increased with increasing AgNÛ3

concentrations up to 12 mg I"1. On a medium containing 12 mg I"1 AgNÛ3, 89%

of the expiants produced shoot primordia, and 30% of these had more than ten

shoot primordia per expiant (organogenesis degree 3), whereas in the controls

the organogenesis frequency was 63% and only 0.7% of the expiants showed

organogenesis degree 3. In KU50 and Hanatee, the highest increase in

organogenesis rate could be obtained by supplementing the medium with

2 mg I"1 and 1 mg I"1 AgNÛ3 respectively, while in T5 the best response was

observed using 4 mg I"1 AgNÛ3 in the medium. Concentrations higher than

8 mg I"1 had a slightly inhibitory effect on shoot organogenesis of the Thai

cultivars.

Inhibition of callus formation

On COM, 100% of the somatic cotyledon expiants of MCol22, KU50 and T5

formed callus, more than 70% of which was degree 3 (callus size larger than 0.5

cm in diameter) (Table 2). In Hanatee 89% of the expiants produced callus, and

73% of this was degree 3. In all cultivars increasing concentrations of AgNÛ3

reduced callus formation, both in terms of callus frequency and of callus degree.

In MCol22, callus frequency was decreased from 100% (control) to 5% (12 mg I"

1
AgNOs) and the frequency of callus degree 3 was reduced from 98% to 0%

(Figure 1). In Hanatee, callus formation was reduced to 25% by 4 mg I"1 and

totally inhibited by 8 mg I"1 AgNÛ3, while in KU50 and in T5 the effect was less

pronounced, but still significantly different from the controls.
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Improvement of shoot elongation

Shoot primordia of MCol22 induced on COM with or without 4 mg I"1 AgNÛ3

were transferred individually onto CEM to test the effect of silver nitrate on shoot

elongation. In all the tested cultivars, shoot primordia induced on COM with

AgNÛ3 produced more elongating shoots than those induced on a medium

without AgN03 (Table 3).

Effect of silver nitrate on the dose response to selective agents

Hygromycin and mannose, used for production of transgenic cassava were

tested for their efficacy in inhibiting shoot organogenesis of MCol22 cotyledon

expiants cultured on COM supplemented with AgNÛ3. Addition of 8 mg I"1 silver

nitrate did not affect the sensitivity of shoot primordia regeneration to

hygromycin or mannose (Table 4).

Discussion

Many reports have demonstrated the positive effect of AgNÛ3 on plant tissue

culture, although in some plants and tissue types no positive or even an

inhibitory effect has been reported (Puonti-Kaerlas 1991, Palmer 1992, Kumar

et al. 1996, Jun et al. 1997, Teo et al. 1997, El Meskaoui and Tremblay 1999).

In the case of cassava, the capacity of shoot organogenesis could be improved

by supplementing the medium with AgNÛ3. The optimum concentration of

AgNÛ3 was found to differ between the different cultivars. In MCol22, using 4-12

mg I"1 AgNÛ3 increased the frequency of shoot organogenesis from 63%

(control) to over 80%. At the same time, the number of regenerated shoots per

expiant increased as well, with concomitant inhibition of callus growth. The

optimum AgNÛ3 concentrations for shoot regeneration in the other cultivars

were lower than in MCol22; 2 mg I"1 in KU50, 1 mg I"1 in Hanatee and 4 mg I"1 in

T5. Hence, different cassava cultivars appear to have quantitatively different

responses to AgNÛ3 and the optimal concentration needs be determined

separately for each cultivar. The genotype and the developmental stage of

expiants have been shown to affect the response of other plant species to silver

nitrate as well (Palmer et al. 1992, Evans and Batty 1994, Hyde and Phillips

1996, Mohiuddin et al. 1997, Santos et al. 1997). Of the cassava lines tested in

this study, MCol22 appears to have a broader optimum for AgNÛ3 than the Thai
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cultivars In addition, in contrast to MCol22, the most efficient concentrations for

improving shoot regeneration in the Thai cultivars are lower than those required

for maximal suppression of callus growth The highest number of responding

expiants, however, was obtained in all cultivars at the same concentration as

the highest number of developing shoot primordia

Histological studies in Brassica parachinensis showed that AgNÛ3

influenced the mode of plant regeneration, allowing direct shoot primordia

development without an intermediate callus phase (Zhang and Ling 1995,1996)

Also in Albizia procera the use of silver nitrate has been reported to promote

callus-free shoot regeneration (Kumar et al 1998) In our experiments with

cassava, supplementing COM with AgNÛ3 altered the regeneration mode from

organogenesis involving a callus phase to that without an intervening callus

phase (Figure 1) Callus formation is often considered to inhibit plant

regeneration and in cassava plant regeneration from callus has never been

possible, neither via organogenesis nor via embryogenesis We assume

therefore that the increased capacity of shoot organogenesis is at least partially

related to the inhibition of callus formation The correlation between

organogenesis frequency and callus frequency in MCol22 is -0 82, indicating

that organogenesis and callus formation are indeed inversely correlated

The elongation of shoots was more efficient from primordia induced on a

regeneration medium containing AgNÛ3 than from those cultured on a medium

without AgNÛ3 (Table 3) Thus, the use of AgNÛ3 during shoot primordia

induction has a positive effect on later plant development at shoot elongation

step as well Silver nitrate has been shown in Brassica rapa to improve the

frequency of shoot organogenesis from seedling explants pre-treated with

AgNÛ3 during seed germination (Burneet et al 1994) In some cases, the use of

AgNÛ3 has reduced or inhibited rooting of the regenerated shoots (Castillo et al

1998, Madsen et al 1998) but in cassava no adverse effects on rooting ability

could be observed

The mode of action of AgNÛ3 in plant tissue culture is assumed to be

associated with the physiological effects of ethylene, silver ions acting as a

competitive inhibitor of ethylene action rather than inhibiting ethylene synthesis

per se Ethylene production may in fact increase in plant cultures treated with

silver nitrate (Pua et al 1993, 1999, Lee et al 1997, Zhang et al 1998) Until
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now, the mechanism of ethylene action on plant tissue culture has not been

elucidated. While ethylene may act as an inhibitor in some plant regeneration

systems (Vain et al. 1989b, Chraibi et al. 1991, Kong and Yeung 1994), it may

on the other hand function as stimulator in others (Hatanaka et al. 1995, Nissen

1994). Biochemical studies suggested that a transition metal is involved in

binding of ethylene to receptors, since addition of CUSO4 to membranes

isolated from ETR1-expressing yeast resulted in up to a 20-fold increase in

ethylene binding (Bleecker 1997). Very interestingly and oddly, Ag+ also

increased receptor affinity for ethylene in the yeast system, suggesting that

silver ions act by interfering with intramolecular signal transduction rather than

by ligand binding (Bleecker 1997). Other studies showed that silver ions may

interact with polyamines, which have been shown to promote organogenesis

and embryogenesis (Feirer et al. 1984, Meijer and Simmonds 1988, Pua et al.

1999) since ethylene and polyamines compete for the same precursor, SAM (S-

adenosyl methionine). Few studies have addressed the interaction between

silver ions, ethylene and polyamines (Pua et al. 1999), and so far the nature of

these interactions is not known.

The enhancement of in vitro shoot organogenesis by AgNÛ3 should not

interfere with transformation or selection efficiencies, so as not to prevent the

use of AgNÛ3 in transgenic plant production. Our results show that silver nitrate

did not influence the dose response of cassava tissues to the selective agents

hygromycin and mannose. Shoot organogenesis is inhibited by 20 mg I"1

hygromycin or 20 g I"1 mannose both in the presence and absence of AgNÛ3.

The addition of AgNÛ3 in shoot regeneration medium has been shown to be

essential for regeneration of transformed tissues in Brassica napus and

Brassica oleracea (DeBlock et al. 1989), Brassica campestris (Mukhopasdhyay

et al. 1992, Kuvshinov et al. 1999) and Brassica rapa (Radke et al.1992). The

present study shows that it is also possible to improve the frequencies of shoot

organogenesis in cassava by supplementing the regeneration medium with

AgNÛ3. This should allow higher transformation frequencies and more efficient

regeneration of transgenic cassava plants in the future.
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Table 1. The effect of silver nitrate on the frequency of shoot organogenesis

(SO). The numbers indicate the mean number of responding expiants (SO) as

percent of all expiants, and the distribution of the response between different

organogenesis degrees (OD1, OD2 and OD3). Letters a-d indicate significant

differences (p =0.05) within each row.

Cultivars Concentration of AgNC)3 (mg I"1)

0 1 2 4 8 12

MCol22 SO 63.3±5.0D 63.3±8.1b 66.0±4.0b 80.7±5.0a 85.3±4.2a 88.7±4.2a

OD1 42.7±2.3a 30.7±6.1bc 20.7±5.0d 23.3±5.0cd 36.7±4.2ab 34.7±7.0ab

OD2 20.0±3.5b 21.3±6.1b 24.7±5.0ab 32.7±3.1a 26.7±5.8ab 24.0±6.0ab

OD3 0.70±1.2d 11.3±4.2C 20.7±3.1b 24.7±6.1ab 22.0±2.0b 30.0±7.2a

KU50 SO 47.3±14.2d 72.7±3.1bc 87.3±3.1a 80.7±4.2ab 62.7±6.1c 49.3±5.0d

OD1 28.7±4.2a 25.0±6.1a 24.0±4.0a 21.±4.2a 26.7±5.0a 20.7±3.1a

OD2 14.7±6.1c 28.0±4.0ab 34.0±3.5a 32.0±3.5a 21.3±6.1bc 18.0±6.0C

OD3 4.0±4.0C 19.3±5.0ab 26.0±5.3a 27.3±7.0a 14.7±7.0b 10.7±2.3bc

Hanatee SO 50.0±5.3C 67.3±4.2a 60.7±3.0ab 52.0±8.0bc 43.3±5.0C 43.3±4.2C

OD1 36.0±5.3ab 37.3±4.2a 26.7±3.1c 30.0±3.5bc 25.3±4.2cd 19.3±3.1d

OD2 8.0±2.0C 17.3±1.2a 19.3±2.3a 10.7±3.1bc 10.0±2.0bc 13.3±2.3b

OD3 6.0±2.0C 12.7±2.3ab 14.7±2.3a 11.3±3.1ab 8.0±3.5bc 10.7±3.1abc

T5 SO 25.3±6.4C 32.0±8.0bc 32.7±4.2bc 47.3±5.0a 40.7±7.0ab 38.0±3.5ab

OD1 19.3±2.3b 24.7±5.0ab 25.3±2.3ab 28.7±3.1a 26.0±5.3a 23.3±3.1ab

OD2 6.0±5.3b 7.3±3.1ab 8.7±1.2ab 12.0±2.0a 12.0±2.1a 12.0±4.0a

OD3 0b 0b 2.0±2.0b 6.7±1.2a 2.7±1.1b 2.7±3.0b
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Table 2. The effect of silver nitrate on the frequency of callus formation (CF)

and the callus degrees (CD1, CD2 and CD3). Letters a-e indicate significant

differences (p =0.05) within each row.

Cultivars
T\

Concentration of AgN03 (mg I )

0 1 2 4 8 12

MCol22 CF 100a 92.0±4.0a 24.0±8.0b 20.7±6.1b 16.0±4.0b 4.7±2.3C

CD1 0C 26.6±4.2a 12.0±8.0b 13.3±3.1b 12.7±1.2b 4.0±2.0C

CD2 2.0±3.5cd 36.7±5.0a 10.0±2.0b 7.3±4.2bc 3.3±4.2cd 0.7±1.1d

CD3 98.0±3.5a 28.7±3.1b 2.0±2.0C 0C 0C 0C

KU50 CF 100a 98.7±2.3a 78.7±4.2b 56.0±7.2C 31.3±10.1d 32.0±15.6d

CD1 4.0±2.0C 11.3±3.0b 16.6±3.1b 24.0±4.0a 15.3±3.1b 14.7±4.2b

CD2 7.3±1.2b 14.0±7.2ab 17.3±2.3ab 19.3±3.1a 10.0±2.0ab 17.3±12.9ab

CD3 88.7±3.1a 73.3±6.1b 44.7±7.0C 12.7±7.0d 6.0±6.0de 0e

Hanatee CF 89.3±6.1a 62.0±5.3b 40.7±5.0C 25.3±3.1d 0e 0e

CD1 5.3±2.3C 34.0±3.5a 32.0±2.0a 20.0±2.0b 0d 0d

CD2 11.3±2.3b 20.0±4.0a 7.3±2.3C 4.7±1.2C 0d 0d

CD3 72.7±10.1a 8.0±2.0b 1.3±1.2bc 0.7±1.1bc 0C 0C

T5 CF 100a 100a 100a 91.3±3.0b 90.7±4.2b 89.3±5.0b

CD1 4.0±4.0d 18.0±5.3C 38.0±6.0b 37.3±2.3b 43.3±5.0ab 47.3±4.2a

CD2 26.7±6.1b 38.7±10.1a 38.0±5.3a 30.0±7.2a 28.0±3.5a 29.3±3.1a

CD3 69.3±4.6a 42.0±8.7b 24.0±4.0C 24±5.3C 19.3±4.2cd 12.7±3.0d
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Table 3. The frequency of shoot elongation from four cassava cultivars on CEM

from shoot primordia induced either on COM or AgCOM (COM with 4 mg I"1

silver nitrate).

Cultivar Medium used for No. of shoot No. of elongating Shoot elongation

shoot primordia primordia shoots frequency (%)

induction clusters

MCol22 COM 20 8 40

AgCOM 20 12 60

T5 COM 20 4 20

AgCOM 20 5 25

KU50 COM 20 8 40

AgCOM 20 11 55

Hanatee COM 20 3 15

AgCOM 20 9 45

Table 4. The influence of silver nitrate (Ag) on inhibition shoot primordia

development by hygromycin (Hm) and mannose (Man) in MCol22. Letters a-b

indicate significant differences (p =0.05).

Type of medium Shoot organogenesis frequency (%)

COM

COM+Hm

AgCOM+Hm

COM+Man

AgCOM+Man

63.0±4.0d

0.7±1.2b

1.3±1.2b

2.5±2.3b

1.0±1.7D
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Figure 1. The effect of silver nitrate on shoot organogenesis and callus

formation in MCol22, left: without silver nitrate, right: with 4 mg I"1 silver nitrate
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2.2 Production of stably transformed cassava plants

via particle bombardment

(Plant Cell Reports (2000) 19: 939-945)
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Abstract A novel protocol, based on biohstics and

regeneration via organogenesis, was developed for

genetic transformation of cassava (Manihot esculenta

Crantz) The in vitro performance of cassava cultivars

CMC40, MPerl83 and MCol22 was evaluated, and the

regeneration protocol was modified to improve shoot

production from expiants for transformation experi¬

ments Somatic cotyledons were used as a target tissue

in the transformation experiments using the Particle

Inflow Gun and a plasmid containing the uidA gene in

transient assays The effect of different parameters for

particle bombardment efficiency, including the amount

of DNA used, the flying distance of the projectiles and

the pre- and post-plasmolysis time of the target tissue,

was evaluated and the conditions were partially optim¬
ised Stably transformed cassava plants of cvs MCol22

and TMS60444 were produced using the partially
optimised conditions and two different vector

constructs carrying the hpt gene as the selectable

marker The selection protocol was optimised further,
and a rooting test was developed for screening the

régénérants for antibiotic resistance to reduce the

number of escapes obtained after primary selection

The production of stably transformed cassava lines and

the expression of the transgenes was verified by
Southern blot analysis and RT-PCR
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Transformation • Biohstics • Organogenesis •

Rooting test
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Abbreviations BA 6-Benzylammopunne • CBM

Cassava basic medium • CIM Embryo induction

medium • CMM Maturation medium • COM

Organogenesis medium • CTM Transformation

medium • CSM Selection medium • CEM

Elongation medium • CRM Rooting medium • IBA

Indole-3-butync acid • NAA cc-Naphthalene acetic

acid • 2,4-D Dichlorophenoxyacetic acid • GUS

^-Glucuronidase • hpt Hygromycin
phosphotransferase gene

Introduction

Cassava (Manihot esculenta Crantz) is cultivated for its

starchy tuberous roots and consumed daily by over 500

million people throughout the tropics (for a review see

Puonti-Kaerlas 1998) Traditional breeding in cassava is

constrained by irregular flowering as well as by the low

seed set and germination rates of the highly heterozy¬
gous plants Genetic engineering of cassava can

complement traditional breeding m engineering agri¬

culturally valuable traits such as pest and virus resist¬

ance and improved root quality Until recently, cassava

was considered to be a recalcitrant species for genetic

engineering, and so far there are only few reports on

the successful production of transgenic cassava plants
(Li et al 1996, Raemakers et al 1996, Schopke et al

1996, Gonzalez et al 1998)
Methods used to introduce DNA into plant species

include transformation using Agrobacterium and direct

gene transfer methods such as protoplast transforma¬

tion, electroporation, microinjection and microprojec-

tile bombardment The problems with transformation

methods based on protoplast or suspension cultures are

the loss of the embryogénie capacity during long-time
culture (Jahne et al 1991) and the increased possibility
of somaclonal variation These limitations can be over¬

come by targeting primary expiants which can be easily
obtained and manipulated in vitro and which can be

induced to regenerate plants m a short time Organo-



940

genesis (Li et al. 1998) is a rapid regeneration route

which allows the efficient regeneration of cassava

shoots from somatic cotyledons. We have already
demonstrated the usefulness of this regeneration
system for genetic transformation in cassava using
Agrobacterium-mediated transformation (Li et al.

1996). Microprojectile bombardment has several

advantages over other transformation methods; among

others, it eliminates the host range specificity problems
sometimes found when using Agrobacterium for trans¬

formation. The biolistic transformation method also

allows DNA transfer into intact tissues with relatively
high efficiency. A number of factors influence the

transformation and regeneration of transgenic plants
from bombarded tissues (Birch and Frank 1991). One

critical point in the transformation via particle
bombardment is the transfer of DNA into many regen¬

eration-competent cells without excessive damage to

the tissue, which would reduce the capacity for direct

morphogenesis. In this paper we report the develop¬
ment and partial optimisation of a novel protocol for

genetic transformation of cassava based on the particle
bombardment of green cotyledons from germinating
somatic embryos.

Materials and methods

Plant material

Cassava cvs CMC40, MCol22, MPerl83 and TMS60444 were

maintained as shoot cultures on CBM [MS medium (Murashige
and Skoog 1962) supplemented with 2% sucrose and 2 jxM
CuS04, solidified with 0 6% agar, pH5 8] at 25 °C under an 18-h

photoperiod (90 jxmol m
2
s 1, TRUE-LITE") and subcultured at

4-week intervals Apical meristems, shoot tips and 1 to 6-mm-long
immature leaf lobes isolated from the shoot tips were transferred

for the induction of somatic embryos to CIM1 or CIM2 (CBM
supplemented with 12 mg/l picloram or 12 mg/l 2,4-D, respec¬

tively) at 25 °C in the dark In order to maintain the vigorous

growth of somatic embryos with minimal callus development, we
transferred the cultures onto fresh CIM every second week After

two to three cycles, the somatic embryos were harvested and

transferred to CMM (CBM with 0 1 mg/l BA) at 25 °C under an

18-h photoperiod to induce embryo maturation and the produc¬
tion of somatic cotyledons The cotyledons were collected, cut

into 0 5-cm2 pieces and transferred to COM (CBM with 1 mg/l
BA and 0 5 mg/l IBA) at 25 °C in the dark for 2-3 weeks Shoot

primordia emerging from the expiants were transferred to CBM

or to CRM (CBM with 0 01 mg/l NAA) at 25 °C under an 18-h

photoperiod

Plasmids

The plasmid pSH9GUSint (Holtorf et al 1995) was used to study
transient expression of the uidA reporter gene in somatic cassava

cotyledons in order to optimise particle bombardment parame¬
ters Plasmids carrying the uidA gene and either the truncated

version of the hpt gene (pTZR5, Bilang et al 1991) or the mtron-

mterrupted hpt gene (pHMG, Wang et al 1997, Puonti-Kaerlas et

al unpublished), all fused to the 35S promoter, were used in

stable transformation experiments The plasrmds were isolated

from E coli strains DFL)» and XLl-blue using Qiagen Maxi

kits

Particle bombardment and selection of stably transformed

colonies

A set of bombardment parameters was evaluated in a single or

multifactorial way in transient transformation experiments using
the Particle Inflow Gun (Finer et al 1992) The effects of

different bombardment distances (12 5-17 5 cm), the amount of

DNA used per bombardment (0 5-1 5 jxg) and various pre- and

post-plasmolysis times (0-20 h) on CTM (CBM with 12% instead

of 2% sucrose) were evaluated using as standard conditions the

amount of particles per bombardment (0 0625 mg), the bombard¬

ment pressure (5 bar) and a 500-fxm baffle mesh (10 cm from the

target) Gold particles (gold powder, spherical, 15-3 0 (xm,

Aldnch) autoclaved in glycerol were coated with plasmid DNA

according to Finer et al (1992) with modifications as follows For

the first set of stable transformation experiments, 5 jxg of super-
coiled plasmid DNA in 5 (xl of sterile double distilled water, 5 (xl
of gold particles (50 mg/ml), 25 |xl of 2 5 M CaCl2 and 10 |xl of

100 vaM spermidine were mixed and incubated at 4 °C for 10 mm

The supernatant was removed, and the particle pellet was rinsed

twice in absolute ethanol, air-dried and resuspended in 20 jxl
sterile double distilled water For the second set of stable trans¬

formation experiments, the particles were prepared according to

a modified protocol of Klein et al (1987), and 0 8 jxg DNA were

used per shot Cotyledon explants pre-plasmolysed for different

time periods were distributed in a circle 2 cm in diameter onto

CTM and bombarded with 5 (xl of the suspension of DNA-coated

particles After bombardment, the cotyledon expiants were post-

plasmolysed for 0-20 h in the dark at 25 °C, transferred onto

COM for 1-3 days and then either assayed for GUS activity or

transferred to the selection medium CSM (COM supplemented
with different amounts of hygromycin) for 3-5 weeks Resistant

shoot primordia and calli emerging from the expiants were trans¬

ferred onto CEM (CBM with 0 4 mg/l BA) at 25 °C under an 18-h

photoperiod and cultured for 4-6 weeks Regenerated plantlets
were transferred to CRM to promote root induction (Fig lb-e)

Ftistochemical GUS assays

GUS-expressing cells (Fig la) were routinely visualised 48-72 h

after microprojectile bombardment by incubating the bombarded

cotyledon expiants in 100 vaM sodium phosphate, pH7 0, 10 vaM

Na-EDTA, 5 vaM potassium ferncyamde, 5 vaM potassium ferro-

cyamde, 0 3% (w/v) X-Gluc (Biosynth) and 0 1% (v/v) Triton X-

100 at 37 °C for 6-12 h according to Mendel et al (1989)

DNA and RNA isolation, Southern analysis

Total cellular DNA was isolated from freeze-dned leaf material

from in vift-o-grown plants according to Lichtenstein and Draper
(1985) or using a DNeasy kit (Qiagen), and 10-jxg aliquots,
digested with either BamHI or HindUI, were used for Southern

analysis Total cellular RNA was isolated from leaves of in vitro-

grown plants using the RNA-Clean System (SUBAG)
following instructions by the manufacturer Restriction enzyme

analysis, gel electrophoresis, DNA and RNA blotting and,
Southern and Northern hybridisations were carried out following
standard protocols (Sambrook et al 1989) The hybridisation
probe (hpt gene, 954 bp) was DIGdATP-labelled by the poly¬
merase chain reaction (PCR) in 25-jjlI volumes of commercial

buffer (Eurobio) containing 1 mM MgCl2, 200 jxM dATP, dTTP,
dCTP, dGTP, Taq polymerase (Eurobiotaq, 1 U/jxl), 10 pg

plasmid DNA and oligonucleotide primers (forward primer
nucleotides 9-28, gcctgaactcaccgcgacg, reverse primer nucleotides

963-946, cagccatcggtccagacg) The denaturation temperature was

94 °C (1 mm), the annealing temperature 65 °C (30 s) and the

extension temperature 72 °C (1 mm), the reactions were run for

35 cycles in a Perkin Elmer Cetus thermocycler
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Fig. 1 a, GUS staining of cassava somatic cotyledon 3 days after

bombardment b shoot meristems developing on somatic cotyle¬
dons under selection, c, d shoot formation under selection, e

rooting of non-transgemc (upper left) and transgenic cassava

shoots under hygromycin selection, f GUS assay of leaves from

nontransgemc (top row) and several independent transgenic
cassava lines

Reverse transcriptase (RT)-PCR

Total RNA from Southern-positive plants was isolated from plant
material frozen in liquid N2 using the RNeasy plant mini kit

(Qiagen) according to the instructions of the manufacturer and

subsequently treated with RNase-free DNase One hundred

nanograms of RNA was used as a template for cDNA synthesis
using M-MLV reverse transcriptase (Promega) with an

ohgo(dT)15 polyT primer (Promega) at 37 °C for 45 mm The total

volume of 2 jxl was used for PCR with the hygromycin primers
A5' (tctcgatgagctgatgctttgg) and B3' (agtacttctacacagccatcgg)
designed to amplify a 450-bp hpt fragment The cDNA was dena¬

tured at 94 °C for 5 mm, followed by 28 amplification cycles of

primer annealing of 60 °C, extension at 72 °C and denaturation at

94 °C (1 mm each) Five microliters of each reaction was analysed
on a 1 4% agarose gel to assay for the presence of the expected
fragment

Rooting test

Node cultures were initiated from shoot cultures of non-transg¬
emc cvs MCol22 and TMS60444 and a transgenic MCol22 line

pTOKl-1 (Li et al 1996) on CBM After the shoots developing
from the axillary buds had reached the size 0 6-1 cm, they were

excised and transferred to CBM supplemented with either gene¬

ticin (0, 0 5, 1, 2, 3, 4, 5, 5 5, 6, 7,10 mg/l) or hygromycin (0, 0 5, 1,
2, 3, 4, 5, 5 5, 6 5, 7, 10 mg/l) The number of shoots developing
roots and the root length were monitored after 2 weeks

Results and discussion

Evaluation of the m vitro performance of cassava

cultivars

Three different cassava cultivars were assessed for their

ability to produce organogenic structures under in vitro

conditions The organogenesis frequency was evaluated

2-3 weeks after the cotyledon pieces were transferred

onto COM Cassava cv MCol22 showed the highest
induction frequency of organogenic structures, about

50% compared with 5% and 1% shown by CMC40 and

MPerl83, respectively The frequency of organogenesis

induction for MPerl83 was lower than reported earlier

(Li et al 1998), this may be due to different ages of the

embryogénie cultures or the harvested cotyledons used

m the two experiments or to the different auxm

(picloram versus 2,4-D) used to maintain the embryog¬
énie cultures m this study The regeneration frequency
of the two regeneration modes, organogenesis and

somatic embryogenesis, was further assessed in

MCol22 The regenerative competence via organogen¬

esis was higher than that obtained via germinating
somatic embryos where the regeneration frequency was
25% (Fig 2)

Optimisation of bombardment parameters

One attempt to minimise the damage from bombard¬

ment is to plasmolyse the target cells by treatment with
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Fig. 2 Primary and secondary embryogenesis, primary and

secondary maturation, organogenesis and regeneration frequency
of cassava cv MCol22 Error bars represent the standard error of

the mean

an osmoticum Other factors influencing the survival of

the cell include the amount of DNA used, the gas pres¬

sure applied and the size of the particles used In order

to establish conditions for particle bombardment of

cassava somatic cotyledons, we carried out optimisation

experiments based on transient expression of the uidA

gene Under non-optimised conditions, an average of

41% of the cotyledon expiants showed GUS expres¬

sion, with an average of 5 8 ± 1 7 blue spots per repli¬
cate To increase the efficiency of DNA uptake
following particle bombardment, we investigated a

number of factors (Table 1) The highest number of

blue spots was observed when 0 5 |xg plasmid DNA was

used per shot Increasing the concentration of the

plasmid DNA per shot, from 0 5 |xg to 1 5 |xg, had a

significantly negative effect on the frequence of GUS

expression This effect had been observed previosly on

bombarded cassava meristems and embryogénie clus¬

ters (Puonti-Kaerlas et al 1997) Similarly, although the

number of blue spots per responding expiant was not

significantly different when 1 |xg of plasmid DNA was

used per shot, the number of responding expiants was

lower (Table 1) Changing the flying distances between

the filter and the target tissue, from 12 5 cm to 17 5 cm,

also resulted m significant differences m bombardment

efficiency The highest transient expression was

observed at a distance of 12 5 cm, while increasing the

distance to more than 12 5 cm decreased the number of

transient transformation events, possibly due to the

reduced amount of particle penetration m the tissue

The effect of pre-plasmolysis conditions on GUS

expression m cassava somatic cotyledons was examined

by incubating the explants on CTM for 2, 4 and 20 h

The highest GUS expression m terms of the maximum

number of blue spots per expiant and the average

number of blue spots per expiant was observed when

the expiants were pre-plasmolysed for 20 h Finally,
using 20 h of pre-plasmolysis time as the standard, we

compared two different post-plasmolysis periods of 2

and 20 h A post-plasmolysis time of 20 h gave a signif¬
icantly greater number of blue spots per expiant, both

m terms of maximum and average numbers, but not m

terms of responding expiants The beneficial effect of

the plasmolysis treatment is assumed to come from the

reduced turgor pressure that allows (1) the particles to

enter the cells without lethal disruption of the cell

membranes and (2) the subsequent recovery of these

cells from the shock caused by particle penetration
Our results show that for cassava, both pre- and post-

plasmolysis treatments appear to be necessary for high
transformation frequency

Table 1 Effect of different transformation conditions on the tran¬

sient expression of the uidA gene in somatic cassava cotyledons
The numbers represent the mean ± standard error of the mean

of four independent experiments

Parameter Maximum Percentage Mean no of

no of blue

spots/
expiant

of expiants
with blue

spots

blue spots/
expiant

DNA amount (jxg)
15 180 83 27 0±8 4a

10 136 73 50 0±5 2b

05 335 92 50 5±5 5b

Flying distance (cm)
12 5 82 90 305±82a

15 0 19 84 43±13b

17 5 25 41 58±17b

Pre-plasmolysis (h)
2 ill 99 195±34a

4 129 84 351±6 7b

20 355 88 528±89c

Post-plasmolysis (h)
2 260 90 59 0±20 5a

20 469 95 1190±186b

aFor each parameter, mean values followed by different letters

are significantly different (P 3 0 05)

Selection and regeneration of transgenic plants

The cotyledon expiants were cultured on CSM for 3-5

weeks at 25 °C m the dark, and resistant shoot

primordia and calli emerging from the expiants were

collected and cultured further As many of the small

shoots failed to elongate further when transferred to

CBM m the first set of transformation experiments, the

effect of an elongation medium containing BA (CEM)
was assessed After selection on CSM, the resistant

shoot primordia were transferred to COM without

hygromycin for 2-3 weeks m the light, then onto CBM

or CEM m the light for 4-6 weeks The shoots trans¬

ferred after selection onto CEM showed higher regen¬

eration frequencies than the ones transferred onto

CBM, both m terms of proliferating shoots and elon¬

gating shoots (Fig 3) Thus, the use of a low concentra¬

tion of BA (0 4 mg/l) m the shoot elongation medium

following initial shoot induction on a medium

containing 1 mg/l BA had a positive effect on shoot

regeneration In the first set of experiments 77 plantlets
from 12 independent expiants were regenerated on

CEM from 1130 bombarded somatic cotyledons
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B il B H C-

Number of elongating
shoots / proliferating

shoots

BA 1.0 mg/l

BA 1.0 mg/l

Number of elongating shoots/

100 explants

BA 0 mg/l

- BA 0.4 mg/l

Fig. 3 The evaluation of the regeneration frequency in

bombarded cassava cotyledon pieces after 4 weeks of hygromycin
selection using two different culture regimes. Error bars represent
the standard error of the mean

Molecular analysis revealed that large number of these

were escapes, and thus the regeneration frequency of

transgenic plants from bombarded cotyledons was still

relatively low. One of the problems was the initial

selection stage; if the regenerating shoots were left too

long on the selection medium, even resistant shoots

would eventually die. While removal of selection pres¬

sure at a relatively early stage eliminated this problem,
it allowed the regeneration of escapes. A further modif¬

ication of the selection procedure was tested by trans¬

ferring the cotyledon expiants first to COM containing
7.5 mg/l hygromycin for 10 days, then to COM

containing 15 mg/l hygromycin for 2 weeks, the devel¬

oping shoot primordia were then transferred to CEM

supplemented with 10 mg/l hygromycin for further

culturing. When this procedure was used, most of the

non-transgenic tissue could be eliminated, and fewer

escapes were obtained after selection. In this set of

experiments 11 and 20 independent transgenic lines

could be regenerated from 1045 and 958 expiants of

MCol22 and TMS60444, respectively. Up to 60% of

these shoots expressed the uidA gene in histochemical

GUS assays (Fig. If). The transformation frequency
using particle bombardment, calculated from these

results, is between 0.6% and 1.2%, which is about two

to four times higher than that previously reported for

the Agrobacterium-mediated transformation (Li et al.

1996).

kb

21 -

5 I -

35-

kb

5 I-

15-

I 3* .tâmMb jÉËÏÏÉÉiiJi

Fig. 4 a Southern blot of transgenic plant lines 1-2 (lanes 1 and 2,

respectively) containing pTRZ5 digested with BamHI (B) or

Hindîïl (H), b Southern blot of transgenic plant lines 1-2 (lanes 1

and 2, respectively) containing pHMG, undigested DNA (U),
DNA digested with Hindîïl (H), C-Non-transgenic cassava

control

obtained. DNA from non-transgenic plants used as a

negative control showed no hybridisation to the probe
(Fig. 4a, b). DNA from plants transformed with pTRZ5
was digested with BamHI or Hindlll. When the plant
DNA was digested with BamHI, the internal hpt frag¬
ment with the expected size of 1.1 kb was obtained. As

there is only one Hindlll site in the plasmid vector, the

second Hindlll site must be derived from the cassava

genomic DNA, and thus the number of hybridising
bands in iftndlll-digested DNA indicates the number

of integration sites of the hpt gene in the nuclear

genome of the transgenic plants. In the two lines

analysed there were one and two integration sites of

the hpt gene, respectively (Fig. 4a). In the lines trans¬

formed with pHMG, digestion of the plant DNA with

Hindlll produces the border fragments. The integra¬
tion patterns show that in all of the lines tested multiple
copies of the transgenes were integrated into the

genome of the transgenic plants, with the number of

integration sites varying between three and four

(Fig. 4b). Multiple-copy insertions are not uncommon

in transgenic plants produced by biohstics, but in this

case they appeared not to have influenced gene expres¬

sion adversely, as shown by the stable expression of the

hpt and uidA genes in transgenic plants containing
single or multiple inserts. The signal from undigested
high-molecular-weight DNA further demonstrates inte¬

grative transformation. The RT-PCR confirms that the

transferred hpt gene was actively expressed in the

regenerated cassava lines (Fig. 5), and in the GUS

assays the blue staining in all tissues confirms our

previous results of the 35S promoter being active in all

cassava tissues (Puonti-Kaerlas et al. 1999).

Molecular characterisation of the regenerated plants Rooting tests

When DNA from the hygromycin-resistant cassava

lines was hybridised with the hpt probe, signals
confirming stable integrative transformation could be

Both hygromycin and geneticin could be used in

rooting assays to discriminate between transgenic and

non-transgenic shoots (Figs, le, 6, 7). Hygromycin
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12 3 4 5 6

Fig. 5 RT-PCR of transgenic plants expressing hpt Lane 1

Plasmid control, lane 2 non-transgenic control plant, lanes 3-6

transgenic cassava lines

arrested root growth of non-transgenic control lines at

concentrations above 5.5 mg/l, while the transgenic line

pTOKl-1 was able to produce a proliferating root

system on hygromycin concentrations up to 10 mg/l. At
this latter concentration, the number and length of the

roots in the transgenic line were slightly lower than at

other concentrations, but at 7 mg/l no difference was

observed from the shoots growing on media without

hygromycin. In the dose-response tests the sensitivity of

root development to geneticin was shown to be lower

than to hygromycin, and genotypic differences could be

observed between the two cultivars tested. Root growth
of MCol22 was totally arrested at 7 mg/l geneticin,
whereas TMS60444 was still able to produce roots at

this concentration, but not at 8 mg/l. Root development
of the transgenic MCol22 line was also reduced at

10 mg/l geneticin, but not at 7 mg/l or 8 mg/l. Rooting
tests have been used as a secondary screen, for

example, in apple (Puite and Schaart 1996), pea (Grant
et al. 1998) and silver birch (Keinonen-Mettälä et al.

%

100

80

60

40

20

\Z\ geneticin

m hygromycin

10 mg/l

Fig. 7 Effect of hygromycin and geneticin on root development
in transgenic cassava MCol22-pTOKl-l shoots expressed as

percentage of shoots developing a normal root system Error bars

represent the standard error of the mean

1998) to eliminate escapes from the primary selection.

In pea and silver birch, equal or higher concentrations

of kanamycin than those used for the selection of

shoots were required in the rooting assay, whereas in

cassava the sensitivity of roots to the selective agents
was much higher than that of the regenerating shoots,
and concentrations below 8 mg/l were sufficient to

enable efficient screening of the régénérants. This

method now provides a rapid and reliable screening
system for transgenic cassava shoots.

Conclusions

Fig. 6 a, b Effect of hygromycin and geneticin on root develop¬
ment in non-transgenic cassava MCol22 shoots a hygromycin, b

geneticin Error bars represent the standard error of the mean

These results show for the first time that biohstics can

be successfully combined with the organogenesis regen¬

eration system in producing transgenic cassava plants.

0 0.5 1 2 3 5 5.5 6 mg/l

hygromycin
i=> % shoots with roots

-•- mean root length
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We had shown earlier that Agrobacterium-mediated
transformation is compatible with organogenesis-based
regeneration (Li et al 1996) and that this system is less

dependent on sophisticated equipment than the biol-

îstic methods However, there are no elite breeding
lines m the conventional sense m cassava, since cassava

is a vegetatively propagated plant, with a number of

land races and cultivars, each of which is effectively a

clone As the host range of Agrobacterium can pose

obstacles for the transformation of different cassava

cultivars, we wanted to extend the technology further

towards genotype-independent transformation

methods, which would allow the genetic engineering of

as many different cassava cultivars as possible
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Abstract In order to develop new selection systems for

production of transgenic cassava (Manihot esculenta

Crantz), two different selection regimes were assessed

for their efficiency on regeneration of transgenic
cassava plants positive selection using mannose and

negative selection using hygromycin Expiants from

somatic cotyledons and embryogénie suspensions were

used as target tissues m the transformation experiments
and bombarded using the particle inflow gun Different

culture and selection strategies were assessed to

optimise the selection protocols For the first time

transgenic plants could be obtained using positive, and

in the case of embryogénie suspensions, hygromycm-
based negative selection The stably transformed

nature of the regenerated cassava plant lines and the

expression of the transgenes were verified with PCR,

RT-PCR, Southern and northern analyses A rooting
test for transgenic plants on a medium supplemented
with mannose was developed to further improve the

efficacy of the positive selection system Our results

demonstrate that it is possible to obtain transgenic
cassava plants using non-antibiotic positive selection

Key words Cassava (Manihot esculenta Crantz) •

Transformation • Biohstics • Positive selection •

Negative selection

Abbreviations 2,4-D 2,4-Dichlorophenoxyacetic acid

• BA 6-Benzylammopurme • CBM Basic medium •

CEM Elongation medium • CIM Embryo induction
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medium • CMM Maturation medium • COM

Organogenesis medium • CTM Transformation

medium • GD Gresshoff and Doy medium • IBA

Indole-3-butync acid • FEC Friable embryogénie
callus • NAA a-Naphthalene acetic acid • MSM Solid

mannose selection medium • MSN FEC Formation

and embryo conversion medium • SCV Settled cell

volume • SH Schenk and Hildebrandt medium •

SHM Liquid mannose selection medium

Introduction

Cassava (Manihot esculenta Crantz) is grown for its

starchy tuberous roots which provide daily food for

over 500 million people throughout the tropics (for a

review see Puonti-Kaerlas 1998) Traditional breeding
m cassava is difficult due to irregular flowering and low

fertility as well as to low seed set and germination rates

of the plants Genetic engineering of cassava can

complement traditional breeding in introducing agricul¬
turally valuable traits such as pest and virus resistance

and improved root quality Despite the recent develop¬
ment of transformation protocols for cassava, produc¬
tion of transgenic cassava plants is not yet routine (Li et

al 1996, Raemakers et al 1996, Schopke et al 1996,
Gonzalez et al 1998, Zhang et al, m press) The selec¬

tion systems based on antibiotics available to date

either allow regeneration of escapes or are deleterious

to the regeneration process In addition, as public
concern m the presence of antibiotic resistance genes m

transgenic plants has become an important factor for

decision making, the future development of transfor¬

mation methods should move towards either using

other selection systems or towards methods which

allow the elimination of the selectable markers from

the transgenic plants when pure lines have been

produced As the tools available at present for the

latter approach are not immediately applicable to

cassava, we wanted to test the former, by assessing the

usefulness of a positive selection system based on
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Escherichia coli phosphomannose isomerase (PMI)
gene and mannose as a selective agent m cassava

Materials and methods

Plant material

Cassava cultivars MCol22 and TMS60444 were maintained as

shoot cultures on CBM (MS medium [Murashige and Skoog
1962] with 2% sucrose and 2 \lM CuS04, solidified with 0 6%

agar, pH 5 8), and subcultured at 4-week intervals All plant
material was cultured at 26 °C in 18/6 light rhythm (90-110 (imol
m 2s 1, TRUE-LITE) unless otherwise stated Somatic embryos
were induced from apical meristems and 1- to 6-mm-long imma¬

ture leaf lobes on CIM (CBM with 12 mg/l picloram) in the dark

and subcultured every 2 weeks as described (Li et al 1998) After

2-3 cycles, the somatic embryos were harvested and transferred

to CMM (CBM with 0 1 mg/l BA) to induce embryo maturation

and development of green somatic cotyledons The cotyledons
were collected, cut to 0 5-cm2 pieces and used for transformation

and selection experiments
Friable embryogénie callus (FEC) of cultivar TMS60444 was

induced from organised embryogénie clusters on GD medium

(GD salts and vitamins [Gresshoff and Doy 1974], 12 mg/l
picloram, 2% sucrose, 0 5% agar, pH 5 8) as described (Taylor et

al 1996) The FEC was subcultured every 3 weeks Suspensions
were initiated by inoculating FEC (0 5 g fresh weight) into 25 ml

SH medium (SH salts [Schenk and Hildebrandt 1972], supple¬
mented with MS vitamins, 12 mg/l picloram and 6% sucrose, pH
5 8) in 190 ml jars (Greiner Labortechnik) The suspensions were

cultured on a gyratory shaker (108 rpm) under continuous light at

28 °C and subcultured every 3 days Every 4 weeks the cultures

were sieved through a metallic net (<p 500 (im) to obtain the frac¬

tion of embryogénie units in the 250- to 500-fxm size range

Plasmid construction

The plasmid pHMG was constructed by cloning a Hindlll I Gal

fragment from pWBveclO (Wang et al 1997) containing the

intron-interrupted hpt and a Hindlll fragment from pSH9GusInt
(Holtorf et al 1995) carrying the intron-interrupted uidA into

pLDIO (Joersbo et al 1998) containing the PMI gene (Fig 1)
The plasmids were isolated from E coli XL-1-blue using Qiagen
Maxi kits

Mannose dose response tests

To determine the mannose concentration required to efficiently
suppress organogenesis from somatic cotyledons, COM (CBM
with 1 mg/l BA and 0 5 mg/l IBA) was supplemented with

different concentrations of mannose (0, 10, 20, 30 and 40 g/l)
After 28 days, organogenesis frequencies were recorded Fifty

Fig. 1 The transformation vector pHMG

expiants were cultured per treatment, and the experiment with

three replicas was repeated three times The same dose response
tests were also made using modified COM media containing 0 5%

and 1% sucrose, and in one set of experiments 8 mg/l silver

nitrate was added to COM to investigate the combined effect of

silver nitrate and mannose on shoot organogenesis

The efficiency of mannose in arresting the growth of suspen¬

sion cultures was assessed by adding 0, 10, 20, 30 and 40 g/l
mannose to the SH medium Different concentrations of sucrose

were used in order to investigate the optimum combination

between sucrose and mannose In some experiments the osmotic

pressure of the medium was balanced with sorbitol The medium

was refreshed and the suspension cultures were weighed every

4 days The viability of the embryogénie units was assessed under

UV light using fluorescein diacetate and a ZEISS ICM405 micro¬

scope The effect of 0,15, 25 and 50 mg/l hygromycin was likewise

assessed by monitoring the viability of the suspension cells weekly
during a 4-week period Per treatment, 100 embryogénie units

were scored each time There were three replicas per treatment,
and the experiments were repeated three times

Microprojectile bombardment

Gold particles (1 5-3 0 (im, Aldnch) were suspended at a concen¬

tration of 50 mg/ml in 50% glycerol by somcation Coating the

particles with plasmid DNA was performed following a modified

protocol of Klein et al (1987) For five shots, 2 (xl of plasmid
DNA (1 (ig/(il) were added into a 1 5 ml Eppendorf tube

containing 25 (xl particle suspension into which 75 (xl chilled 2 5 M

CaCl2 and 30 (xl chilled 01 M spermidine were added while

vortexing The tubes were vortexed for an additional 3 mm before

adding 300 (xl cold ethanol After another 3-min vortexing, the

mixtures were incubated for 30 mm at -20 °C After the superna¬

tant was removed, the particle preparations were dried a few

minutes in a laminar flow and resuspended in 25 (xl sterile water

containing 2 jig plasmid DNA Aliquots of 5 (xl were used for

bombardment in the particle inflow gun (Finer et al 1992) The

target distance was 10 5 cm and the baffle grid (500 (im nylon
mesh) distance was 8 cm The chamber was evacuated to

100 mbar and the acceleration pressure was 5 bar for suspension
cells and 6-8 bar for cotyledon expiants

Approximately 50 expiants of the somatic cotyledons were

arranged as a single layer of 2 cm in diameter in the centre of a

3 5-cm Petri dish with CTM (CBM with 10% sucrose) and

preplasmolysed for 12 h before bombardment The embryogénie
suspensions were sieved and the fraction composed of units 250-

to500-(im in diameter was resuspended in SH medium and

cultured for 3 days Aliquots of 1 ml settled cell volume (SCV)
were pipetted onto filter paper disks as a monolayer Before

bombardment, the remaining liquid was removed by pipetting
and by air-drying for 20 mm in the air flow The disks were trans¬

ferred onto the centre of 3 5-mm plates containing 10 ml CTM

medium for bombardment

/3-Glucuromdase assays

GUS assays were performed by incubating the tissues in an assay
buffer (Jefferson 1987, 10 mM Na2EDTAxH2Q, 0 1% Triton X-

Mndlll

LB

hpt probe (450 bp) pmi probe (850 bp)
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Selection regimes for cassava transformation

Cotyledons

Ï
Bombardment

COM

AgN03 8 mg/l
Sucrose 2%

Mannose 2%

Mannose Hygromycin

COM

COM COM COM AgN038mg/l

AgN03 8 mg/l AgN03 8 mg/l AgN03 8 mg/l nV9 7 5 mg/l

Sucrose 2% Sucrose 0 5% Sucrose 0%

Mannose 3% Mannose 1% Mannose 5%

4
Abundant shoot

primordia with

few shoots

\
CEM

Mannose"! %

\

4
n she

ordia

vshc

Ï

Few shoot

primordia with

few shoots

CEM

CBM

Mannose! %

CBM

Mannose1%

4
unda

hoot:

I
CEM

mose

1
CBM

4
Abundant

shoots

CEM

Mannose 1%

Few shoots

ï
CEM

CBM

COM

hyg 15 mg/l

Few shoots

I
CEM or

CEM

7 5 mg/l hyg

CBM

Suspensions

I
I

Bombardment

4
Liquid SH

Mannose

I
Hygromycin

I

liquid SHM

Mannose 4%

solid MSM

Mannose 1%

I
MSN

1
Liquid SH

hyg 50 mg/l

Solid MSN

hyg 25 mg/l

Embryos

4
CEM

ï
CBM

Mannose! % Mannose 1%

Fig. 2 Flow diagram showing the different selection steps using

mannose and hygromycin after bombardment For media abbre¬

viations see text, hyg hygromycin

100, 0 3% X-Gluc, 0 1 M NaH2P04, 0 5 M K3Fe(CN)6) for 3-6 h

at 37 °C, after which they were washed several times with 95%

ethanol and stored in 95% ethanol for 24 h

Selection of transformed colonies and regeneration of transgenic

plants

The cotyledon expiants were post-plasmolysed after bombard¬

ment for 12 h, transferred onto COM for 24 h and subsequently
transferred first to COM supplemented with 7 5 mg/l hygromycin
and 8 mg/l AgN03 for 10 days and then to COM supplemented
with 15 mg/l hygromycin for 2-5 weeks Resistant shoot primordia
emerging from the expiants were transferred onto CEM (CBM
with 0 4 mg/l BA) with or without hygromycin, and cultured for

4-6 weeks Regenerated plantlets were transferred to CBM for

further growth (Fig 2)
The suspension cells were transferred into liquid SH medium

12 h after bombardment For the first 3 days no selection was

applied, then the medium was supplemented with 50 mg/l hygro¬
mycin After 2-A weeks, the suspension was transferred to solid

MSN medium (CBM with 1 mg/l NAA) supplemented with

25 mg/l hygromycin for 2-6 weeks to allow FEC formation and

embryo emergence The regenerating torpedo-stage embryos
were transferred to CEM for plant recovery Regenerated plant-
lets were maintained on CBM as shoot cultures (Fig 2)

For mannose selection, the cotyledon expiants were first

cultured for 3-A weeks on COM media with different sucrose and

mannose concentrations (Fig 2), after which the developing
shoot primordia were transferred to elongation medium for 3

weeks The regenerated shoots were maintained on CBM supple¬
mented with 1% mannose

After the 3-day recovery period, the suspension cells were first

cultured for 3-A weeks in liquid SHM (modified SH medium with

1% sucrose and 4% mannose) and then on solid MSM medium

(modified MSN medium with 1% sucrose and 1% mannose) for

2-4 weeks The FEC produced on MSM was then transferred to

MSN to allow embryo emergence After 4-8 weeks, the devel¬

oping embryos were transferred to CEM for plant regeneration

(Fig 2)

Rooting assay

In order to evaluate the sensitivity of root development of cassava

shoots to mannose, shoot cultures of wild type TMS60444 were

cultured on CBM medium supplemented with different amounts

of mannose The concentrations tested were 0, 5, 7 5, 10, 15 and

20 g/l The number of rooted shoots was recorded after 2 and 3

weeks Each treatment had three replicas with seven expiants
each The experiment was repeated three times Based on the

results of the dose response test, the rooting ability of transgenic

plants on CBM medium supplemented with 10 g/l mannose was

assessed The number of rooted lines was recorded after 3

weeks

Molecular analysis

Total cellular DNA was isolated from freeze-dned plant material

according to Som and Murray (1994) and digested with Kpril
Total cellular RNA was isolated from leaves of in vitro-grown

plants using the RNeasy plant mini kit (Qiagen) following the

instructions of the manufacturer PCR analysis, restriction

enzyme analysis, gel electrophoresis, DNA and RNA blotting,
Southern and northern hybridisations were carried out following
standard protocols (Sambrook et al 1989) The hybridisation
probes (hpt 450 bp, pmi 650 bp) were DIGdUTP-labelled by PCR

using a PCR DIG probe synthesis kit according to the manufac¬

turer's instructions (Boehringer-Mannheim, Germany)
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Results and discussion

Mannose tests

Mannose inhibited shoot organogenesis from somatic

cotyledons almost totally at a concentration of 20 g/l
(Fig. 3). Callus production under mannose selection

was very high, and in order to reduce this, silver nitrate,
which has been shown to reduce callus growth and

promote shoot regeneration during organogenesis of

cassava (Puonti-Kaerlas et al. unpublished), was added

to the medium in one experiment. The addition of

silver nitrate did not affect the response of the expiants
to mannose, but reduced callus production markedly. A
number of reports have shown that silver nitrate can

promote in vitro regeneration in many species (for a

review see Zhang et al.1997) and have a positive effect

on transformation (DeBlock et al.1989; Kuvshinov et

al. 1999). As our results indicated that silver nitrate is

also beneficial for plant regeneration in cassava, it was

included in the subsequent experiments.
The mannose concentration required for efficient

selection in cassava is about ten times higher than that

reported for sugar beet (Joersbo et al. 1998). In cassava

20 g/l but not 30 g/l still allowed a low frequency of

organogenesis to take place, while in sugar beet 3 g/l
inhibited regeneration totally. In rice, the concentra¬

tions needed to arrest growth of embryogénie calli are

as high or even higher than those in cassava (P. Lucca,

personal communication). In sugar beet a stepwise
increase from a permissive concentration of 1.0 g/l to a

selective one of 2.5 g/l and finally to 10 g/l was neces¬

sary in order to allow regeneration of transformants.

We did not test a stepwise selection regime in our

experiments, but chose to assess the efficiency of

different combinations of mannose and sucrose in

initial dose response and transformation experiments
and to develop a mannose-based rooting assay for

increasing the selection efficiency.
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Fig. 3 The effect of d-mannose and sucrose concentration on

shoot organogenesis frequency of MCol22, percent of expiants
with developing shoot primordia

In case of suspension cultures, adding mannose to

the normal culture medium, even at concentrations of

up to 4%, did not greatly affect the growth of the

suspensions (data not shown). Therefore, we tested the

effect of reducing the sucrose concentration of the

medium to 1% and balancing the osmotic pressure of

the medium with sorbitol to equal 6% sucrose. When

sorbitol was added to the medium, the results were

similar to those using the original medium. Only when

the sucrose concentration was reduced to 1%, could

4% mannose efficiently repress the growth of the

suspensions (Fig. 4). The interaction between mannose

and sucrose, as well as between mannose and other

saccharides was studied in sugar beet (Joersbo et al.

1998, 1999), where, as in cassava, the toxic effect of

mannose increases with decreasing sucrose concentra¬

tion. Omitting sucrose completely, however, reduced

drastically the regeneration and transformation rates of

both cassava suspensions and cotyledon expiants. In

sugar beet, the highest transformation frequency was

obtained, when 3% sucrose was included in the selec¬

tion medium, while for fructose and maltose, but not

for glucose, optimal concentrations could be deter¬

mined as well (Joersbo et al. 1999). For cassava cotyle¬
dons and suspensions, the use of 0.5% and 1% sucrose,

respectively, resulted in the highest transformation

frequencies.

Hygromycin tests

Fifteen milligrams per litre hygromycin blocked regen¬

eration of adventitious shoots from cotyledons,
confirming our earlier results (Li et al. 1996). Hygro¬
mycin has been reported to be inefficient for selection

of suspensions, based on short-time viability studies

(Schopke et al. 1996). In contrast to this, we show that

efficient selection of transgenic suspension cultures is

possible using hygromycin. The viability of embryog¬
énie suspension cells was reduced with increasing
hygromycin concentrations and culture periods as

0 4 8 12 16 20 24 28 32

days

Fig. 4 The effect of different mannose concentrations (0, 10, 20

40 g/l) with 1% sucrose on the growth of suspension cells of

TMS60444
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observed in the fluorescein diacetate screen, and after 4

weeks' culture, 25 mg/l and 50 mg/l hygromycin had

killed 90% and 95% suspension cells, respectively
(Fig 5) Under the hygromycin treatment, yellowish

suspension cells change to colourless units which are

easily distinguishable from control suspensions grown

without selection

Selection and regeneration of transgenic plants

Negative selection

The cotyledon expiants were selected during the first

10 days using 7 5 mg/l hygromycin, after which the

hygromycin concentration was increased to 15 mg/l for

2-5 weeks This stepwise protocol can eliminate non-

transgemc escapes and at the same time allows more

transgenic colonies to recover after bombardment than

the previously used methods (Zhang et al in press)
Resistant shoot primordia and calli emerging from the

expiants were harvested and cultured further on CEM

The regeneration rate of putative transgenic shoots

from cotyledons was 4 5%, of these 16 7% were shown

to be GUS-positive In total, 31 transgenic plant lines

were regenerated from 2003 bombarded cotyledon
expiants This transformation frequency is higher than

that reported by Li et al (1996) using Agrobacterium-
mediated transformation Possible reasons for this are

the use of the stepwise selection scheme and silver

nitrate in the initial selection medium

On solid MSN medium containing 25 mg/l hygro¬

mycin, resistant suspension cells developed in 2-3

weeks into yellowish, friable embryogénie calli indistin¬

guishable from control FEC grown under nonselective

conditions The transgenic FECs produced embryos
within 4-8 weeks on MSN supplemented with 25 mg/l
hygromycin, and the embryos regenerated plants on

CEM medium without selection In total, 122 indepen¬
dent hygromycin resistant FEC lines were obtained

from 8 ml (SCV) bombarded suspension cells, and 66

120 i

100-

3-80 t ^v -— 0 mg/l

& t ^\ ^\ -»—15 mg/l

ra N. \T >* -•— 25 mg/l

40 \v 1^^^ -A- 50 mg/l

0 -I 1 1 .

2 3 4

Weeks

Fig. 5 The effect of hygromycin on the viability of embryogénie
suspensions of TMS60444 after 2, 3, and 4 weeks

embryo lines from putative transgenic FEC lines were

transferred to CEM From these, 17 plant lines were

regenerated All the regenerated plants expressed the

uidA gene in GUS assays, thus proving that hygro¬

mycin selection can be used to produce transgenic

plants from cassava suspensions

Positive selection

Several combinations of mannose and sucrose m the

COM medium were tested for mannose selection of

cotyledons after bombardment (Fig 2) Only the

medium containing 10 g/l mannose combined with 5 g/l
sucrose allowed prolific development of elongating
GUS-positive shoots Further culture on an elongation
medium containing 20 g/l sucrose and 10 g/l mannose

could be used to arrest the growth of some of the initial

escapes Joersbo et al (1998) reported that sugar beet

transformants were only obtained by using low

mannose concentrations (10-15 g/l) that allowed

20-30% of the expiants to produce shoots during the

initial selection Non-transgenic shoots were eliminated

by increasing the mannose stepwise to 10 g/l Also, in

our laboratory, those conditions under which the

expiants produced the most elongating shoot primordia
during the initial selection allowed the highest regener¬

ation rate of transgenic shoots Therefore, it seems that

during the initial selection step, the use of permissive

conditions is essential in the positive selection system
The regeneration frequency of putative transgenic
cassava plants from cotyledons selected using 10 g/l
mannose was 4%, of these 8% stained blue in GUS

assays

The mannose-resistant suspensions developing after

3-4 weeks' selection in liquid SHM medium converted

into FEC 2-4 weeks after transfer to MSM medium

The FEC was, however, not able to form embryos
under mannose selection, and therefore mannose was

omitted when the cultures were transferred to MSN for

embryo development After 4 weeks, the developing
torpedo-shaped embryos could be transferred to CEM

medium for plant regeneration In total, 154 FEC lines

were obtained from 15 ml (SCV) bombarded suspen¬

sion cells In 83% of these lines a uniform blue indigo
precipitate was detected m GUS assays Only the GUS-

positive FEC lines were transferred to embryo forma¬

tion medium, on which 13 plant lines were regenerated
from 46 embryo lines The combination of mannose

selection with GUS assays efficiently eliminates non-

transgemc escapes, as shown by the fact that all the

regenerated plants were expressing GUS, in contrast to

previous protocols where 29-56% of the régénérants
selected using paromomycin were escapes (Gonzalez et

al 1998) Visual screening using firefly luciferase has

also been combined with chemical selection to improve

the efficiency of phosphmotricin selection (Munyikwa
et al 1998) Luciferase screens are, however, laborious

and time consuming, while the combination of GUS
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system

assays with chemical selection allows easy and rapid
selection of uniformly transformed suspensions for

regeneration, thus resulting in 100% selection effi¬

ciency.

Fig. 8a-b Molecular analysis of transformed cassava plants using

pmi probe a Southern analysis, P plasmid control, lane 1 non-

transgenic control, lanes 2-13 independent transgenic plants b

Northern analysis lane 1 non-transgenic plant, lanes 2-9 indepen¬
dent transgenic plants

Rooting assay

In the rooting assays, rooting of wild type TMS60444

shoots was totally inhibited by 10 g/l mannose (Fig. 6),
whereas the transgenic pmz-expressing plants devel¬

oped a normal root system. Consequently, 10 g/l
mannose can be used to screen for transgenic plants,
which can root normally, while control snoots fail to

produce any roots. Rooting tests based on antibiotics

have been used as a secondary screen e.g. in apple
(Puite and Schaart 1996), pea (Grant et al. 1998), silver

birch (Keinonen-Mettälä et al. 1998) and cassava

(Zhang et al., in press) to eliminate escapes from the

primary selection. Here we demonstrate that mannose

can be used in a similar manner to increase the final

transformation rate by a rapid screen of the primary
régénérants.

Molecular characterisation of the regenerated plants

PCR and RT-PCR analysis of putative transgenic plant
lines performed with the hpt and pmi specific primers

resulted in the amplification of the expected 450 bp and

650 bp fragments respectively (Fig. 7). In the DNA

isolated from hygromycin or mannose resistant cassava

lines digested with Kpnl, hybridisation signals
confirming stable integrative transformation could be

obtained. No signal was detected in the DNA from

non-transgenic plants used as negative controls

(Fig. 8a). As there is only one Kpnl site in the plasmid
vector, the second Kpnl site must be derived from the

cassava genomic DNA, and thus the number of hybrid¬
ising bands indicates the number of integration sites in

the nuclear genome of the transgenic plants. In our

experiments the number of integration sites varied

from one to four with most of the tested lines having
one or two copies. The number of inserts in earlier

works using biolistic transformation of cassava has

been reported to be between one and seven

(Munyikwa et al. 1998). The high occurrence of single
integration sites, which may also indicate single copy

insertions in our transformants (Fig. 8a) should allow

the selection of plants where the transgenes can be

expected to be expressed stably also in the vegetative

Fig. 7a-b PCR and RT-PCR

analysis of transgenic plants
and normal plants a hpt
Primers, b pmi primers M size

marker, P plasmid control,
WT non-tiansgemc control,
1,2,3,4 independent transgenic

plants, D PCR, R RNA

control for RT-PCR, RT RT-

PCR

0.5 I*.

05Wo
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progeny of the primary transformants. The results of

RT-PCR using pmi specific primers and northern blot

analysis using the pmi probe also show that the trans¬

ferred genes are actively transcribed in the transgenic
plants (Figs. 7,8b). The gene expression in the micro-

propagated material has so far been stable for all the

tested lines.

Conclusions

We demonstrate here that positive selection using
mannose is compatible with two different regeneration
modes of cassava, one based on organogenesis and one

utilising embryogénie suspensions. In sugar beet, the

mannose selection system was reported to result in

tenfold higher transformation frequencies compared
with kanamycin selection (Joersbo et al. 1998), but in

our study on cassava the efficiency of hygromycin selec¬

tion was about twofold higher than that of mannose

selection. Future modifications of the mannose selec¬

tion protocol, e.g. by changing the saccharide composi¬
tion of the medium or increasing the phosphate
content, which have been shown to improve the trans¬

formation and selection efficiency with sugar beet

(Joersbo et al. 1999), might further improve the trans¬

formation frequencies in cassava. On the other hand,

combining GUS assays with chemical selection and the

rooting assay we have developed provide a rapid and

easy screen for elimination of non-transgenic material,
thus increasing the overall transformation efficiency.
The main constraint at the moment is the low regener¬

ation capacity of the embryogénie suspensions, as not

all the transgenic lines can be induced to regenerate
into plants (Schopke et al. 1997; Munyikwa et al. 1998).
We are currently trying to improve the regeneration
rate by assessing the possibility of combining embryo
maturation and organogenesis-based regeneration
mode for more efficient plant production from

embryogénie suspension.
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Abstract

In order to improve the efficiency of cassava (Manihot esculenta Crantz) transformation, two different selection

systems were assessed, a positive one based on the use of mannose as the selective agent, and a negative one based

on hygromycin resistance encoded by an intron-containing hph gene. Transgenic plants selected on mannose or

hygromycin were regenerated for the first time from embryogénie suspensions cocultivated -with Agrobacterium.
After the initial selection using mannose and hygromycin, 82.6% and 100% of the respective developing embryo-

genie callus lines were transgenic. A system allowing plant regeneration from only transgenic lines was designed

by combining chemical selection with histochemical GUS assays. In total, 12 morphologically normal transgenic

plant lines were produced, five using mannose and seven using hygromycin. The stable integration ofthe transgenes
into the nuclear genome was verified using PCR and Southern analysis. RT-PCR and northern analyses confirmed

the transgene expression in the regenerated plants. A rooting test on mannose containing medium was developed
as an alternative to GUS assays in order to eliminate escapes from the positive selection system. Our results show

that transgenic cassava plants can be obtained by using either antibiotic resistance genes that are not expressed in

the micro-organisms or an antibiotic-free positive selection system.

Abbreviations: BA - 6-benzylaminopurine; CBM - cassava basic medium; CEM - cassava elongation

medium; CSM - cassava selection medium; FEC - friable embryogénie callus; IBA - indole-3-butyric acid;
MSN - friable embryogénie callus formation and embryo conversion medium; NAA - a-naphthalene acetic acid;

PMI - phosphomannose isomerase; SH - cassava suspension culture medium; SCV - settled cell volume

Introduction

Cassava (Manihot esculenta Crantz) is a perennial

tropical root crop that serves as a staple food for more

than 500 million people worldwide (for a review see

Puonti-Kaerlas, 1998). Traditional breeding of cassava

is difficult and genetic engineering has the potential
to complement traditional breeding methods. The re¬

cent development of transformation methods (Li et al.,

1996; Raemakers et al., 1996; Schöpke et al., 1996;

Gonzalez et al., 1998) will allow, in the near fu¬

ture, the addition of agriculturally valuable traits for

* Author for correspondence Tel +41 632 22 44, Fax +41632

10 44, E-mail jpuonti@ipw biol ethz ch

disease resistance and improved root quality but im¬

provements are still needed before gene technology
can be used efficiently.

The currently available methods for selecting

transgenic cassava tissues are based on antibiotic se¬

lection using hygromycin, paromomycin or geneticin

(Li et al., 1996; Schöpke et al., 1996; Gonzalez et

al., 1998; Zhang et al., in press) or on visual selec¬

tion using firefly luciferase as a screenable marker

gene (Raemakers et al., 1996) or on a combination

of antibiotic selection and luciferase screening (Mun¬

yikwa et al., 1998). However, such selection systems

are costly, time and labour intensive or deleterious to

the regeneration process. They also present a limited
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efficiency by allowing the development of nontrans-

genic shoots escaping selection. In addition, the use

of antibiotic resistance genes in transgenic plants has

become an important factor for decision making as a

result of public concern (Ferber, 1999). Therefore, the

future development of transformation methods should

move towards the independent segregation of the se¬

lectable markers and transgenes of interest at meiosis,

or the use of non-antibiotic selection systems. As

the current methodologies for the former approach
are not immediately applicable to cassava, we chose

to focus our research on a positive selection system

as an alternative to antibiotic-based selection and to

also study the use of antibiotic resistance genes not

expressed in micro-organisms. Positive selection sys¬

tems using either xylose (Haldrup et al., 1998a,b) or

mannose (Joersbo et al., 1998, 1999) have been re¬

cently shown to be more efficient for potato, tomato

and sugar beet transformation than methods based on

antibiotic selection. Many plant species cannot meta¬

bolise mannose, and its uptake leads to starvation and

severe growth inhibition caused by the accumulation

of mannose-6-phosphate in the cells (Ferguson et al.,

1958, Malca et al., 1967). Plant cells expressing the

E. coli phosphomannose isomerase (PMI) gene can

convert mannose-6-phosphate to easily metabolisable

fructose-6-phosphate and are thus able to use mannose

as carbohydrate source. We show here that a mannose

selection system as well as an antibiotic-based system

using a hygromycin resistance gene not expressed in

micro-organisms are applicable to the production of

transgenic cassava plants from embryogénie suspen¬

sions.

Materials and methods

Plant material

Cassava cultivar TMS60444 (MNigll) was main¬

tained as shoot cultures on CBM (MS medium (Mur¬

ashige & Skoog, 1962) supplemented with 2% sucrose

and 2 u,M CuS04, solidified with 0.6% agar, pH 5.8)
and subcultured at four-week intervals. All plant ma¬

terial was cultured at 26°C under 18/6 photoperiod

(90-110u,mol m-2s_1, TRUE-LITE®) unless oth¬

erwise stated. Somatic embryos were induced from

apical meristems and 1-6 mm long immature leaf

lobes on CIM (CBM with 12 mgl-1 picloram) in the

dark and maintained as cycling somatic embryos as

described (Li et al., 1998). Friable embryogénie cal¬

lus (FEC) was induced from organised embryogénie
clusters on GD medium (Gresshoff & Doy, 1974) as

described (Taylor et al., 1996). The FEC was sub-

cultured at three-week intervals. Suspensions were

initiated by inoculating 2-year-old FEC (0.5 g fresh

weight) in 25 ml SH medium (SH salts (Schenk &

Hildebrandt, 1972), MS vitamins, 12 mg/l picloram,
6% sucrose) in 190 ml jars (Greiner Labortechnik).
The suspensions were cultured on a gyratory shaker

(108 rpm) at 28°C under continuous light (~ 50 (xmol
m~2 s_1) and subcultured at three-day intervals. The

cultures were sieved through a metallic net (0500 |im)

every 4 weeks to obtain the fraction consisting of

embryogénie units ranging in size from 250-500 |im

Bacterial strains andplasmids

Agrobacterium tumefaciens strains LBA4404 (Hoekema
et al., 1983) and GV3101 (Deblaere et al., 1985)

carrying the binary vector pHMG (Figure 1) were

used for genetic transformation experiments. The plas¬
mid pHMG was constructed by subcloning in pLDIO

(Joersbo et al., 1998) containing the pmi gene a

HindllllClal fragment from pWBveclOa (Wang et

al., 1997) containing the intron-interrupted hph and

a Hindlll fragment from pSH9GusInt (Holtorf et al.,

1995) carrying the intron-interrupted gusA. All the

genes were driven by CaMV35S promoter. The plas¬
mid was transferred to Agrobacterium by electropor-
ation (Mattanovich et al., 1989). A single colony
of Agrobacterium was incubated overnight in 5 ml

liquid YEB medium with 25mgl-1 rifampicin and
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100mgl spectinomycin on a shaker (240rpm) at

28°C. An aliquot of the bacterial suspension (25(il)
was transferred to 50 ml fresh medium and cultured

for 12-20 h to an ODooo 0.5-1.0. The bacteria were

centrifuged at 6,000 rpm 4°C for 10 min, washed once

with an equal volume of liquid MS medium (pH

5.3) and centrifuged again. The bacterial pellet was

finally resuspended in liquid MS medium supplemen¬
ted with 200 \iM acetosyringone. The Agrobacterium
cultures were grown for 2-5 h at 28°C (80 rpm) for

preinduction before inoculation of the suspensions.

Dose response tests

The efficiency of mannose in arresting the growth of

suspension cultures was assessed by adding 0, 0.5,

0.75, 1, 2, 3 or 4% mannose to the SH medium.

Different concentrations of sucrose were used in or¬

der to investigate the optimum combination between

sucrose and mannose. In one set of experiments the

osmotic pressure of the medium was balanced by sor¬

bitol (MW 182.2) to equal the osmotic pressure of 6%

sucrose. The medium was refreshed at three-day inter¬

vals and the suspension cultures were weighed every

3-6 days. There were three replicas per treatment, and

the experiments were repeated three times.

The effect of hygromycin on the viability of the

suspension cells was assessed by culturing suspen¬

sions in SH containing 0, 15, 25 and 50mgl-1
hygromycin. The suspensions were subcultured at

three-day intervals and the viability of the embryo-

genie units was assessed using fluorescein diacetate

(Withers, 1985) and a ZEISS ICM405 microscope un¬

der UV light during a 4-week period. One Hundred

embryogénie units were scored every time for each

treatment.

Transformation

Aliquots of 2 ml settled cell volume (SCV) from

embryogénie suspensions were used for inoculation

with Agrobacterium and transferred to jars contain¬

ing 20-30 ml of bacterial suspension. After 0.5-1 h,

the bacterial suspension was removed with a pipette.
The inoculated tissues were spread onto sterile filter

papers (</>9 cm) and transferred to Petri dishes with

solidified SH medium supplemented with 100 (iM

acetosyringone and co-cultivated at 26°C.

Selection and regeneration oftransgenic plants

After 3-4 days co-cultivation, the infected tissue was

transferred to SH medium with 500 mg 1_1 carbenicil-

lin and cultured for 3 days on a shaker at 137 rpm.

Then the suspensions were cultured further in a liquid
medium containing either hygromycin or mannose and

subcultured at three-day intervals. Hygromycin at a

concentration of 50mgl-1 was applied at first for

15 days in SH medium with 500 mgl-1 carbenicillin.

Then the concentration of hygromycin was reduced

to 25mgl-1. After another 15 days the suspensions
were transferred to MSN medium (MS salts and vit¬

amins, 1 mg 1_1 NAA, 2% sucrose, 0.6% agar, pH 5.8)
with 25mgl-1 hygromycin and 500mgl-1 carben¬

icillin for FEC formation. The resistant FEC lines

were transferred individually onto fresh MSN contain¬

ing 25 mgl-1 hygromycin for cotyledon emergence.

Shoots were regenerated from the cotyledonary stage

embryos on CEM medium (CBM with 0.4 mg 1_1 BA

without hygromycin) and maintained as shoot cultures

on CBM.

Mannose at a concentration of 4% in a modified

SH medium (SH with 1% sucrose) with 500mgl-1
carbenicillin was used to select transformed suspen¬

sion cells. After 4 weeks the transformed suspensions
were transferred to solid MSN medium containing 2%

mannose to induce FEC development. After 2 weeks,

the FEC lines were transferred to MSN without man¬

nose to induce embryo development. After 4 weeks,

the developing embryos were transferred to CEM for

plant regeneration.

ß-glucuronidase assays

GUS assays were performed by placing tissues in an

assay buffer (0.3% X-Gluc 10mM Na2EDTAH20,

0.1% Triton X-100, 0.1 M NaH2P04, 0.5 M

K3Fe(CN)6) (Jefferson, 1987). After 3-6 h incubation

at 37°C, the tissues were washed several times with

95% ethanol and stored in 95% ethanol.

Mannose screen tests

Shoot cultures of wild type TMS60444 were cultured

on CBM medium containing 0, 0.5, 0.75, 1, 1.5 or

2% mannose. The number of rooted shoots was re¬

corded after 2 and 3 weeks. Each treatment was done

in triplicate with seven expiants. The experiment was

repeated three times. Shoots from transgenic lines

were cultured on CBM medium supplemented with

1% mannose and after 3 weeks the number of rooted

lines was recorded. We also assessed the growth of

shoot tips from transgenic plants on CBM medium

without sucrose but supplemented with various con¬

centrations of mannose. Two lines transformed with
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Agrobacterium (A20 and B44) and two lines trans¬

formed using biohstics and the plasmid pHMG (BC5

and BL7) (Zhang & Puonti-Kaerlas, in press), show¬

ing different expression levels of the PMI gene in

northern analyses were used. The shoots of wild type

TMS60444 were used as a negative control. The fresh

weight of the shoots was measured after 4 weeks of

culture.

Molecular analysis

Genomic DNA was isolated from freeze-dried plant
material according to Soni and Murray (1994) and

digested with Kpnl. Total RNA was isolated from

leaves of/« v//ro-grown plants using the RNeasy plant
mini kit (Qiagen) following the instructions of the

manufacturer. PCR, RT-PCR, Southern and northern

analyses were carried out following standard proto¬

cols (Sambrook et al., 1989). Aliquots of 10 (ig DNA

and 5 (ig RNA, respectively, were loaded per lane

for Southern and northern analy sis. The hybridisation

probes (hph 450 bp, pmi 650 bp) were DIGdUTP-

labelled by PCR using a PCR DIG probe synthesis kit

(Boehringer Mannheim GmbH, Germany) according
to the manufacturer's instructions.

Results

Dose response tests

Adding mannose to the normal suspension culture me¬

dium, even at concentrations of up to 4%, did not

arrest the growth of the suspensions efficiently (Fig¬
ure 2a). Therefore, we tested the effect of reducing the

sucrose concentration of the medium to 1%, with and

without balancing the osmotic pressure of the medium

with sorbitol to equal the osmotic pressure obtained

with 6% sucrose. When the sucrose concentration was

reduced to 1%, mannose could be used to suppress the

growth of the suspensions (Figure 2b, c). The control

suspensions cultured without mannose were able to
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Table 1 The effect of hygromycin on the viability of cassava em¬

bryogénie suspension cells after 2, 3 and 4 weeks of culture The

viability is given as per cent of live cells of all cells

Hygromycin Viability (%)

concentration Second week Third week Fourth week

(mgr1)

0 100 100 100

15 98 3 ±2 1 83 7±4 2 43 7 ± 2 1

25 80 3 ±4 0 46 3 ± 8 5 157±2 1

50 62 0 ± 4 0 177±40 40±10

easily distinguishable from control suspension grown
without selection.

Regeneration oftransgenic plants

After 3 days of co-cultivation, a fraction of the in¬

oculated suspension cells was tested in transient GUS

assays. On the average, 70 ± 8.1% of the cell clusters

were GUS positive. Both LBA4404 and GV3101

could effectively infect and transform the cells (data
not shown).

grow both in a medium supplemented with sorbitol

and in that containing only 1% sucrose.

The viability of embryogénie cell suspensions de¬

creased with increasing hygromycin concentrations

and culture periods (Table 1), and 25mgl-1 and

50 mgl-1 hygromycin were sufficient to kill 85% and

96% of the cells, respectively, after 4 weeks in culture.

Under the hygromycin treatment, yellowish suspen¬

sion cells changed to colourless units which were

Negative selection

Under hygromycin selection, the antibiotic-resistant

cell suspensions developed into yellowish, friable

embryogénie callus indistinguishable from control

FEC grown under nonselective conditions. After 3

weeks cultivation in selective medium the cell clusters

stained blue in GUS assays (Figure 3a). The yel¬
low resistant lines were easily distinguishable from a

background of white and brown-coloured dead tissue

Figure 3 Transgenic cell suspensions selected on hygromycin (a, b) and mannose (c, d), (a, c) GUS expression in suspensions after 3 weeks

under selection, (b, d) development of resistant FEC (arrows) on solid selection medium
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Figure 4 GUS assays nontransgemc (bottom right) and three GUS expressing transgenic cassava lines

(Figure 3b). Of 689 hygromycin-resistant clusters ob¬

tained from 12 ml (SCV) inoculated suspensions, 138

were randomly selected and transferred to MSN on

which they developed to yellow, hygromycin-resistant
FEC lines. All these FEC lines were positive for

GUS expression. The FEC developed into embryos
on MSN medium within 4-8 weeks. The embryos
were transferred to CEM medium without hygromycin
for plant regeneration. Using hygromycin, 49 embryo
lines were regenerated on CEM. Finally, seven plant
lines were regenerated from these embryo lines, all of

which were GUS positive (Figure 4).

the 664 mannose resistant units obtained from 12 ml

(SCV) inoculated suspension cells were transferred

to MSN medium containing 2% mannose. On aver¬

age 82.6% of the developing FEC developing on this

medium was positive for GUS expression. Only the

GUS positive mannose-resistant callus lines showing
the characteristics of friable embryogénie callus (Fig¬
ure 3d) were transferred to regeneration medium. As

the FEC was not able to form embryos under mannose

selection, mannose was omitted at this stage. Finally,
five plant lines were regenerated from 43 embryo lines.

All these plant lines were positive for GUS expression.

Positive selection

Under mannose selection, most of the yellowish sus¬

pension cells turned white after 3 weeks in culture.

In the GUS assays, the pattern of GUS staining of

suspension cells selected with mannose was differ¬

ent from that in the cells under hygromycin selection

(Figures 3c and 3a, respectively). Diffuse small blue

foci were observed in the cell suspensions growing
under mannose selection, while larger blue clusters

developed in suspensions growing under hygromycin
selection. In total, 178 randomly selected FEC lines of

Rooting andgrowth assays

The rooting of wild type TMS60444 shoots was inhib¬

ited completely on a medium containing 1% mannose

(Table 2), whereas all the transgenic shoots could

produce a normal root system. After 4 weeks cul¬

ture on mannose containing medium without sucrose,

differences were observed in the growth rate of the

transgenic lines (Figure 5). In line A20, plant growth
measured as weight increased with increasing man¬

nose concentrationup to 4%, while lines BC5 andBL7

grew more slowly on mannose concentrations higher
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Table 2 The effect ofmannose on the rooting ofwild

type cassava shoots

Mannose Rooting frequency (%)

concentration (%) First week Second week

0 100 100

05 52 4±8 2 85 7 ±14 3

0 75 0 42 7 ± 14 2

1 0 0

1 5 0 0

2 0 0

than 1%. In line B44 the response was between that

of A20 and BC5 and BL7, and the highest growth
rate was observed on 3% mannose. The weight in¬

crease was concomitant with accelerated growth rate

of the plants, and was not due to abnormal growth or

vitrification.

Molecular analysis

PCR analysis of all 12 putative transgenic plant lines

using the hph andpmi specific primers resulted in the

amplification of the expected 450 and 650 bp frag¬

ments, respectively (data not shown). The Southern

blot analyses on the DNA isolated from 10 hygromy¬

cin or mannose resistant cassava lines and digested
with Kpnl, confirmed the stable integration of the

transgenes in the nuclear genome. No signal was de¬

tected in the DNA from nontransgemc plants used as

negative controls (Figure 6a, c). The copy number

of integrated transgenes varied from one to three and

most of the transgenic lines had one or two copies. No

difference in the ratio of single copy insertion could be

observed between the lines selected on mannose and

those selected on hygromycin. In two plant lines (lanes
4 and 5) the two probes indicated a different num¬

ber of integrated copies. The results of RT-PCR of all

12 lines using pmi and hph specific primers (data not

shown) and northern analyses of 10 plant lines showed

that the transgenes were transcriptionally active in the

regenerated plants (Figure 6b, d).

Discussion

Our aim was to assess the efficiency of mannose se¬

lection in cassava transformation and to compare it

with an antibiotic selection system using hygromycin.
The expression vector pHMG contains pmi and hph

genes on the same plasmid (Figure 1), which made it
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Figure 6 Molecular analysis oftransgenic cassava lines (a) South¬

ern and (b) northern blot using hph probe (c) Southern and (d)
northern blot using pmi probe, lanes 2-7 lines selected under hy¬

gromycin, lanes 8-11 lines selected under mannose, P - plasmid

control, lane 1 negative control

possible to evaluate the two different selection systems

directly within one experiment.
We show here that mannose selection can be used

successfully for the production of transgenic cassava

plants. The concentration of mannose required to ar¬

rest the growth of wild type suspension cells was

about two times higher than that required for inhibit¬

ing organogenesis from somatic cotyledons of cassava

(Zhang & Puonti-Kaerlas, in press) and 10 times

higher than that reported for sugar beet (Joersbo et

al., 1998). In rice, the concentrations needed to ar¬

rest growth of embryogénie calli are as high or even

higher than those in cassava (P. Lucca, pers. comm).
In sugar beet, a stepwise increase from a permissive
concentration of 0.1-0.15%, allowing 20-30% of the

expiants to produce shoots, to a selective one of 0.25%

and finally 1%, was necessary in order to allow re¬

generation of transformants (Joersbo et al., 1998). The

nontransgemc shoots were eliminated by selection on

a medium containing 1% mannose. We did not test

a stepwise selection scheme in our experiments, but

assessed the efficiency of different combinations of

mannose and sucrose for initial selection.

Mannose selection of cassava suspensions from the

beginning of the selection period was efficient only
when the sucrose concentration was reduced to 1%

(Figure 2b, c). The reduction of the sucrose content

of the medium from 6% to 1%, however, also affects

its osmotic pressure. As the reduced osmolality itself

might have an adverse effect on the growth of the sus¬

pensions, we tested two versions of this medium, one

in which the osmolality was balanced with additional

sorbitol and one containing only 1% sucrose. The

control suspensions cultured without mannose were

able to grow normally in both media (Figure 2b, c),

showing that the adjustment of the osmotic potential
of the selective medium is not necessary. A study on

interactions between mannose and sucrose, as well

as between mannose and other saccharides in sugar

beet (Joersbo et al., 1998; 1999) showed that the toxic

effect of mannose increases with decreasing sucrose

concentration. Omitting sucrose completely, however,

drastically reduced the regeneration and transforma¬

tion rates of cassava suspensions. In sugar beet, the

highest transformation frequency was obtained when

3% sucrose was included in the selection medium.

Optimal concentrations could be also determined for

fructose and maltose, but not for glucose (Joersbo
et al., 1999). In cassava suspensions the use of 1%

sucrose resulted in the highest selection efficiency.
The pattern of GUS staining of the suspensions under

mannose selection was different from that under hy¬

gromycin selection (Figure 3 a, c). The blue foci were

smaller and more widely spread when mannose was

used, while larger blue clusters developed under hy¬

gromycin selection. This may indicate that in contrast

to hygromycin, mannose also affects the growth of

transformed cells adversely and low concentrations of

sucrose in the medium are required to counteract this

growth suppression.
The transgenic units can develop to FEC lines on

solid MSN medium containing 2% mannose. How¬

ever, the FEC was not able to form embryos un-
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der selection, and hence mannose was omitted from

the medium during embryo induction. The GUS as¬

says showed that at this stage over 80% of the

mannose resistant lines were expressing gusA, and

only these were selected for further culturing. All

the subsequently regenerated plants were GUS pos¬

itive, proving that the combination of mannose se¬

lection with GUS assays resulted in 100% selection

efficiency, in contrast to paromomycin selection un¬

der which 29-56% of the regenerated plants were

escapes (Gonzalez et al., 1998). The selection ef¬

ficiency of phosphinotricin could likewise be im¬

proved by combining visual screening using firefly
luciferase with chemical selection (Munyikwa et al.,

1998). Luciferase screens are, however, laborious,

costly and time consuming, whereas the combination

of GUS assays with chemical selection allows easy

selection of uniformly transformed suspensions for

regeneration.
In order to refine the system further so as to elim¬

inate the requirement for an additional marker gene

(gusA) we also aimed to develop a mannose-based

rooting assay for increasing the selection efficiency.

Rooting tests based on antibiotics have been used

as a secondary screen, for example in apple (Puite
& Schaart, 1996), pea (Grant et al., 1998), silver

birch (Keinonen-Mettälä et al., 1998) and cassava

(Zhang et al., in press) in order to eliminate escapes

after the primary selection. The rooting of wild type

TMS60444 shoots was totally inhibited by 1% man¬

nose (Table 2), whereas all the transgenic plants de¬

veloped a normal root system, showing the efficiency
of mannose for a secondary selection. A mannose con¬

centration of 1% also inhibits the growth on nontrans¬

gemc shoots, while the transgenic plants can grow well

even on media containing up to 4% mannose. The

differences in the growth of the transgenic lines to

increasing mannose concentrations could reflect dif¬

ferent expression levels of the PMI gene. In line A20,

which has the highest transcription levels (Figure 6d,

lane 2), the increase in growth rate correlated with

increasing mannose concentration. For lines BC5 and

BL7, in which the transcription level is very low (data
not shown), mannose concentrations above 1% were

slightly inhibitory to growth, while B44 which showed

intermediate expression levels (Figure 6d, lane 7) had

an optimum at 3% mannose. Mannose has been shown

to be a better carbohydrate source than sucrose allow¬

ing faster growth rates in transgenic sugar beet, and its

effect has been correlated to PMI activity (Joersbo et

al., 1998).

Hygromycin has been reported earlier to be inef¬

ficient for selection of cassava suspensions (Schöpke
et al., 1996). In contrast we show that an efficient

selection of transgenic suspension cultures is possible

using hygromycin. This discrepancy is probably due to

the short duration of the earlier experiment, where the

viability was assessed already after one week. In our

hands, the viability of embryogénie cell suspensions
was reduced with increasing hygromycin concentra¬

tions and culture periods, and 50mgl-1 hygromycin
killed 96% of the suspension cells within 4 weeks.

Under hygromycin selection, antibiotic-resistant cell

suspensions developed into yellowish and friable em¬

bryogénie calli indistinguishable from control FEC

grown under nonselective conditions. All the resist¬

ant colonies were expressing gusA, which shows that

hygromycin selection is more efficient than paromo¬

mycin or phosphinothricin selection (Gonzalez et al.,

1998; Munyikwa et al., 1998).
The introns in gusA and hph prevent the expression

of these genes in Agrobacterium and other micro¬

organisms (Vancanneyt et al., 1990; Wang et al.,

1997). We have shown earlier that the second intron

(IV2) of potato ST-LS1 gene (Eckes et al., 1986; Van¬

canneyt et al., 1990) is correctly spliced in cassava

allowing efficient gene expression in transgenic cells

(Puonti-Kaerlas et al., 1997). Our results now show,

that the castor bean catalase-1 (CAT-1) intron in pW-

BveclOa, originally designed for transformation of

monocotyledonous plants (Wang et al., 1997), is also

correctly and efficiently spliced in cassava as indicated

by the RT-PCR, northern analysis and the resistance

of the transgenic lines to hygromycin. The presence

of an intron in the hph gene, however, was not suffi¬

cient to allow the use of hygromycin as sole agent to

control the growth ofAgrobacterium. Especially when

GV3101 was used, the addition of carbenicillin was

essential in orderte prevent bacterial proliferation dur¬

ing early selection. Although the same phenomenon
has been observed for rice, the reasons for this are

not clear (Wang et al., 1997). Possibly the plant cells

detoxify the selective agent in the medium to such

a degree that its effective concentration no longer
suffices to prevent bacterial growth.

Southern blot analysis has confirmed the stable in¬

tegration of the transgenes in the nuclear genome of

the regenerated plants (Figure 6a, c). The minimum

expected fragment size using the hph and pmi probes
is about 5.2 and 2.5 kb, respectively. As there is only
one Kpnl site in the plasmid vector, the second Kpnl
site must be derived from the cassava genomic DNA,
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and the number of hybridising bands thus indicates the

number of integrated copies. The copy number varied

from 1 to 3 in the transgenic lines, and almost half

of the tested lines contained only one copy. The copy

number of integrated genes reported here is lower than

in earlier studies using^groèacter/w/w-mediatedtrans¬

formation (Li et al., 1996; Gonzalez et al., 1998), and

the percentage of plants containing single copy inser¬

tions is higher. In plant lines 4 and 5 the use ofhph and

pmi probes indicated a different number of integrated

copies, which may be due to rearrangements of the

T-DNA. Transgene expression in the micropropagated
material has so far been stable in all the tested lines.

We demonstrate here that positive selection using
mannose is compatible with cassava transformation. In

sugar beet, the mannose selection system was reported
to result in 10-fold higher transformation frequen¬
cies compared to kanamycin selection (Joersbo et al.,

1998), but in our study on cassava the efficiency of

hygromycin selection is about the same as that of man¬

nose selection. Future modifications to the mannose

selection protocol, for example stepwise increases of

mannose concentration, changing the saccharide com¬

position of the medium or increasing the phosphate

content, which have been shown to improve the trans¬

formation and selection efficiency with sugar beet

(Joersbo et al., 1999), might further improve the trans¬

formation frequencies in cassava. On the other hand,

GUS assays and the newly developed rooting assay

provide a rapid and easy screen for elimination of non-

transgenic material, thus increasing the overall trans¬

formation efficiency. The main constraint is the low

regenerationcapacity ofthe embryogénie suspensions,
as so far plants cannot be obtained from all transgenic
lines (Schöpke et al., 1997; Munyikwa et al, 1998;

Gonzalez et al., 1998). We are currently trying to

improve the plant production rate from embryogénie

suspensions by assessing the possibility of combin¬

ing embryo maturation with the organogenesis-based

regeneration mode.
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Abstract

The storage roots of cassava contain starch up to 85% of their dry weight, but

are deficient in protein. In order to increase the protein content of cassava

storage roots, a 284 bp synthetic gene aspl coding for a storage protein rich in

essential amino acids (80%) was introduced into embryogénie suspensions of

cassava by Agrobacterium tumefaciens-med\ated gene transfer. Hygromycin-

resistant friable embryogénie callus lines were either used directly for embryo

formation and plant regeneration or to establish transgenic suspension lines.

Molecular analysis showed the stable integration of aspl in cassava genome

and its expression at RNA level in transformed suspension lines. PCR and

Southern analysis proved the stable integration of the transgene in 7

regenerated plant lines, the number of integration sites of aspl varying from 1

to 6. The expression of aspl at RNA level was demonstrated by RT-PCR

amplification of the aspl The ASP1 tetramer could be detected in leaves as

well as in primary roots of cultured transgenic plants by Western blots. These

results indicate that the nutritional improvement of cassava storage roots may

be achieved by constitutive expression of aspl in transgenic plants.
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Abbreviations:

BA 6-benzylaminopurine, CBM cassava basic medium, CEM cassava elongation medium, CSM

cassava selection medium, FEC friable embryogénie callus, IBA indole-3-butyric acid, MSN

friable embryogénie callus formation and embryo conversion medium, NAA a-naphthalene

acetic acid, SH cassava suspension culture medium, SCV settled cell volume

Introduction

Cassava (Manihot esculenta Crantz) is a staple food and a livelihood of more

than 500 million people in the tropics (for a review see Puonti-Kaerlas 1998). It

tolerates drought and low fertility soils and is primarily grown by small-scale and

subsistence farmers in areas with poor soils or unfavourable climates. Its

starchy roots produce more calories per unit of land than any other staple crop

in the world. One of the major factors determining the nutritional value of

cassava is the content and the amino acid composition of the root storage

proteins. Unfortunately, cassava roots only contain 1-2% crude protein with

relatively low content of most essential amino acids, especially methionine,

cysteine and tryptophan (Göme and Noma 1986). In the tropics and subtropics,

vegetarian populations which rely strongly on cassava roots may consequently

suffer from qualitative malnutrition, unless they can supplement their diet with

protein from other sources (Cock 1985). As a result, the physical and mental

development of children can be irreversibly retarded by their undernourished

condition. Traditional breeding of cassava is difficult due to irregular flowering

and low fertility as well as to low seed set and germination rates of the plants,

and attempts to improve the protein content of cassava roots have so far been

unsuccessful. Advances in plant genetic engineering now provide an

alternative to traditional breeding in improving cassava. The recent

development of transformation methods (Li et al. 1996, Raemakers et al. 1996,

Schöpke et al. 1996, Gonzalez et al. 1998, Zhang et al. 2000) will allow the

addition of agriculturally valuable traits to cassava for improved root quality.
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Three basic strategies are being used to engineer improved of storage

proteins co-operation with balanced essential amino acid content in plant

storage organs like seeds or roots The first one involves engineering the amino

acid metabolism in order to increase the free amount of the respective essential

amino acid In transgenic plants expressing the aspartate kinase (AK)

isoenzymes and/or AK dihydrodipicohnate dehydrogenase (DHDPS) which are

the key regulatory enzymes in the pathway of Lys, Thr and Met biosynthesis,

the amounts of free Thr and Lys were increased (Gahh1995, Karchi et al 1993)

Another approach is to engineer the endogenous storage proteins by in vitro

mutagenesis to mutate appropriate amino acid codons into essential amino acid

codons such as Met and Lys or to insert stretches of additional codons of these

amino acids (Vandekerckhove et al 1989, De Clercq et al 1990, Coleman et al

1997, Randall et al 2000) The third strategy is to transfer genes encoding

proteins with a high content of essential amino acids The genes of Met-nch 2S

albumins from seeds of Brazil nut, sunflowers and Arabidopsis, of Met-nch

zeins from maize and of high-molecular-weight glutenin subunits from wheat

have been correctly integrated and expressed in transgenic plants (Altenbach et

al 1992, Altpeter et al 1996, Rafiqul etal 1996, Coleman etal 1996, Blechl

and Anderson 1996, Alvarez et al 1998, Sharma et al 1998) The allergenic

properties of certain proteins, such as Brazil nut 2S albumin (Melo et al 1994),

to humans limit their usefulness Although high level expression of the

methionine-nch 2S albumin of Brazil nut has been achieved in transgenic

soybean, its allergenicity to humans only allows it for a model to demonstrate

the possibilities of this approach (Nordlee et al 1996)

The development of sequence-based approaches to protein structure and

function prediction and the increasing understanding of the rules that govern

protein folding and topology have made it possible to de novo design storage

proteins, which is rich in essential amino acids and do not cause allergic

reaction in humans Yang et al (1989) reported that a 192 bp synthetic storage

protein gene (HEAAE-DNA) can be correctly integrated and expressed in

transgenic potato plants However, this gene could not be expressed and

translated at desirable levels A 284 bp synthetic gene aspl (modified from

HEAAE-DNA) coding for a storage protein rich in essential amino acids (80%)

has been transformed into tobacco (Kim et al 1992) and sweetpotato (Prakash
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and Egnin 1997) and showed high protein and essential amino acid levels in

transgenic plants. The ASP1 were designed to have a stable storage protein

like structure in plants based on the structurally well studied maize storage zein

proteins (Z19 and Z22) (Agros et al. 1982). ASP1 is comprised of four helical

repeating monomers, each 20 amino acids long (fig. 1). The helical region of

ASP1 is amphipathic and stabilised by several Glu-Lys salt bridges. The four

monomers of the ASP1 tetramer were connected with three ß-turn (Gly-Pro-Gly-

Arg) sequences which play an important role for structural stability of the ASP1

tetramer in vivo (Kim et al. 1992).

In this paper we report the successful transformation of cassava

embryogénie suspensions with aspl gene using Agrobacterium and the

regeneration of transgenic plants expressing aspl

Materials and methods

Bacterial strains and plasmids

The plasmid pCASPI was constructed by subcloning a 1kb /-//ndlll fragment of

aspl cassette from pBI121C2H (Kim et al. 1992) into the /-//ndlll site of

pCAMBIA1301 in E. coli XL-1 blue. The gene arrangement in pCASPI from the

right border to the left border of T-DNA is NOS!-u/cfA(/nfJ-p35S, p35S-asp7-

NOS! and p35S-npf-35S! (fig. 2). The plasmid was transferred to Agrobacterium

tumefaciens strain LBA4404 (Hoekema et al. 1983) by electroporation

(Mattanovich et al. 1989) and used for transformation experiments.

Plant material

Cassava cultivar TMS60444 (MNig11) was maintained as shoot cultures on

CBM (MS medium [Murashige & Skoog 1962] supplemented with 2% sucrose

and 2 uM CuSCm, solidified with 0.6% agar, pH 5.8) and subcultured at four-

week intervals. All plant material was cultured at 26°C under 18/6 photoperiod

(90-110 umol m"2s"1, TRUE-LITE®) unless otherwise stated. Somatic embryos

were induced from apical meristems and 1-6 mm long immature leaf lobes on

CIM (CBM with 12 mg/l picloram) in the dark and maintained as cycling somatic

embryos as described (Li et al. 1998). Friable embryogénie callus (FEC) was

induced from organised embryogénie clusters on GD medium (Gresshoff & Doy

1974) as described (Taylor et al. 1996). The FEC was subcultured at three-

week intervals. Suspensions were initiated by inoculating 2-year old FEC (0.5g
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fresh weight) in 25ml SH medium (SH salts [Schenk & Hildebrandt 1972], MS

vitamins, 12 mg/l picloram, 6% sucrose) in 190 ml jars (Greiner Labortechnik).

The suspensions were cultured on a gyratory shaker (108 rpm) at 28°C under

continuous light (~50 umol m"2s"1) and subcultured at three-day intervals. The

cultures were sieved through a metallic net (§ 500 |im) every 4 weeks to obtain

the fraction consisting of embryogénie units ranging in size from 250-500 urn.

A single colony of Agrobacterium was incubated overnight in 5 ml liquid

YEB medium with 25 mg/l rifampicin and 25 mg/l kanamycin on a shaker (240

rpm) at 28°C. An aliquot of the bacterial suspension (25 jlxI) was transferred to

50 ml fresh medium and cultured for 12-20 hours to an OD600 0.5-1.0. The

bacteria were centrifuged at 6000 rpm 4°C for 10 min, washed once with an

equal volume of liquid MS medium (pH 5.3) and centrifuged again. The bacterial

pellet was finally resuspended in liquid MS medium supplemented with 200 |iM

acetosyringone. The Agrobacterium cultures were grown for 2-5 hours at 28°C

(80 rpm) for pre-induction before inoculation of the suspensions.

Transformation

Aliquots of 2 ml settled cell volume (SCV) from embryogénie suspensions were

used for inoculation with Agrobacterium and transferred to jars containing 20-30

ml of bacterial suspension. After 0.5-1 h, the bacterial suspension was removed

with a pipette. The inoculated tissues were spread onto sterile filter papers (§ 9

cm) and transferred to petri dishes with solidified SH medium supplemented

with 100 |iM acetosyringone and co-cultivated at 26°C.

Selection and regeneration of transgenic plants

After 3-4 days co-cultivation, the infected tissue was transferred to SH medium

with 500 mg/l carbenicillin and cultured for 3 days on a shaker at 137 rpm. Then

the suspensions were cultured further in a liquid medium containing hygromycin

at three-day intervals. Hygromycin at a concentration of 50 mg/l was applied at

first for 15 days in SH medium with 500 mg/l carbenicillin. Then the

concentration of hygromycin was reduced to 25 mg/l. After another 15 days the

suspensions were transferred to MSN medium (MS salts and vitamins, 1 mg/l

NAA, 2% sucrose, 0.6% agar, pH 5.8) with 25 mg/l hygromycin and 500 mg/l
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carbenicillin for FEC formation. The resistant FEC lines were individually either

transferred onto fresh MSN with 25 mg/l hygromycin for cotyledon emergence

or cultured in SH with 25 mg/l hygromycin for suspension establishment and

maintenance. Shoots were regenerated from the cotyledonary stage embryos

on CEM medium (CBM with 0.4 mg/l BA without hygromycin) and maintained as

shoot cultures on CBM. Also, the established transgenic suspension lines were

going the process of regeneration described as above.

ß-glucuronidase assays

GUS assays were performed by placing tissues in an assay buffer (10 mM

Na2EDTAH20, 0.1% Triton X-100, 0.3% 5-bromo-4-chloro-3-indoldyl ß-D-

glucuronide (X-Gluc), 0.1 M NaH2P04, 0.5 M K3Fe(CN)6) (Jefferson 1987). After

3-6 hours incubation at 37°C, the tissues were washed several times with 95%

ethanol and stored in 95% ethanol.

Molecular analysis

Genomic DNA was isolated from freeze-dried leaves or suspensions according

to Soni and Murray (1994) and digested with /-//ndlll or Xba\. Total RNA was

isolated from leaves of in wiro-grown plants or suspensions using the RNeasy

plant mini kit (Qiagen) following the manufacturer's instructions. PCR, RT-PCR,

Southern and northern analyses were carried out following standard protocols

(Sambrook et al. 1989). The primers utilised for the amplification of a 250 bp

internal fragment of aspl are: 5'GATCCAACAATGCTTGAAGAGC3' and

5'CCACTCAGTCATTTTTTTAAAGA3'. The primers utilised for the amplification

of a 450bp hpt fragment are:5TCTCGATGAGCTGATGCTTTGG3' and

5'AGTACTTCTACACAGCCATCGG3'. Aliquots of 10 ug DNA and 5 ug RNA,

respectively, were loaded per lane for Southern and northern analysis. The

hybridisation probes {hpt 450bp, aspl 250bp) were DIGdUTP-labelled by PCR

using a PCR DIG probe synthesis kit (Boehringer Mannheim GmbH, Germany)

according to the manufacturer's instructions.
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Protein extraction and immunoblot analysis

Total proteins were extracted in 250 ul of Laemmli buffer (250 mM Tris-HCI

(pH6.8), 2% SDS, 10% glycerol, 0.05% (v/v) ß-mercaptoethanol and 0.05%

bromphenol blue) (Laemmli 1970) from 250 mg of leaves and primary roots of in

wiro-cultured transgenic and wild type plants. The homogenate was centrifuged

at 12,000 x g for 10 min. The supernatant was transferred to new tube and

denatured for 5 min at 96°C, followed by cooling down on ice. The protein

content in the supernatant was determined using the Bradford assay kit (Bio-

Rad) and equal amounts of proteins were loaded for each lane for gel

electrophoresis. After the separation of the proteins on 15% SDS

Polyacrylamide gels they were transferred to nitrocellulose filters. The ECL kit

(Amersham) was used in western analysis of the ASP1 protein with a rabbit

antiserum against the 11.2 kDa ASP1 protein. Parallel, proteins in the

Polyacrylamide gels were either stained using Coomassie Brilliant Blue G250 or

silver stain (Morrissey 1981).

Protein content

Coomassie and silver stained gels were used to estimate and compare the total

protein content in the transgenic plants and non-transgenic controls. Both equal

amounts of protein (30 ug) or starting material (2.5 mg of leaf or root tissue)

were separated using SDS-PAGE, and the stained gels were evaluated visually

to detect differences in the protein content.

Results

Transformation, selection and regeneration of asp 1 expressing cassava

Embryogénie suspension cells were used as target tissues for Agrobacterium

mediated transformation. The binary plasmid pCASPI, carrying aspl, uidA and

hpt, was constructed and transformed into Agrobacterium tumefaciens

LBA4404. Inoculation with Agrobacterium, cocultivation, selection of hygromycin

resistant colonies and regeneration of transgenic plants were made following an

optimised protocol (Zhang et al. in press). Transient expression of GUS was

detected in suspension cells after 4 days' cocultivation (fig. 3a). Many yellow-

coloured clusters, easily distinguishable from the white background tissues,

developed after 4 weeks' selection in liquid SH medium supplemented with
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hygromycin and carbenicillin GUS assay of these tissues showed a uniform

dark-blue precipitant (fig 3b) Continuing selection with 25 mg/l hygromycin on

solid MSN medium resulted in the formation of transgenic FECs These FECs

were transferred either onto fresh MSN medium for embryo formation or into

liquid SH medium for the establishment of suspension cultures, which can be

used as materials both for molecular analysis of the transgene expression and

for embryo formation Of the FECs that were induced from 16 ml suspension

(SCV) in 3 transformation events, 238 FEC lines were used directly for embryo

formation and 64 FEC lines for establishing suspension Eventually, 6 putative

transgenic plant lines were regenerated from 49 embryo lines that were derived

directly from FEC lines and 5 plant lines were obtained from 16 suspension

lines Generally, it only took 15 weeks to regenerate transgenic plants from

suspensions after cocultivation with Agrobacterium via direct embryo formation

from hygromycin resistant FECs Transgenic plant lines, obtained by the

germination of embryos on CEM medium, as well as transgenic suspension

lines were analysed for the integration and expression of aspl

Expression of aspl in transgenic suspensions

We established 16 suspension lines from hygromycin resistant FECs In the

GUS assays different expression patterns of the transgene could be observed

in these suspension lines (fig 3c) Genomic DNA was prepared from each

suspension line and digested with /-//ndlll to release the aspl cassette In

Southern analysis using aspl as probe, the 1 kb internal fragment of aspl was

present in all tested suspension lines except line S14 Among these lines,

different expression levels of aspl could be detected by northern analysis (fig

4a,b)

Molecular analysis ofaspl in transgenic plants

Of the 11 putative transgenic plants analysed by PCR, all showed a positive

result with hpt primers and in 7 of them the expected fragment of 250 bp could

be detected using aspl primers (data not shown) The integration pattern of

aspl was analysed by Southern analysis in the 7 transgenic plant lines Ten

micrograms of genomic DNA isolated from leaves of each transgenic plant line

and of wild type control plants was digested with Xba\, which releases the
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border fragments leading to the cassava DNA. The minimum expected fragment

size using the aspl probe is 4.15 kb. The expected border fragments were

detected in the tested plants (Lines P77, S13 and S16 is PCR positive and now

is repeating the Southern because the genomic DNA could not digested in this

experiment), and the number of the integration sites varied from 1 to 6 in the

different transgenic lines (fig. 5a). The expression of aspl at RNA level was

confirmed by the use of RT-PCR. The 250 bp fragment, indicating that the aspl

is actively transcribed to mRNA in the transgenic plants was detected in all

tested plant lines (fig. 5b).

Expression of ASP1 in the leaves and primary roots of transgenic plants

Expression levels of ASP1 in transgenic plant lines were determined by western

analysis using a polyclonal antibody specific for the 11.2 kDa ASP1 tetramer.

As only in vitro transgenic plants are available so far, western analysis was

performed on the leaves and primary roots from these plants. The analysis

showed that the different plant lines expressed the ASP1 at different levels.

Among the 7 transgenic plant lines, S11 and S16 gave the strongest signal both

in leaves and primary roots, while S5 had an intermediate expression level. In

the leaves of line Q12 medium expression of aspl was detected, but, the

primary roots could not detect the expression. Low expression levels were

detected from leaves and primary roots of line Q7. Although the aspl transcript

could be detected in P77 and S13 by RT-PCR, no signal was observed by

western analysis in these plant lines.

Protein content

Equal amount of protein (30 ug) prepared from leaves of transgenic plant lines

expressing aspl were separated by 15% SDS-PAGE. The results of silver

staining demonstrate that total proteins in Mr from about 10 kDa to 100 kDa

could be separated (fig. 7). Unfortunately, the 11.2 kDa ASP1 protein could not

be identified because it was washed by a native protein of same molecular

weight and these two could not be separated in the gels used (fig. 7).
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Discussion

Storage proteins have proved to be an important target for genetic engineering

of cassava, because of their role in determining the nutritional quality of storage

roots. Cassava roots, a good source of carbohydrate energy for humans and

animals, contain very little protein and, therefore, their consumption can lead to

dietary imbalances among the people who rely strongly on cassava as staple

(Cock 1985). Especially due to the paucity of essential sulphur containing amino

acids in cassava roots, the ideal candidate protein used for improving storage

protein content should contain appreciable amounts of most essential amino

acids. The ASP1 tetramer contains essential amino acids up to 80% of its total

amino acids and the ratio of essential amino acids is balanced to complement

the deficiencies found in 10 crops for all human age groups (Kim et al. 1992).

To ensure stable expression levels in transgenic plants, the aspl gene is linked

to a KOZAC translational enhancer and placed under the transcriptional control

of the CaMV 35S promoter. This gene had been transferred into and expressed

in tobacco (Kim et al. 1992) and sweetpotato (Prakash and Egnin 1997). In the

case of tobacco, ASP1 was quite stable and increased the overall levels of total

amino acids in the leaves of transgenic plants. Similar results were also

observed in leaves and roots of ASP1 expressing transgenic sweetpotato

(Ipomoea batatas).

In order to increase the protein content of cassava storage roots, the

synthetic aspl gene encoding an 11.2 kDa storage protein was transferred into

cassava tissues using Agrobacterium. Hygromycin was used as selection agent

and GUS assay for visible screening of the developing hygromycin resistant

lines. A modified transformation and regeneration protocol for embryogénie

suspensions was used. Hygromycin was successfully used to select transgenic

tissues by applying two-step selection strategy. This confirmed our earlier

results showing that hygromycin is an efficient selection agent for embryogénie

suspensions of cassava (Zhang and Puonti-Kaerlas in press, Zhang et al. in

press). The time required for regeneration of transgenic plants was only 15

weeks, which is 15 weeks shorter than that reported earlier using similar

systems in other laboratories (Gonzalez et al. 1998). Therefore, the improved

transformation procedure might reduce the risk of somaclonal variation during

the long process of tissue culture.

Results 80



Our first aim was to test whether the aspl can be transformed into and

expressed in cassava suspension cells. Embryogénie suspensions of cassava

cultivar TMS60444' have already been shown to be compatible with

/AgroJbacter/y/7?-mediated transformation (Gonzalez et al. 1998; Zhang et al. in

press). The integration and expression of aspl were confirmed by Southern and

northern analysis with aspl probe in transgenic suspension lines of cassava.

Different expression levels of aspl and GUS were detected among the 16

transgenic suspension lines. This phenomenon could reflect the influence of

many factors such as genetic background, position effects, copy number of the

integrated transgenes, transgene rearrangements and the physiological and

developmental states of the tissue.

Southern analysis revealed variant integration patterns of the aspl among

the 7 regenerated transgenic plant lines (fig. 5a). The number of integrated

gene copies varied between 1 and 6. The multiple copies of transgenes in some

transgenic plants may be partially due to the vector backbone of pCAMBIA1301

we used. Using pCAMBIA1301 backbone for transformation has been reported

by others to lead to integration of multiple copies (Lucca et al. in press).

However, using another vector backbone of pLD10, lower copy numbers of

transgene have been observed in cassava transformation studies (Zhang et al.

in press).

RT-PCR revealed the transcription of aspl in all the transgenic lines.

Immunoblot analysis of the transgenic plant lines using the ASP1 polyclonal

antibody showed the accumulation of the protein in the leaves as well as in

primary roots. Of the 7 lines, two lines gave strong signals both from leaves and

primary roots. The results indicate that it should be possible to improve the

nutritional content of cassava storage roots by constitutive expression of aspl in

transgenic plants. Several transgenic lines have already transferred into the

greenhouse. Analysis of the protein content and amino acid composition of

storage roots these plants will be investigated after the plants have formed the

storage roots.
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Figure legends:

Figure 1. The amino acid sequence and conformation of the ASP1.

Figure 2. Schematic representation of the T-DNA region of the binary vector

pCASPI. LB - left border; RB - right border; p35S - CaMV 35S promoter; 35S!

and Nos! - CaMV 35S and Agrobacterium nopaline gene terminator,

respectively. For gene abbreviations see text.

Figure 3. GUS assay of transformed suspensions: a) transient GUS assay after

4 days' cocultivation with Agrobacterium; b) GUS staining after 4 weeks'

selection; c) GUS assay of 16 transgenic suspension lines, the two wells on the

left of the top row are negative controls

Figure 4. Molecular analysis of transgenic cassava suspension lines, a)

Southern and b) northern blot using aspl probe. P - plasmid control; WT - wild

type control; S1-16 - different suspension lines

Figure 5. Molecular analysis of transgenic cassava plant lines: a) Southern blot

using aspl probe; b) RT-PCR using aspl primers. M - molecular size markers;

P - plasmid control; WT - wild type control; P77-S16 - different transgenic lines

Figure 6. Detection of ASP1 protein in transgenic plant lines by immunoblot

analysis in: a) leaves and b) roots. WT - wild type control; P77-S16 - different

transgenic plant lines

Figure 7. Silver staining the total protein extracts from transgenic plant leaves.

M - Molecular marker; WT - wild type control; P77-S16 - different transgenic

plant lines

Results 85



Monomer

MLEELFKKMTEWIEKVIKTMG
p

D mer Q
GMTKIVKEIWETMKKFLEELMR,,

ß-Turns
Tr mer

RMLEELFKKMTEWIEKVIKTMG
p

Tetramer fî
MTKIVKEIWETMKKFLEELMR

Hydrophobie
Hydrophobie

Hydrophihc

,tS
ß-Turn

Hydrophihc

/

Tetramer (11 2KD) monomer

35S' hph

Xba\
,

H/ndlll H/ndlll

p35S Nos' aspl p35S p35S uidAflnt) Nos'

Results 86



Fig. 4
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3 Discussion

Cassava, a staple food crop for more than 500 million people in the tropics,

plays an important role in developing countries in combating hunger and

undernourishment (FAO 2000b). Global cassava production reached over 160

million tons in 1999, and FAO forecasts that the production will rise to nearly

210 million tons by 2005 (FAO 2000c). Traditional breeding of cassava is limited

by the low fertility of the highly heterozygous plants. Although genetic

engineering of cassava has been pursued for many years, this plant is

considered more recalcitrant to regeneration and transformation than many

other crops e.g. rice and soybean. Only recently transgenic cassava could be

produced by using either Agrobacterium or biohstics (Li et al. 1996; Schöpke et

al. 1996). As the published methods are still inefficient, further improvement and

development of transformation methods to allow genetic improvement of

cassava via biotechnology is required.

The goal of this thesis was to develop efficient cassava transformation

methods, to assess the usefulness of a positive selection system (mannose),

compare it with a negative one (hygromycin), and to improve the agronomic

value of cassava roots by introducing a novel storage protein into cassava.

Cassava plant regeneration in vitro

One of the prerequisites for obtaining transgenic plants is the establishment of

an efficient plant regeneration system that is compatible with gene delivery

methods. The different plant regeneration systems for cassava include multiple

shoot formation from meristems, somatic embryogenesis, shoot organogenesis

and plant regeneration from FECs or suspensions. The regeneration of multiple

shoots from apical or axillary bud-derived meristems of cassava is efficient and

genotype independent (Konan et al. 1997). However, using these meristems as

targets only resulted in chimeric expression of reporter genes after either PIG-

or /AgroJbacter/ym-mediated transformation (Konan et al. 1997; Puonti-Kaerlas

et al. 1997). Although efficient transformation was reported in potato using

/AgroJbacter/ym-mediated transformation of internodal meristems (Beaujean et
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al. 1998) and in maize using particle bombardment-mediated transformation of

shoot meristems (Lowe et al. 1995), fully transgenic plants have never been

produced from meristems in cassava. Compared with potato transformation, the

low susceptibility to Agrobacterium infection and high sensitivity of shoot

meristem to selective agents may partially contribute to the failure in producing

transgenic cassava plants.

Although plant regeneration from germinating somatic embryos is

reproducible for most cassava cultivars, the regeneration frequency is low

(Mathews etal. 1993; Raemakers etal. 1993a; Sofiari et al. 1997). Even in the

model cultivar MCol22, only around 25% germination frequency could be

obtained (Raemakers et al. 1993a; Li et al. 1998). On the other hand,

production of transgenic plants via embryogenesis from somatic cotyledons is

inefficient (Sarria et al. 2000), as the origin of somatic embryos appears to be

multicellular and the embryos are derived from cell layers under the embryo

surface (Stamp 1987), which therefore are not accessible to Agrobacterium or

even to biohstics.

Shoot organogenesis from somatic cotyledons provides another system for

in vitro plant regeneration of cassava (Li et al. 1998). Most shoots regenerating

on cotyledon expiants are derived from the cut edges, which are amenable to

/Agrobacter/t/m-mediated transformation (Li et al. 1996). Furthermore, the

regenerative competence via shoot organogenesis is higher than that obtained

via germinating somatic embryos in most tested cultivars (Puonti-Kaerlas,

unpublished). The short time required for plant regeneration from somatic

cotyledons via shoot organogenesis also minimizes somaclonal variation (Li et

al. 1998). Therefore, this model of plant regeneration should be ideal for genetic

transformation in cassava and improving its efficiency was thus chosen as our

goal of this work.

For most cassava cultivars, the still relatively low frequency of shoot

organogenesis may constrain their application in genetic transformation. To

improve the shoot organogenesis frequency of cassava, the effect of silver

nitrate on shoot organogenesis was studied. Silver nitrate, an inhibitor of

ethylene action, has been shown to be effective in improving somatic

embryogenesis and shoot organogenesis in a number of crop species including

Brassica ssp. (Palmer 1992; Zhang and Ling 1995; Eapen and George 1997;
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Kuvshinov et al. 1999), maize (Vain et al. 1989a,b; Carvalho et al. 1997),

muskmelon (Yadav et al. 1996), cucumber (Roustan et al. 1992; Mohiuddin et

al. 1997), cowpea (Brar et al. 1999), peanut (Pestana et al. 1999), wheat

(Lashermes 1992), rice (Lentini etal. 1995) and barley (Castillo etal. 1998). By

supplementing the plant regeneration medium with 1-12 mg/l AgNÛ3, the shoot

organogenesis efficiencies were improved in four cassava cultivars in several

respects, including enhancement of organogenesis frequency, inhibition of

callus formation and improvement of shoot elongation. Several studies have

revealed that the stimulation of shoot morphogenesis elicited by silver ions is

genotype-specific. Different responses to silver nitrate have been observed

among different genotypes of B. campestris (Hachey et al. 1991) and B.

oleracea (Pua et al. 1999). In cassava, the Thai cultivars appear to have a

narrower and lower optimum for AgNÛ3 than the Latin American cultivar

MCol22. The type and developmental stage of expiants have been shown to

affect the response of other plant species to silver nitrate as well (Palmer et al.

1992; Evans and Batty 1994; Hyde and Phillips 1996; Mohiuddin et al. 1997;

Santos et al. 1997). In B. parachinensis (Zhang and Ling 1995) and B.

campestris (Palmer 1992), cotyledon expiants responded in a more sensitive

manner than hypocotyl expiants to the stimulation of shoot organogenesis by

silver nitrate. The use of silver nitrate in culture medium could promote callus-

free shoot regeneration in Albizia procera and muskmelon (Kumar et al. 1998;

Yadav et al. 1996). Our results show that addition of silver nitrate was also

beneficial for plant regeneration from cassava somatic cotyledons by changing

the regeneration mode from organogenesis involving a callus phase to that

without an intervening callus phase. Histological studies in Brassica ssp.

revealed that AgNÛ3 influenced the mode of plant regeneration, stimulating

direct shoot primordia development without an intermediate callus phase

(Hachey et al. 1991; Zhang and Ling 1995,1996).

In the dose response tests using selective agents, the effect of silver ions

on the improvement of in vitro regeneration rate was independent of and did not

alter the efficiency of selective agents on shoot organogenesis of cassava. For

example, 20 g/l mannose could efficiently block shoot organogenesis from

somatic cotyledons both in media with and without AgNÛ3, while in control tests

higher shoot organogenesis frequencies were obtained on medium containing
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AgNÛ3. In cassava transformation using biohstics, silver nitrate also had a

positive effect on plant regeneration during the selection stage. The addition of

AgNÛ3 to the shoot regeneration medium has been shown to be essential for

regeneration of transformed tissues in Brassica napus and Brassica oleracea

(DeBlock et al. 1989), Brassica campestris (Mukhopasdhyay et al. 1992;

Kuvshinov et al. 1999) and Brassica rapa (Radke et al. 1992). The reason could

be attributed to the property of silver nitrate of enhancing plant regeneration

efficiency.

Recently the effect of AgNÛ3 in plant tissue culture has been given more

attention. Because silver ions presumptively function as a competitive inhibitor

of ethylene action via interference with ethylene binding to the receptor (Beyer

1976), the mode of action of AgNÛ3 in plant tissue culture is assumed to be

associated with the physiological effects of ethylene. Ethylene has profound

effects on plant growth and development e.g. induction of ripening in climacteric

fruits, leaf expansion, abscission of various organs and senescence (Abeles et

al. 1992). As ethylene production is actually increased in plant cultures, plant

regeneration in vitro may be reduced or inhibited by ethylene (Pua et al. 1999;

Lee et al. 1997; Santos et al. 1997; Kong and Yeung 1994). It is known that

overproduction of ethylene causes abnormal growth and development of plants

(Lentini et al. 1988), and the use of AVG, an inhibitor of ethylene production,

has resulted in high frequency of shoot regeneration (Chi and Pua 1989; Chi et

al. 1990). However, ethylene may also act as a stimulator in other culture

systems (Hatanaka et al. 1995; Nissen 1994). Biochemical studies of receptor

binding to ethylene suggested that a transition metal is involved. Recently, a

copper cofactor has been found in the ethylene receptor ETR1 from Arabidopsis

(Rodriguez et al. 1999). Interestingly, silver ions were also found to enhance

the binding of ethylene to the receptor ETR1 in yeast (Bleecker 1997) and in

Arabidopsis (Rodriguez et al. 1999), suggesting that silver ions may block

ethylene signaling at a step different from ethylene binding. Other studies

showed that silver ions may interact with polyamines, which have been shown

to promote organogenesis and embryogenesis (Feirer et al. 1984; Meijer and

Simmonds 1988; Pua et al. 1999), since the biosynthetic pathways leading to

ethylene and polyamines compete for the same precursor, i.e. SAM (S-adenosyl

methionine). Few studies have addressed the interaction between silver ions,
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ethylene and polyamines (Chi et al. 1994; Pua et al. 1999). So far the

mechanism of AgNÛ3 action on plant tissue culture has not been elucidated.

Besides shoot organogenesis, the regeneration system based on friable

embryogénie callus (FEC) and embryogénie suspensions, has been

demonstrated to be compatible with Agrobacterium- or biolistic-mediated

transformation (Schöpke et al. 1996; Gonzalez et al. 1998). However,

regeneration of transgenic plants from such cultures needs at least 30 weeks

(Taylor et al. 1996). Both decreases in regeneration capacity and increases in

somaclonal variation among the cells may occur during such long-term culture

(Raemakers et al. 1998). We modified the protocol further in order to reduce the

time required for plant regeneration. The MSN medium containing 1 mg/l NAA

was used for FEC formation directly from the embryogénie suspensions as well

as to embryo emergence from these FECs. Generally, this allows plants to be

regenerated in 10 weeks. By using this protocol, transgenic plants were

successfully regenerated from transformed embryogénie suspensions after

transformation with either Agrobacterium or biohstics in 15 weeks, 15 weeks

shorter than in the previously published protocols (Schöpke et al. 1996;

Gonzalez et al. 1998).

Cassava transformation

Although transgenic cassava plants could be regenerated from somatic

cotyledons via shoot organogenesis by /Agrobacter/ym-mediated transformation

(Li et al. 1996), the number of escapes in the regenerated plants after selection

was high. Furthermore, the host range of Agrobacterium may limit its usefulness

on various genotypes. Particle bombardment-mediated transformation could

eliminate this problem while allowing DNA transfer into intact tissues with a

relatively high efficiency (Klein and Jones 1999). Therefore, we wanted to

develop a novel method to produce transgenic cassava plants by combining

shoot organogenesis with particle bombardment. The parameters we optimized

include DNA quantity, distance to target, and osmotic treatment. It is assumed

that transient expression increases with increasing amounts of DNA until the

agglomeration of particles becomes severe (Klein et al. 1988). However,

increasing the concentration of the plasmid DNA per shot from 0.5 |ig to more
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than 1 ug had a significantly negative effect on the transient GUS expression

frequency in cassava. This effect has been observed previously also with

bombarded cassava meristems and embryogénie clusters (Puonti-Kaerlas et al.

1997), but the reason of this phenomenon is not clear. Our results also show

that for cassava, both pre- and post-plasmolysis treatments with 12% sucrose

appear to be necessary for high transformation frequency. In transient

expression analysis, target tissues with 20-hour pre- and post-plasmolysis

treatment had about 2-fold higher expression levels of GUS than those only

treated for 2 hours. The beneficial effect of the plasmolysis treatment is

assumed to come from the reduced turgor pressure that allows the particles to

enter the cells without lethal disruption of the cell membranes, and also allows

the subsequent recovery of these cells from the shock caused by particle

penetration (Klein and Jones 1999). A step-wise decrease of osmotic strength

from high level to low level after bombardment may also benefit the recovery of

transgenic tissues (Russell et al. 1992). Different osmoticahy active compounds

may also influence the transient expression. In rice cell suspension

transformation, mannitol was better than other compounds e.g. sucrose, sorbitol

or maltose in transient expression, but not for integrative transformation. Using

sucrose produced the best results in stable transformation (Nandadeva et al.

1999). Vain et al. (1993) suggested that osmotic conditioning of suspension

cells could also be achieved by partial drying of the target tissue. In fact, we

also used the air-drying treatment with embryogénie suspension of cassava in

the PIG-mediated transformation and the treatment could facilitate the recovery

of bombarded tissue as well.

For the selection of transformed cotyledons, Li et al. (1996) reported that

using 15 mg/l hygromycin in the selection medium, transgenic shoots could be

obtained in 20 days, however, resulting in a lot of escapes. We observed that

increasing the hygromycin concentration to more than 20 mg/l also blocked the

development of transgenic primordia, indicating that shoot primordia

development is very sensitive to hygromycin. Therefore, to increase the

selection efficiency we developed a modified selection protocol. The bombarded

somatic cotyledons were firstly cultured on a medium containing 7.5 mg/l

hygromycin for 15 days, then the hygromycin concentration was increased to 15

mg/l for another 15 days. This modification allows the development of
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transformed cells at an early stage and inhibits the growth of escapes in later

stages. Finally, high transformation frequency was obtained using the partially

optimized bombardment conditions and the revised selection protocol. The

transformation frequency was about two to four times higher than that

previously reported for the /Agrobacter/ym-mediated transformation (Li et al.

1996).

As we had observed, not all the plants regenerated under selection were

transgenic. Although GUS assays on leaves or root sections of the putative

transgenic plants can be used to identify the true transformants, they are

destructive and expensive. On the other hand, if the transformation construct

does not carry an uidA gene, selection of the transgenic plants is not possible

using this kind of assay. Therefore, it would be helpful to develop alternative

methods to GUS assays for post-screening the transgenic plants. For this

purpose, a rooting screen system was developed. Hygromycin, geneticin and

mannose could be used in rooting assays to discriminate between transgenic

and non-transgenic shoots. The rooting of cassava shoots was more sensitive

to the selective agents than the development of regenerating shoots and in the

dose response tests genotypic differences were observed. Rooting tests have

been used as a secondary screen e.g. in apple (Puite and Schaart 1996), pea

(Grant et al. 1998) and silver birch (Keinonen-Mettälä et al. 1998) to eradicate

escapes from the primary selection. However, in pea and silver birch, equal or

higher concentrations of kanamycin than those used for selection of shoots

were required in the rooting assay. The rooting screen of cassava is a suitable

method for eliminating non-transgenic shoots from transgenic ones and

therefore, can be used to improve the overall transformation frequency.

Negative and positive selection

Hygromycin has been demonstrated to be useful for selection of transgenic

cassava plants from somatic cotyledons (Li et al. 1996). However, based on

one-week viability studies it was regarded to be inefficient for selection of

suspensions (Schöpke et al. 1996). Our studies show that efficient selection of

transgenic suspension cultures is possible using hygromycin. The viability tests

of embryogénie suspension cells showed that hygromycin at concentrations of
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25 mg/l and 50 mg/l can kill 85% and 96% of the cells after 4 weeks of culture,

respectively. This discrepancy between the two studies is probably due to the

short duration of the earlier experiment. Based on our results, we successfully

utilized hygromycin for selection of transformed suspension cells and production

of transgenic plants for the first time in cassava. In order to improve the

efficiency of hygromycin selection, a two-step selection protocol was applied.

Transformed suspensions were first selected on 50 mg/l hygromycin for 2

weeks and then on 25 mg/l for another 2 weeks. The high selection pressure of

hygromycin at the beginning could efficiently inhibit or kill the untransformed

cells and, later, the low selection pressure could favour the growth of the

transformed cells. Currently hygromycin is used routinely in our transformation

studies. In previous studies, paromomycin selection could be used to produce

transformed FECs and plants, but it also resulted in a high level of escapes

(Schöpke et al. 1996). Compared with paromomycin selection, hygromycin

selection is more efficient in our hands, as shown by the fact that nearly all

FECs and plants derived from selection were GUS positive.

Positive selection of transgenic plant cells using mannose or xylose

instead of negative selection using antibiotics or herbicides has several

advantages in plant transformation. Firstly, the transformation frequencies

obtained by positive selection appear to be higher than those obtained with

antibiotic or herbicide selection (Joersbo et al. 1998; Haldrup et al. 1998a,b).

Secondly, it allows to avoid the use of antibiotic- or herbicide- resistance marker

genes, which cause widespread public concern because of inadequate

knowledge of the agents' impact on the environment and on human health

(Ferber 1999). Thirdly, it does not cause any risk to animal, human or

environmental safety (Joersbo et al. 1998; Haldrup et al. 1998a,b; Negrotto et

al. 2000; Wang et al. 2000). Compared with other crops such as rice and wheat,

the vegetative propagation mode and low fertility of cassava make it difficult to

get rid of selectable marker genes in transgenic plants via sexual crossings.

Therefore, the use of positive selection systems will avoid this problem and may

be the preferred method in cassava. In order to assess the efficiency of

mannose selection in cassava transformation and to compare it with an

antibiotic selection system, the expression vector pHMG containing pmi and hph

genes on the same plasmid was constructed. Hence, it was possible to evaluate
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the two different selection systems directly within one experiment. Several

papers had reported the utilization of mannose selection in sugar beet (Joersbo

et al. 1998), maize (Negrotto et al. 2000; Wang et al. 2000) and rice (Lucca et

al. in press). However, the direct comparison between mannose and antibiotic

or herbicide selection on transformation efficiency was impossible because

these selectable marker genes were tested on different constructs in different

experimental events.

We demonstrate here that positive selection using mannose is compatible

with the two different regeneration modes of cassava, one based on shoot

organogenesis and one utilizing embryogénie suspensions (Zhang and Puonti-

Kaerlas 2000; Zhang et al. 2000). The dose response tests showed that using

the normal sucrose concentration (2%) in culture medium, mannose at

concentrations of 20 g/l and higher could inhibit shoot organogenesis from

somatic cotyledons. Reducing sucrose concentrations to 1% or 0.5% did not

change the amount of mannose required to totally inhibit the shoot

organogenesis, however, it resulted in lower shoot organogenesis frequencies.

In the case of embryogénie suspensions of cassava, even mannose

concentrations from 5 g/l up to 40 g/l could not efficiently inhibit the growth of

suspension cells in the normal culture medium. However, when the sucrose

concentration was decreased from 6% to 1%, 40 g/l mannose could efficiently

inhibit the growth of embryogénie suspensions. Therefore, the effect between

mannose and sucrose on cassava cultures should be determined for each

explant type. In sugar beet, the interaction between sucrose and mannose has

been observed as well (Joersbo et al. 1998). Decreasing amounts of sucrose

allowed lower concentrations of mannose to inhibit shoot formation. In rice, the

concentrations needed to arrest growth of embryogénie calli are as high or even

higher than those in cassava (Lucca et al. in press). Mannose at 20 g/l was also

used in the selection of maize protoplasts (Wang et al. 2000). In sugar beet

and rice, a stepwise increase of mannose concentration was necessary in order

to allow regeneration of transformants. On the other hand, stepwise decrease of

sucrose also facilitated the selection efficiently (Lucca et al. in press).

Combination of 10 g/l mannose and 0.5% sucrose resulted in the production of

transgenic cassava plants from somatic cotyledons in our hands (Zhang and

Puonti-Kaerlas 2000), and so far no stepwise selection has been tested.
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In the PIG-mediated transformation, the efficiency of mannose selection on

somatic cotyledons was about four times lower than that of hygromycin

selection; and for the suspension, it was two times lower. The same efficiency of

mannose selection and hygromycin selection was observed in the

/Agroùacter/ym-mediated transformation of embryogénie suspensions. In sugar

beet, the mannose selection system was reported to result in ten-fold higher

transformation frequencies when compared to kanamycin selection (Joersbo et

al. 1998). However, because mannose and kanamycin selections were tested in

different experimental events, the result was but an indirect comparison. In

other reports no comparison was attempted and it was only reported that

mannose selection could be used in plants such as maize (Wang et al. 2000;

Negrotto etal. 2000) and rice (Lucca et al. in press).

Rooting assays of pmi transgenic plants revealed that cassava roots are more

sensitive to mannose than embryogénie suspensions. In rice, shoots and roots

were also shown to be more sensitive to mannose than callus (Lucca et al. in

press). The differences in the growth of the transgenic cassava lines in response to

increasing mannose concentrations could reflect different expression levels of the

pmi gene and thus their ability to use mannose as energy source. Mannose has

been shown to be a better carbohydrate source than sucrose allowing faster

growth rates in transgenic sugar beet, and its effect has been correlated to PMI

activity (Joersbo et al. 1998).

Several studies revealed that initial mannose selection always resulted in a

number of escapes (Joersbo et al. 1998). Using mannose selection, 50% of

escapes have been observed in maize (Negrotto et al. 2000). In sugar beet, high

transformation frequencies were only obtained at low selection pressure under

which 20-30% of the expiants produced shoots. Using high concentration of

mannose, however, lead to fewer or no transformants (Joersbo et al. 1998). In our

studies, only the medium containing 10 g/l mannose and 0.5% sucrose allowed the

development of transformants, together with some escapes, from somatic

cotyledons. Apparently, further selection is necessary to eradicate non-transgenic

shoots. The mannose concentrations needed to inhibit the growth of non-

transgenic shoots were lower than those inhibiting organogenesis in cassava.

However, in sugar beet a high concentration of mannose was needed to eliminate

escapes (Joersbo et al. 1998). In case of embryogénie suspension of cassava,
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high concentration of mannose with low concentration of sucrose was needed to

arrest the growth of suspension cells. The formation of FEC was only possible on

reduced mannose concentration and somatic embryos only formed in the absence

of mannose. Similarly, in rice, transgenic plants were regenerated from mannose-

resistant calli without selection (Lucca et al. in press). In order to obtain a high

transformation frequency, the selection protocols obviously should be optimized for

different species and tissues.

Saccharide composition and phosphate content in the selection medium have

been shown to have an impact on the effect of mannose selection (Joersbo et al.

1999). Compared with other sugars e.g. glucose and fructose, sucrose resulted in

higher transformation frequency in sugar beet. Additional phosphate had a strong

positive effect on the transformation frequencies. Therefore, further modifications

of the mannose selection protocol might improve the transformation frequencies in

cassava. On the other hand, combining GUS assays with chemical selection and

the rooting assay we have developed a rapid and easy screen for elimination of

non-transgenic material, thus increasing the overall transformation efficiency.

Transfer and expression of aspl

The cassava storage root is formed by secondary thickening of the root

parenchyma, and consists predominantly of starch (80% in dry weight), which is

a good source of carbohydrate energy for humans and animals (Rickard et al.

1991). However, the root contains very little protein (1-2%) and is especially

limited in essential sulphur-containing amino acids (Maini 1978) and therefore,

its consumption can lead to dietary imbalances among the people who rely

strongly on cassava as staple (Cock 1985). Several proteins have been isolated

from different tissues of cassava roots by SDS-PAGE or HPLC, but their

amounts were very small and remained quantitatively constant during the

different developmental stages of storage roots, suggesting that probably they

were not storage proteins (Clowes et al. 1994; Maciel et al. 1994). Although

cassava leaves contain over ten times more protein than roots, no leaf storage

protein has been characterized either. In contrast to cassava, storage proteins

are abundant in a number of seed and root crops. They include, for example,

the 2S albumins of Brazil nut (Sun et al. 1987), 7S and 11S globulins of
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legumes (Nielsen and Nam 1999), zein storage proteins of maize (Coleman and

Larkins 1999), HMW subunits of wheat (Shewry et al. 1999) and dioscorin of

yam (Hou et al. 1999). So far a number of storage protein genes have been

cloned, sequenced and analyzed (Shewry and Casey 1999). By using genetic

engineering various storage proteins have been intensively studied in

heterologous systems, to determine the structure of individual proteins or

protein domains, to explore structure-function relationships and to improve their

nutritional value (Shewry and Gutteridge 1992; Shewry and Casey 1999).

Storage proteins have proved to be an important target for genetic

engineering of cassava, because of their role in determining the nutritional

quality of storage roots. Especially due to the paucity of essential sulphur

containing amino acids in cassava roots, the ideal candidate protein used for

engineering should contain appreciable amounts of most essential amino acids.

The available endogenous storage proteins with or without mutation from other

plants, however, are only rich in one or several essential amino acids. For

example, the Brazil nut 2S protein is rich in methionine (17.33 mol %) (Youle

and Huang 1981) and maize zeins contain high proportions of proline (13 mol

%), glutamine (20.7 mol %), leucine (15.3 mol %), and alanine (11.3 mol %)

(Shewry and Tatham 1999). On the other hand, certain storage proteins are

well-known allergens, such as the Brazil nut 2S albumin. People allergic to

Brazil nuts are also allergic to transgenic soybeans that have been engineered

to express the Brazil nut 2S albumin to make them more nourishing (Nordlee et

al. 1996). By using protein engineering, it is possible to design and synthesize

de novo storage proteins rich in most of essential amino acids and without

allergenic properties. The artificial storage protein ASP1 contains essential

amino acids up to 80% of its total amino acids (Lys 20 mol %; Met 15 mol %; Ile,

Leu, Thr 10 mol %; Phe, Val, Trp 5 mol %) and the ratio of essential amino

acids is balanced to complement the deficiencies found in 10 major crops for all

human age groups (Kim et al. 1992). This gene has been transferred into and

expressed in tobacco (Kim et al. 1992) and sweetpotato (Ipomoea batatas)

(Prakash and Egnin 1997).

The expression of aspl in stably transformed suspensions and transgenic

plants of cassava demonstrates that the protein was correctly transcribed and

translated in cassava cells. Immunoblot analysis showed that the 11.2 kDa
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ASP1 tetramer is stable in the leaves and primary roots of several transgenic

lines. The ASP1 was designed to have a stable storage protein-like structure in

plants based on the structurally well-studied corn zeins (Z19 and Z22) (Agros et

al. 1982). In transgenic tobaccos, the ASP1 was quite stable and, interestingly,

the overall levels of all amino acids were increased with some of the plants

having remarkably high protein contents (Kim et al. 1992). Similar results were

also observed in leaves and roots of ASP1 expressing transgenic sweetpotato

(Prakash and Egnin 1997). It is suggested that ASP1 may function as a general

'protein-stabilizer' in the transgenic plant cells. In order to know whether the

ASP1 can affect the levels of total proteins as well as amino acid composition in

cassava, we are analyzing the amino acid of leaves and primary roots of in vitro

cultured transgenic plants.

The most serious problem for improving seed or root quality by protein

engineering is the low level of storage proteins in transgenic plants. One reason

could be the low expression levels of the transgenes. As we know, gene

expression levels in plants are affected by a lot of factors e.g. promoter and

transgene properties, processing and modification of the pre-mRNA,

nucleocytoplasmic mRNA transport, translation and eventually protein

modification, transport and folding. Improved versions of the CaMV 35S

promoter containing a duplicated enhancer and/or an intron, which often leads

to an increase in promoter activity, has been used for high expression of

transgenes in transgenic plants (Bâga et al. 1999). A double CaMV 35S

promoter has been used for expression of 5-zein in transgenic white clover

(Sharma et al. 1998). For most seed crops, in order to get high expression

levels of storage proteins in seeds, the transgenes are often under the control of

seed specific promoters, such as the wheat HMW glutenin gene promoters

1Ax1 and Dy10 (Blechl and Anderson 1996; Altpeter et a/. 1996). To improve the

protein content of cassava storage roots, without doubt, a root specific promoter

would be the best choice for controlling the expression of aspl in transgenic

plants. However, due to the current lack of suitable root specific promoters, we

decided to express the aspl only in a constitutive manner, using the CaMV 35S

promoter, which has been shown to be active in the storage roots of transgenic

cassava plants (Puonti-Kaerlas, unpublished). Moreover, in order to increase

the stable translation of aspl, the gene is linked to a KOZAK translational
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enhancer (AACAA) (Kozak 1991). The consensus sequence (AACAAUGGC)

surrounding the AUG codon in plants has an important role in translation

(Lütcke et al. 1987; Luehrsen and Walbot 1994). The translational enhancer Q

has shown a positive effect on the high level accumulation of a soybean

vegetative storage protein in transgenic tobacco plants (Guenoune etal. 1999).

For heterologous storage proteins, their properties protecting them against

proteolytic degradation and determining their accumulation also affect their

levels in transgenic plants. Storage protein precursors have been shown to be

undergoing a series of processing and deposition steps after translation both in

homologous and heterologous systems (Müntz 1998). In some cases, rapid

degradation of foreign storage proteins was observed in transgenic plants

(Ohtani et al. 1991). Yang et al. (1989) reported that a synthetic protein gene

HEAAE-DNA was unstable in transgenic potato plants. However, modification of

this storage protein could increase its stability. The ASP1 (modified from

HEAAE-DNA) is comprised of four helical repeating units, each 20 amino acids

long. The helical region of ASP1 is amphipathic and is stablized by several Glu-

Lys salt bridges. The helix breaker Gly-Pro-Gly-Arg is used as a turn sequence

between helices. The ASP1 is quite stable and increased the overall levels of

total amino acids in the leaves and roots of transgenic plants. So far the

presence of the ASP1 tetramers detected in cassava tissues also proves its

stability in the leaves and primary roots of transgenic cassava plants.

Studies on the expression of zein genes in transgenic plants have shown

that in most cases a-zein failed to accumulate to an appreciable level in the

tissues where the gene was expressed (Ueng et al. 1988; Williamson et al.

1988; Wallace et al. 1989). Notably, a-zein did accumulate in transgenic

tobacco endosperm when y-zein was co-expressed (Coleman et al. 1996).

Expression of ß- and 5-zein gene in transgenic tobacco plants also resulted in

the accumulation of the respective protein products in the leaves and seeds

(Bagga et al. 1995; Bagga et al. 1997). Furthermore, the pressence of ß-zein

significantly increased the accumulation of 5-zein much in the way y-zein

increased a-zein accumulation, indicating the interaction among different zeins

on their accumulation in plant cells.

So far it is not clear to which amounts ASP1 can accumulate in storage

roots of cassava. Should the levels turn out to be too low, other approaches can
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also increase the expression and accumulation of storage protein in transgenic

plants. One strategy involves the synthesis of the protein as a translational

fusion to another (La Valle and McCoy 1995). Fusion to ubiquitin, a highly

conserved, stable and abundant protein in eukaryotes that functions in selective

protein degradation (Vierstra 1996), has been shown to substantially enhance

protein accumulation in microorganisms (Baker 1996) and transgenic tobacco

(Hondred et al. 1999). By the addition of the ER retention signal KDEL, high

levels of y-zein accumulation were also achieved in leaves of y-zein:KDEL

transgenic tobacco (Behucci et al. 2000). Therefore, these approaches, if

applied to aspl, will probably increase the levels of ASP1 expression and

accumulation in transgenic cassava plants.
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4 Perspectives

The transformation systems developed in this thesis are efficient, reproducible

and can be routinely utilized for genetic improvement of cassava by introducing

new valuable traits.

In order to improve the nutritional value of cassava roots, the synthetic aspl

gene encoding a storage protein rich in essential amino acids has already been

transferred into cassava and transgenic cassava plants have been obtained. So

far analysis of stably transgenic plants in vitro showed that the expression of

aspl could be detected at RNA and protein levels in the leaves and primary

roots. Several of these plant lines have already been transferred to the

greenhouse for the production of storage roots. Once the storage roots can be

harvested, analysis of their total protein content and amino acid composition will

be carried out. Further studies will also consider other features of the ASP1 in

cassava roots, such as 1) the stability of the protein against proteolytic attack

and, 2) its solubility and deposition patterns. It will be very interesting and

significant for its potential for improving food security if the aspl can be

expressed and accumulated at high levels in the transgenic cassava plants. Field

tests with selected transgenic materials will be conducted on the Virgin Islands

and/or at CIAT in Colombia.

ACMD (African cassava mosaic disease), the most important disease of

cassava in Africa, is caused by the whitefly-transmitted virus ACMV (African

cassava mosaic virus). Studies on the regulation of the bidirectional promoter of

ACMV DNA A showed that a basal low level of transcription takes place from

both sides of the ACMV promoter (Hong et al. 1996). After a transient viral

infection the AV promoter was upregulated while the AC promoter was

downregulated in a dual luciferase assay (Frey et al. in press). Based on the

unique properties of regulation of the ACMV promoter, it is possible to mimic a

hypersensitive reaction by using a delicately adjusted toxin/anti-toxin system. A

new strategy was proposed for ACMV resistance by introducing a virus-induced
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cell death system based on barnase, the ribonuclease produced by Bacillus

amyloliquefaciens, and its specific inhibitor, barstar, into cassava cells. The

barnase ORF was cloned under the ACMV AV promoter and the barstar was

introduced under the control of the ACMV AC promoter to counteract basal

expression of barnase. Preliminary results using this system show that it is

possible to reduce ACMV replication by 37-99% in transgenic tobacco plants

(Frey 2000). To verify the results from the model system, we wanted to produce

transgenic cassava containing these constructs. After bombardment of

embryogénie cassava suspensions with three different constructs carrying

barnase, barstar and hpt genes, hygromycin-resistant plants have already been

regenerated. PCR analysis has confirmed the presence of the hpt gene in 6 plant

lines. The integration pattern and expression levels of barnase and barstar will be

analyzed at molecular level by Southern and northern blotting. The efficiency of

this strategy in virus resistance will be tested by viral replication assays of ACMV

on transgenic cassava leaves. Finally, collaborating with researchers in Stuttgart,

we will conduct the ACMV infection of transgenic plants to test whether the

spreading of the virus would be reduced or inhibited. The performance of the

plants will be evaluated in the field.

Another approach to improve the yield of cassava is to develop cassava

lines with prolonged leaf life. A construct carrying the ipt gene with a

senescence-induced promoter SAG12 (Gan and Amasino 1995) has been

introduced into cassava by /Agrobacter/t/m-mediated transformation. Some

transgenic plants have been recovered already. Future plans will include analysis

of the cytokinin levels in transgenic plants, the ipt gene expression pattern and

the effect on leaf senescence. The effect of ipt on leaf senescence and storage

root production need to be evaluated in the field as well.

The technology developed in this thesis is currently being transferred to

other laboratories in Africa and Latin America for establishment of genetic

methods for cassava transformation. On the other hand, expanding this

technology to new cultivars will also hold great significance for agronomic

improvement of this crop. For further improvement of cassava by introducing new
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traits, such as increasing the contents of vitamin A, vitamin E and iron, can also

be attempted in the future. In cooperation with our laboratory, researchers in the

Plant Biochemistry Laboratory of RVAU, Copenhagen, are conducting

experiments aimed at producing transgenic cassava plants with reduced

cyanogenic glucosides by downregulating the key enzymes in linamarin

synthesis, i.e. the cytochrome P-450 oxidases.

As the technology developed in this thesis paves the way for introducing

value-added traits e.g. improved protein content, without doubt, in the future

transgenic cassava could play more important role in food security and as a

source of income in developing countries.
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