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ABSTRACT

Conventional sugarcane breeding is limited by the complexity of the sugarcane genome, the

relatively narrow genetic base of modern sugarcane germplasm and the time it takes to screen

and release a new cultivar. Genetic engineering offers the potential to enhance conventional

breeding by the rapid introduction of new characteristics into sugarcane. However, it is

recognised that the molecular and developmental processes involved in transformation vary

greatly with the recipient material. In this work, tissue culture protocols and a microprojectile

bombardment-based transformation system were developed for a range of South African

sugarcane cultivars. The pat gene, which confers resistance to the compound glufosinate

ammonium and the commercial herbicide Buster®, was used as a model transgene. A co-

bombardment system was used, with the selection gene nptlI delivered on a separate vector

construct.

Type 3 embryogenic callus is commonly used as target material for microprojectile

bombardment in sugarcane and it was found that this form of callus was optimally produced

when cycled on MS medium containing 1 and 3 mg/l 2,4-D. Although there was no genotype-

specific response in mass of callus produced, NC03! 0 was chosen as the recipient cultivar for

transient expression studies, as it showed the highest transient expression levels when

compared to other cultivars. Transient expression using either GUS or anthocyanin gene

constructs was used quantitatively to optimise microprojectile bombardment parameters and

choice of promoter. A helium pressure of 1000 kPa and tungsten particles, as opposed to gold,

were established for use in the gene delivery system. Out of four promoters tested, the

ubiquitin promoter was shown to drive gene expression most effectively. Regeneration

efficiency was improved by the addition of kinetin (0.5 mg/l) to the regeneration medium. To

optimise selection of stable transformants, a geneticin kill curve was established and the

concentration that killed 100% of untransformed cells was found to be 45 mg/l.

NC03! 0 was used as the recipient cultivar in stable gene expression studies. Plants were

regenerated via conventional indirect embryogenesis from bombarded callus. From a total of

200 bombardments, seven plants regenerated on selection medium containing 45 mg/l

geneticin. Among these, PCR analysis indicated that one line was an escape, one contained

only the nptII gene and five were transformants. Southern blot analysis indicated that transgene

copy number ranged from one to nine. Three of the transgenic plants were identical as they had
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the same integration profiles and arose from the same transformation event. Both RT-PCR and

phenotypic analysis as determined by glasshouse spraying with Buster (411ha), confirmed that

lines 22.2 and 1.7 were stably transformed, and line 22.1, which contained a single copy of the

pat gene, was silenced. A low transformation efficiency of 1% (1 transgenic plant per 100

bombardments) was calculated.

A novel regeneration route was developed and characterised for use in a sugarcane

transformation programme. It was envisaged that induction of somatic embryos directly on

immature leaf roll discs on medium containing low auxin levels (0.3 mg/l 2.4-D), would

facilitate shorter in vitro culture times. In a preliminary study, not involving transformation, a

lower regeneration efficiency was observed directly from leaf discs when compared to indirect

embryogenesis. However, the decreased exposure to high auxin concentrations and shorter

time frame for regeneration could reduce the likelihood of somaclonal variation in plants

derived from direct morphogenesis.

The use of leaf roll discs as target material for bombardment is a novel approach in sugarcane.

The efficiency of transformation from bombarded leaf discs, regenerated via either direct or

indirect embryogenesis, was compared to the more conventionally used embryogenic callus

route. The stringency of the selection regime was reduced in an attempt to increase

regeneration frequency, despite the chance of more 'escapes' surviving the process.

Consequently, 15 mg!l geneticin was incorporated in the selection medium, as this inhibited

growth of 75% of untransformed cells. Improved regeneration efficiencies of 28 and 23% were

observed from bombarded leaf discs, regenerated via direct and indirect embryogenesis,

respectively, compared to that of 6% from callus. Plants regenerated on selection medium

directly from leaf discs in 13-22 weeks, and indirectly from bombarded discs in 18-26 weeks.

Both approaches resulted in a more rapid production of plants than the conventional callus-

based route, where plants were regenerated in 24-36 weeks. PCR, Southern and phenotypic

analysis indicated that regardless of the regeneration route, the majority of plants were escapes.

This could be attributed to the low stringency selection procedure. In addition, a large

proportion (45%) of plants regenerated via direct somatic embryogenesis were chimaeric.

Although initial PCR and phenotypic analyses of these plants indicated that they were

transformed, none of the mature plants contained the pat gene. When the selection pressure

was increased from 15 to 45 mg!l geneticin, a single transformed line was obtained via direct

embryogenesis (1.7% transformation efficiency). However, once again the majority of plants
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regenerating on selection medium where escapes, indicating that further optimisation of this

route in a transformation system is necessary. A promising transformation route is the

bombardment of leaf discs followed by indirect embryogenesis. This approach resulted in a

transformation frequency of 2.5%, which is 2.5 x higher than that observed when embryogenic

callus was used as target material for bombardment. However, chimaeric plants were obtained,

as well as a large proportion of escapes, although the latter could be due to the low stringency

used for selection (15 mg/l geneticin). Further investigation into this route is necessary.

A single transgenic line, 22.2, was field-tested to establish the stability of the pat transgene

over several rounds of vegetative propagation. In addition, the agronomic performance of

transgenic plants was compared to that of untransformed sugarcane. A preliminary field trial

was carried out to determine rates of herbicide application. Line 22.2 was resistant to Buster

applied at rates of up to 7 l/ha. A large-scale field trial was undertaken to compare the efficacy

of four weed control treatments applied to transformed and untransformed sugarcane.

Transgenic sugarcane stalk characteristics (diameter, population density, height and fibre

content) were not significantly different from untransformed controls. Susceptibility to the

diseases smut and SCMV were unchanged in transgenic cane. Transgenic sugarcane was less

susceptible to the stalk borer, Eldana saccharina, although it was not apparent why this was so.

The plant/herbicide combinations that were highest yielding in terms of cane mass and sucrose

content were transgenic cane treated with a pre-emergent herbicide cocktail, followed by

Buster application (5 l/ha), and untransformed cane treated with the conventional weed control

programme. When a cost comparison was carried out, it was clear that the most economical

treatments were transgenic cane treated with Buster, and transgenic cane treated with pre-

emergent herbicides plus Buster. However, the pricing of the herbicide to which resistance is

engineered is crucual if herbicide resistant sugarcane is to be commercially viable.
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OPSOMMING

Suikerriet teling word deur die kompleksitiet van die suikerriet genoom, die relatiewe nou

genetiese basis van moderne suikerriet en die tyd wat dit neem om 'n nuwe variëteit te evalueer

en vry te stel. Genetiese manipulering kan konvensionele planteteling versnel deurdat nuwe

eienskappe in suikerrietgenoom ingevoeg kan word. Dit is egter 'n bekend dat die

transformeringspotensiaal tussen verskillende teikenmateriaal (species en variëteite) grootliks

kan varieer. In hierdie studie is weefselkultuur metodes en 'n nuwe transformerings sisteem vir

'n reeks van Suid Afrikaanse suikerriet kultivars ontwikkel. Die pat geen, wat

weerstandbiedendheid teen die chemiese stof ammoniumglufosinaat en die kommersiële

onkruiddoder Buster® bied, is as 'n model oordragsgeen gebruik. 'n Ko-bombarderings

sisteem is gebruik waartydens die seleksie geen nptI! wat op 'n aparte vektor konstruksie

teenwoordig was.

Tipe 3 embriogeniese kallus word algemeen as teiken materiaal VIr mikroprojektiel

bombardering in suikerriet gebruik. Die studie toon dat hierdie tipe kallus optimaal

geproduseer word wanneer dit die weefsel afwisselend op MS-medium wat onderskeidelik 1 en

3 mg/l 2,4D bevat, gekweek word. Alhoewel kallus vorming nie genotipe spesifek was nie is

NC0310 gekies as die teiken kultivar vir oorgangsgeen-uitdrukking studies gebruik. Die besluit

is geneem omdat die hoogste oorgangsgeen-uitdrukking by die kultivar voor gekom het.

Oorgangsgeen-uitdrukking waar óf die GUS-geen óf antosianientranskripsiefaktore gebruik is,

is kwantitatief gebruik om mikroprojektiel bombarderings parameters en die keuse van

promotor te optimiseer. 'n Helium druk van 1000 kPa en wolframstaal deeltjies, in plaas van

goud deeltjies, is gebruik. Uit die vier promotors wat getoets is, het die ubiquitin promotor die

beste resultate gelewer om geen uitdrukking aan te dryf. Regenerasie doeltreffendheid is met

die byvoeging van kinetien (0.5 mg/l) verbeter. 'n Genetisien afsterwingskromme het

aangetoon dat 45 mg/l die optimale seleksietoestande was.

NC0310 is ook vir stabiele geenuitdrukking studies gebruik. Plante is deur middel van

konvensionele indirekte embriogenese van gebombardeerde kallus geregenereer. Uit 'n totaal

van 200 bombarderings is sewe plante geregeneer op seleksie medium wat 45 mg/l genetisien

bevat het. Met behulp van die polimerase ketting reaksie (PKR) is aangetoon dat een lyn geen

transgeen bevat het nie, dat een lyn net die npt!! geen bevat het en dat vyf lyne beide die

transgene bevat het. Gebaseer op Southern kladanalise het die transgeniese lyne tussen een en
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tien kopiee van transgeen bevat. Die ontleding het verder aangetoon dat drie van die

transgeniese plante identies was m.a.w. dat hulle uit 'n enkele getransformeerde selontstaan

het. Beide RT-PKR en fenotipiese analise deur die plante met Buster in glashuise te bespruit (4

lIha), het bevestig dat lyne 22.7 en 1.7 stabiel getransformeer was. Geenuitdrukking in lyn

22.1, wat 'n enkele kopié van die pat geen bevat het, is egter uitgedoof. 'n Lae

transformeringsdoeltreffendheid (1 transgeniese plant per 100 bombarderings) is behaal.

'n Nuwe regenerasie roete vir gebruik in 'n suikerriet transformerings-program is ontwikkel. In

hierdie benadering was die veronderstelling dat induksie van somatiese embrio's direk op

onvolwasse blaarrol-snitte, op 'n medium wat lae ouksien vlakke (0.3mg/1 2.4.D) bevat tot 'n

korter in vitro kultuur periode sal lei. Alhoewel regenerasie doeltreffendheid direk van

blaarrol-snitte af laer was as vanaf indirekte embriogenese, het die verminderde blootstelling

aan hoë ouksien konsentrasies en korter generasie periodes die moontlikheid van somatiese

variasie in plante waarskynlik verminder.

Die gebruik van blaarrol-snitte as teiken materiaal vir bombarderings is 'n nuwe benadering in

suikerriet. Die transformeringsdoeltreffendheid van gebombardeerde blaarrol-snitte, wat óf

deur direkte óf indirekte embriogenese geregenereer is, is vergelykbaar met die meer

konvensionele embriogeniese kallus roete. Om die regenerasie to probeer verbeter is die

seleksiedruk na 15 mg/l genetesien verminder. Dit het tot 'n regenerasie doeltreffendheid van

onderskeidelik 28 en 23 % by gebombardeerde blaarrol-snitte wat deur middel van direkte en

indirekte embriogenese gelei. In vergeleke, is daar net 6 % regenerering vanaf kallus verkry.

Plante wat direk van blaarrol-snitte afkomstig was, het 13-22 weke geneem om te ontwikkel.

Die wat indirek van gebombardeerde snitte afkomstig was, het 18-26 weke geneem. Beide

hierdie benaderings het tot gevolg dat 'n vinniger produksie van plante moontlik is in

vergelyking met die konvensionele kallus-gebaseerde roete wat 24-36 weke neem. PKR,

Southern kladanalise en fenotipiese analises het getoon dat ongeag die regenerasie roete, die

meeste plante wat geproduseer was nie transgenies was nie. Die lae seleksiedruk waarskynlik

die rede hiervoor. 'n Hoë persentasie (45 %) van plante wat deur direkte somatiese

embriogenese geregenereer is, is chimeries. Ten spyte van die feit dat die aanvanklike PKR en

fenotipiese analises aangedui het dat hierdie plante getransformeer was, het nie een van die

volwasse plante die pat geen bevat nie. Nadat seleksiedruk verhoog is van 15 tot 45 mg/l

genetisien, is 'n enkele getransformeerde lyn deur middel van direkte embiogenese (1.7 %

transformeringsdoeltreffendheid) gekry. Ondanks verhoging van seleksiedruk was die meeste
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plante weereens nie trans genies nie. Dit toon duidelik op dat verdere optimalisering van hierdie

roete in 'n transformerings sisteem nodig is. Dit wil voorkom asof bombardering van blaarrol-

snitte opgevolg deur indirekte embriogenese 'n belowende transformasie roete mag wees.

Hierdie benadering het tot 'n transformasie frekwensie van 2.5 % gelei, wat 2.5 keer hoër is as

wat met die embriogeniese kallus verkry is. Ongelukkig is daar nog baie plante was deur die

proses kom wat nie getransformeer is nie of wat chimeras is. Dit is waarskynlik toe te skryf aan

te lae seleksiedruk (15 mg/l genetisien) wat in die studie toegepas is.

'n Enkele transgeniese lyn, 22.2, is onder veldtoestande getoes om vas te stelof uitdrukking

van die pat-transgeen stabiel is gedurende opeenvolgende vegetatiewe voortplantingsiklusse. 'n

Voorlopige veldproef is uitgevoer om die optimale konsentrasie van onkruidmiddels te bepaal.

Lyn 22.2 was weerstandbiedend teen Buster wat teen 'n konsentrasie van tot 7 I/ha toegedien

is. 'n Grootskaalse veldproef om die doeltreffendheid van vier onkruiddoders te toets op

getransformeerde en ongetransformeerde suikerriet is uitgevoer. Die transgeneiese suikerriet

stingels se kenmerke (deursnit, populasie digtheid en veselinhoud) was nie betekenisvol

verskillend as dié van ongetransformeerde kontrole plante nie. Transgeniese suikerriet se

vatbaarheid teen siektes soos brandswam en mosaïek was onveranderd. Transgeniese riet was

minder vatbaar vir die stingelboorder Eldana saccharina, alhoewel die rede hiervoor nie

duidelik is nie. Die plant/onkruiddoder kombinasies wat die hoogste rietmassa en sukrose

inhoud gelewe het was transgeniese riet wat behandel is met 'n voor-opkoms onkruiddoder

mengsel gevolg met die toediening van Buster (5 I/ha) en ongetransformeerde suikerriet wat

behandel is met 'n konvensionele onkruid beheer program. 'n Koste analise toon dat die

transgeniese riet wat behandel is met die voor-opkoms onkruiddoder Buster, die mees

ekonomiese kombinasie is. Ooglopend sal die prys van die onkruiddoder waarteen die

weerstand verkry is, 'n kritieke faktor wees in besluitneming on die transgeniese suikerriet

kommersieël beskikbaar te stel.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 SUGARCANE AS A CROP

Sugarcane is a hybrid (Saccharum species hybrids) belonging to the Gramineae. It is best

grown commercially in tropical and sub-tropical areas that are characterised by warm

temperatures, high incident solar radiation and annual rainfall, and deep fertile soils (Barnes,

1974). Sugarcane is cultivated in over 120 countries and is the source of approximately 50% of

the world's sugar (Anonymous, 2000a). In addition, it is used as a raw material for ethanol

production in Brazil, which is the largest producer of cane sugar in the world

(http://apps.fao.org). South Africa ranks 13th in world-production of cane sugar, currently

manufacturing 2.5 million Mg sugar per annum (Anonymous. 2000a).

The phenomenon of yield or productivity plateau that has been observed globally in many crop

plants, has been well researched for sugarcane in Australia (Bull and Tovey, 1974; Garside,

1997; Garside et al., 2001). Due to the loss of productive capacity of soils under sugarcane

monoculture, sugar yield increased at a rate of 0.01 million Mg sugar/ha/annum for the period

1970-1990. This, combined with factors such as the sucrose storage limits of 14% (g

sucrosell 00 g fresh mass plant) reached by the genotypes currently in use (Heinz, 1987) and

increasing world sugar production figures of 130 million Mg for 2001, continue to drive sugar

industries to increase output. Another major economic factor world-wide affecting yield is crop

damage caused by insects. Large stands of single crop species have long been recognised as

favouring dramatic increases in pest species, despite the use of chemical pesticides, insect

parasitoids and modified cropping practices (Thomas et al., 1995a, 1995b).

Sugarcane was first grown in South Africa in 1848, and by 1900 there were thirty mills

producing 16 000 Mg of sugar from 2 600 ha of land (O'Reilly, 1998). The South African

sugar industry is located in the region of latitude 30° South and longitude 30° East, with 90%

of the sugarcane being grown under mainly rain-fed conditions in the province of KwaZulu

Natal, and the balance under irrigation in the more northerly province of Mpumalanga (Figure

1.1). Sugarcane in KwaZulu Natal is grown under fairly adverse conditions in that the area is

the furthest south that sugarcane is found in the world, and its viability is only possible due to

the influence of the warm Mozambique current which flows 15 km offshore (O'Reilly, 1998).
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Figure 1.1 Map showing South African sugarcane growing regions.

The South African Sugar Association Experiment Station (SASEX) at Mount Edgecombe is

responsible for producing the commercial sugarcane cultivars grown in South Africa and much

of southern Africa. Cultivars released in the industry have been selected primarily for sucrose

yields of 10-14%, but traits such as disease and pest resistance, and the improvement of yields

in marginal environments are also seen as important criteria in the breeding programme (Nuss,

personal communication) (Table 1.1).

1.2 LIMITATIONS OF CONVENTIONAL SUGARCANE BREEDING

Sugarcane breeding as we know it today began only 100 years ago in Java in response to the

need for resistance to sereh disease. One of a few locally avaliable Saccharum spontaneum

clones, Glagah (2n=112), was used in an interspecific hybridisation with S. officinarum, known

as 'noble cane'. A selected hybrid was backcrossed to noble types (nobilisation), and the

process was repeated until in 1921 the first 'supercane' POJ2878 was produced (Barnes, 1974).

Several of the POJ canes are ancestors of the N and NCo cultivars currently widely grown in

the South African sugar industry. This means that modem commercial sugarcane is derived

from a narrow genetic base, consisting of the germplasm of about 20 S. officinarum clones and
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less than lOS. spontaneum derivatives (Arceneaux, 1965). Nowadays, the outcome of crosses

is unpredictable because of the highly polyploid genome of commercial parents (2n=40-120)

(Price, 1967). This is as a result of the 2n+n chromosome transmission that occurred in early

nobilisations due to a phenomenon known as 'female restituition', where the number of

chromosomes contributed by the female parent, S. ojficinarum, increased with respect to the

parent.

Table 1.1 Agronomic characteristics of selected South African sugarcane cultivars.

Cultivar Year of Proportion (%) of ERC % Best features
release ?ql!L~rf!p cane _ __

18.7 13.8

Shortfalls
............................. -

NCo376 1955

NI2 1979
NI9 1986

N31 1997

N38 2001

31.9
14.2

14.7
14.2

Ratooning ability and
adaptability
High sucrose
High sucrose,

resistance to smut
Resistance to rust

N/a 12.8 Resistance to rust,
leaf scald and smut

Susceptible to drought,
SCMV and smut

Susceptible to eldana
Susceptible to eldana and

SCMV
Low sucrose content,
susceptible to smut

Very susceptible to eldana,
low fibre content

0.1 12.5

ERC % cane (estimated recoverable crystal, expressed as a percentage of the fresh mass of the sugarcane plant;
gives an estimate of the sucrose content).

Eldana (most prevalent insect pest: Eldana saccharin a Walker Lepidoptera)
SCMV (sugarcane mosaic virus)
Fibre (the insoluble portion of a sugarcane stalk; can be used as an indication of how easy it is to mill)
N/a (data not available)
Smut (causal agent Ustilago scitaminea)
Rust (causal agent Puccinia melanocephala)
Leaf scald (causal agent Xanthomonas albilineans)

In South Africa, crossing has to be carried out in specially constructed glasshouses, as the

external environmental conditions inhibit the production of viable pollen and seed (Brett,

1974). Once seed has been produced, screening and selection takes place over a 14-year period

before a new variety is released (Butterfield and Thomas, 1996). In addition to the long

selection period, breeding for disease or pest resistance is a very imprecise process. Sugarcane

is therefore a prime candidate for the application of genetic engineering, which may provide an

alternative to the conventional but somewhat problematic sugarcane breeding.

1.3 GENETIC ENGINEERING

Genetic engineering has opened new avenues to modify crops. Genetic transformation permits

the use of exotic genetic material, as well as the modification of the expression of genes within

the plant's own genome. In principle, transformation permits the directed introduction of

characters not possible by other techniques. There is the potential to enhance productivity
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through disease, pest and herbicide resistance, and environmental stress reduction. Transgenic

plants are also being used to produce pharmaceutical products (Giddings et al., 2000) and

edible vaccines (Johnson, 1996; Daniell et al.. 2001; Richter et al., 2001). This has been

possible by introducing novel genes via techniques such as Agrobacterium-mediated gene

transfer and microprojectile bombardment, which have provided genotype-independent

systems for transformation of a wide range of species.

The natural ability of Agrobacterium to transform plants has resulted in the successful

transformation of most dicotyledonous species. Traditionally, monocotyledons have been

recalcitrant to transformation by this bacterium, but there are some reports of the use of this

approach in wheat (Cheng et al., 1997), rice (Dong et al., 1996), maize (Kemper et al., 1996),

barley (Tingay et al., 1997) and sugarcane (Arencibia et al., 1998b; Elliot et al., 1998;

Enriquez-Obregon et al., 1998) that suggest this may no longer be a limitation. However, this

technique is not routinely used for the genetic engineering of sugarcane.

A gene transfer technique which has been successfully used in dicotyledonous plant species is

direct DNA uptake by protoplasts which have been isolated from the mesophylilayer in leaves.

In the graminaceous monocots, however, protoplasts from leaves are not capable of sustained

cell division (Vasil, 1987), so embryogenic suspension cultures have been used as a source of

totipotent protoplasts (Bhaskaran and Smith, 1990; Bommineni and Jauhar, 1997). Although it

is difficult and labour-intensive to initiate and maintain these liquid cultures, and regenerative

capacity has been observed to decline gradually (Jahne et al., 1995), early work in sugarcane

reported the recovery of transgenic plants from suspension culture cells (Sun et al., 1993).

The use of embryogenic callus cultures for DNA transfer, particularly by microprojectile

bombardment has increased the ability to transform members of the Gramineae (Bower and

Birch, 1992; Bommineni and Jauhar, 1997). The advantage of using regularly maintained

callus is that cells are in an undifferentiated state and are capable of regenerating into plants.

Sugar industries world-wide have employed the use of embryogenic callus as target material

for microprojectile bombardment in genetic engineering programmes for the production of

transgenic sugarcane (Bower and Birch, 1992; Bower et al., 1996; Gallo-Meagher and Irvine,

1996; Ingelbrecht et al., 1999; Falco et al., 2000). Despite this common approach, transgenic

plant production ranges widely from 1 to 20 plants per bombardment (Falco et al., 2000,

Bower et al., 1996. respectively). Although factors such as the choice of cultivar, genotypic
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responses in vitro and selection regime may account for the differences in efficiency reported,

these observations suggest that this approach cannot be universally applied.

Aside from varying levels in tranformation efficiency in sugarcane, the use of embryogenic

callus as target material for bombardment has other limitations. Establishing, developing and

maintaining callus cultures is labor intensive and the recovery of plants ready for transfer to the

glasshouse may take as long as 36 weeks (Bower et al., 1996). In addition, reports of field

trials of transgenic sugarcane stands in Australia revealed a high incidence of phenotypic

variability (Hansom et al., 1999: Grof, 2001; Grof and Campbell, 2001). This may be

attributed to somaclonal variation or collateral damage due to the transformation process.

Recent literature has focused on this occurrence in transgenic oat (Choi et al., 2000b) and

barley (Bregitzer et al., 1998b). Curiously, little has been published on the field performance of

transgenic sugarcane. In addition, information about transgene expression in this highly

polyploid crop is scant.

For commercial applications, and because transgene expression may be affected by both

genetic backgrounds and environmental conditions. it is important to assess and select

desirable transformants. Transgenic evaluation can be carried out at two levels. One is at the

molecular level of transgene expression and the other at the level of transgenic traits (product)

of interest.

1.4 HERBICIDE RESISTANCE AS A MODEL SYSTEM

Herbicide resistant crops represent one of the first and most highly publicised applications of

plant biotechnology. Of the many traits that can be altered or conferred through genetic

engineering, herbicide resistance was chosen to optimise a system to produce genetically

transformed sugarcane in South Africa. A simple gene expression system was needed to assess

both transformation efficiency in the laboratory and stable gene expression in the field.

Herbicide resistance as a model system has a number of advantages: the genes responsible for

resistance have been isolated, characterised and inserted into several major crops, it is easy to

test phenotypic expression of the introduced gene, and plasmid constructs are readily available

from agrochemical companies. In addition to these technical considerations, the agronomic

importance of herbicides is a driving force behind the development of herbicide resistant

plants.
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Herbicide resistance using the pat gene was chosen as a model system for the South African

sugarcane transformation programme. L-Phosphinothricin (PPT) or the ammonium salt,

glufosinate, is the active compound of the non-selective herbicide Basta (or Buster® in South

Africa; Aventis). The enzyme PAT, encoded by the bar or pat genes (same function, but from

different sources), inactivates PPT by acetylating it (Botterman and Leemans, 1988).

Transgenic plants expressing the pat gene are resistant to the herbicide Buster. Some of the

first transgenic crops to be field-tested and released commercially are oilseed rape, chicory,

maize and soybean which are resistant to glufosinate ammonium (Lehmann, 1999).

Many monocotyledonous transformation systems use PPT resistance as a means of selecting

stable transformants (Spencer et al., 1990; Somers et al., 1992; Toki et al., 1992; Hartman et

al., 1994; Dennehey et al., 1994; Asano et al., 1998; Iser et al., 1999; Uze et al., 1999; Petolino

et al., 2000; Sorokin et al., 2000). However, in this study it was decided that the npt/I

selectable marker was to be used, as the work of Bower et al. (1996) indicated that this was a

superior selection system in sugarcane.

1.5 AIMS OF THE STUDY

Using pat as a transgene and a procedure similar to that developed by Bower et al. (1996) and

Gallo-Meagher and Irvine (1996) for microprojectile bombardment of embryogenic callus in

sugarcane, a protocol for transformation of South African cultivars was developed [Chapters 3

and 4]. However, due to low transformation efficiency compared to other published reports, a

novel approach was developed which involves bombardment of leaf discs followed by

regeneration via direct somatic embryogenesis [Chapter 5]. Due to the reduced costs, labour

input and time in culture, it is argued that this may lend itself to being used as an alternative

transformation system in other sugar industries.

Herbicide resistant plants were analysed at a molecular level by PCR and Southern analysis to

determine the presence of the transgene and copy number in the sugarcane genome. In

addition, phenotypic assessment by glasshouse spraying was carried out [Chapters 4 and 5]. A

single clone was field-tested to establish the stability of the transgene over several rounds of

vegetative propagation as well as agronomic performance in terms of morphological

characteristics, pest and disease resistance and yields [Chapter 6]. In addition, the economic

advantages of growing transgenic, herbicide-resistant sugarcane are presented.
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CHAPTER2

LITERATURE REVIEW

2.1 INTRODUCTION

Genetic improvement of crops has traditionally been achieved through sexual hybridisation

between related species, which has resulted in numerous cultivars with high yields and superior

agronomic performance. More recently, through the introduction of new tools of

biotechnology, crossing barriers have been overcome, and genes from unrelated sources have

become available to be introduced asexually into plants. The first reports dealing with attempts

to express engineered foreign genes in plants were published in the late 1960's (Ledoux and

Huart, 1968, 1969). Despite the promise of biotechnological methods, significant problems

arose in the practical application of these methods for crop improvement, particularly in the

graminaceous monocotyledons. This group of plants was initially difficult to engineer, mainly

due to their recalcitrance to in vitro regeneration and their resistance to Agrobacterium

infection (reviewed by Vasil, 1987; Jahne et al.. 1995; Repillin et aI., 2001). Systematic

screening of cultivars and explant tissues for regeneration potential, development of various

DNA delivery methods and optimisation of gene expression casettes have produced

transformation protocols in the major cereals and graminaceous monocots, although some elite

cultivars still remain recalcitrant (reviewed by Christou, 1995; Jahne et al., 1995; Birch 1997;

Kempken, 2001). Most transgenic plants released commercially exhibit herbicide and/or insect

resistance, traits that are controlled by a single gene (reviewed by Fisk and Dandekar, 1993;

Estruch et aI., 1997; Hansen and Wright, 1999). The introduction of more complex traits, such

as an improvement in the nutritional quality of rice (Tyagi and Mohanty, 2000), are underway.

This review will focus on techniques (and associated problems) used to insert foreign DNA in

to monocot genomes and the regeneration of transgenic plants from cultured cells. The current

challenges for genetic engineers such as somaclonal variation, transgene silencing, instability

and rearrangement will be discussed. Although the response of graminaceous monocots will be

highlighted, reference will be made to dicotyledonous plants where appropriate.

2.2 SUGARCANE BREEDING

2.2.1 History of breeding

Modern sugarcane varieties are complex hybrids derived from Saccharum officinarum, the

noble sugarcanes; S. barberi, the Indian sugarcanes: S. sinense, the Chinese sugarcanes; and
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two wild species S. spontaneurn and S. robusturn (Daniels and Roach, 1987; Irvine, 1999). The

genes for sucrose accumulation are derived from S. officinarum, S. barberi and S. sinense. S.

officinarum has the qualities of high sucrose content and low fibre (fibre is the insoluble

portion of the dry matter). This. together with their large size and good appearance, evidently

led to their being referred to as the 'noble canes'. However. these varieties were limited in

number and yield potential, and were susceptible to diseases and pests. The wild species S.

spontaneum. while possessing low levels of sucrose, has the attributes of pest and disease

resistance, tolerance to environmental stress and greater yield potential through higher biomass

production (Sreenivasan et al., 1987).

It was the pioneering work of the Dutch breeders in Indonesia in the late 1800's that provided

the basis for breeding high-yielding cultivars. Sugarcane breeding as we know it today began

in Java in response to the need for resistance to sereh disease (Sreenivasan et al., 1987). The

simultaneous discovery of the fertility of sugarcane in both Java and Barbados prompted the

early sugarcane breeders to make interspecific crosses between S. officinarum and the wild S.

spontaneum (which was resistant to sereh) (Stevenson, 1965). These interspecific hybrids were

continually backcrossed to S. officinarurn in a process called nobilisation (Stevenson, 1965).

Nobilisation thus became established as a method of retaining the desirable qualities of S.

officinarum, retaining the hardiness and disease resistance of S. spontaneurn, while diluting the

negative effects of the wild germplasm (Berding and Roach, 1987). As a result of nobilisation,

a limited degree of genetic diversity exists between sugarcane cultivars, which limits the gene

pool for introgression into new germplasm (Berding and Roach, 1987).

2.2.2 Genetic complexity of sugarcane

Cyological studies by Bremer (1961) showed that nobilisation is characterised by asymmetric

chromosome transmission. In a cross between S. officinarum (2n=80) as the female parent and

S. spontaneum (2n=40-128) as the male parent, S. officinarum generally transmits two haploid

chromosome sets while S. spontaneurn transmits one. This 2n+n transmission is continued up

to the second backcross. A consequence of this is that modern cultivars have chromosome

numbers ranging from 100-130, of which only 5-10% come from S. spontaneurn (D'Hont et

al., 1996). In addition to ploidy levels that range from 5X to 14X (X=5, 6, 8, 10, 12, or 14),

chromosomal mosaicism has been reported (Burner and Legendre, 1994; D'Hont et al., 1998).

Sugarcane is among the most genetically complex crops. Commercial cultivars are interspecific
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hybrids of up to five parental species, and many are cytogenetic aneuploids having a large and

variable chromosome number (Bennet and Smith, 1976). The elevated ploidy levels and the

cytogenetic complexity of interspecific hybrids contributed to the failure of classical genetic

studies to establish a single Mendelian-inherited trait in sugarcane until 1991 (Moore and

Irvine, 1991).

2.2.3 Narrow genetic base of sugarcane cultivars

Although the interspecific hybridisation programmes that were initiated in the 1890's in Java

revolutionised sugarcane breeding, the genetic base of most modern sugarcane cultivars is

narrow in relation to the potential range of genetic material available. During the early work on

nobilisation, only a few of the large number of potential clones of the noble canes, S.

officinarum, were used for breeding purposes, while the use of 'non-officinarum' sources was

even more restricted (Berding and Roach, 1987). During the early 1900's a limited amount of

material was available for setting up the early crosses and a wild cane Kassoer (originating

from Java, and thought to be a spontaneous interspecific hybrid of S. ojjicinarum and S.

spontaneumï was used in several crosses with S. officinarum (Bremer, 1961; Sreenivasan et al.,

1987). This resulted in the production of different seedlings given the designation POJ. Line

POJ2878 played an important role in breeding programmes in Hawaii and at Coimbatoire,

India. As the South African sugar industry relied heavily on Co (Coimbatore) seedlings derived

from POJ crosses in India, the NCo (selected in Natal from Coimbatore seedlings) crosses

which form the basis of the local breeding programme, can trace their ancestry to the POJ

plants. Consequently, there is a narrow genetic base from which most commercial international

cultivars arise.

The technique of backcross breeding is widely used when breeders wish to transfer genes from

exotic germplasm in to cultivated varieties. In backcross breeding, the hybrid derived from a

cross between the donor and recurrent parent is crossed back to the recurrent parent and the

progeny are screened for the target character. The selected individuals are crossed again to the

recurrent parent and the process is repeated. After several cycles, plants are obtained that are

nearly identical genetically to the recurrent parent, with the exception that the genes for the

target character have been added. However, two persistent problems with conventional

backerossing in sugarcane are 1) the rate of return to the recurrent genotype in those regions of

the genome unlinked to the gene/s being introgressed. and 2) elimination of undesirable genes

closely linked to the desirable genes (Moore and Irvine, 1991). In addition, backerossing is
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time consummg and ineffective m transferring complex genetic characters (Nuss, personal

communication).

2.2.4 Current status of the South African breeding programme

The South African Sugar Association Experiment Station (SASEX) Plant Breeding

Department is responsible for producing the commercial sugarcane cultivars grown in South

Africa and much of southern Africa. Every year 180 000 candidate cultivars obtained from

seed produced after cross pollination of selected parents, enter the selection programme

(Butterfield, personal communication). These potential new commercial cultivars undergo a

six-stage selection programme, which takes between 12 and 15 years to complete. During the

selection process, lines are chosen for their sucrose content, sucrose yields per hectare, and

resistance to the diseases and pests that occur within the industry. There is a large effect of

disease on the programme, with up to 40% of the best cultivars at each of the later selection

stages being rejected due to susceptibility to various diseases and pests (Table 2.1) (Butterfield

and Thomas, 1996). This is a significant hidden cost to the South African sugar industry, as

many potentially high yielding cultivars are not released because of disease problems.

Table 2.1 Number of South African cultivars that are discarded from the SASEX breeding programme. These
cultivars ranked high for sucrose yield, but were discarded at an advanced stage of the selection programme due to
disease susceptibility (from Butterfield and Thomas (1996)).

Number discarded
Disease Stage 3 Stage 4 Stage 5
Mosaic 17 2 2
Smut 29 II 3
Rust 23 6 I

Gumming II 5 0
Leaf scald I 2 0

other 7 3
eldana 3
Total 88/230 (38%) 29/64 (45%) 9/26 (35%)

In the context of classical breeding, the application of genetic engmeenng methods to

commercially important sugarcane cultivars could play an increasingly important role m

solving some fundamental challenges that face crop production. This could include elevating

yields by improving agronomic traits such as enhancing pest, stress and herbicide resistance.

The advent of molecular technologies provides an important adjunct for classical breeding to

widen the gene pool to accomplish these tasks.
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2.3 ADVANCES IN BREEDING SHOWN BY GENETIC ENGINEERING TO DATE

The genetic engineering of plants has allowed genes to be transferred to the target species from

a wide variety of sources, including higher and lower plants, bacteria and animals. In many

cases there was no source of the desired trait in the gene pool for conventional breeding. Since

genes from nearly any source can be engineered to express in plants, the range of potential

products that can be produced by transgenic plants is extensive (reviewed by Dunwell, 1999)

and is beyond the scope of this review. However, below is an indication of the range of genes

that have been transferred to plants:

• insect resistance from cry genes of Bacillus thuringiensis has resulted in commercial

releases in maize (Koziel et al., 1993), cotton and potato (reviewed by Estruch et al., 1997;

Bhau and Koul, 1998; de Maagd et al., 1999),

• an array of disease resistance genes such as antifungal proteins (chitinases, ~-I ,3-

glucanases and phytoalexins) (Cornelissen and Melchers, 1993; Zhou et af., 1994; lach et

al., 1995; Cary et al., 2000; Dahleen et al., 2001), antimicrobial reactive oxygen species,

secondary metabolites, proteins and peptides (reviewed by Ryan, 1990; Hom et al., 1996;

Gao et al., 2000; Kempken, 2001) and hydrolytic enzymes (Rajaskaran et al., 2000),

• virus resistance via several strategies (reviewed by Baulcombe et af., 1986; Beachy el al.,

1990; Fitchen and Beachy, 1993; Kavanagh and Spillane, 1995; Baulcombe, 1996;

Dawson, 1996) and

• herbicide resistance to many compounds (reviewed by Botterman and Leemans, 1988;

Mullineaux, 1992; Tsaftaris, 1996; Owen, 2000).

An important factor in the development of a successful genetic engineering system involves the

ability to recognise transformants. An efficient selection system is imperative (section 2.6), but

establishing whether a novel gene is expressing at satisfactory levels, especially if the gene

encodes pest or disease resistance, is more complicated as it involves an interaction between

the plant and invading pest. Herbicide resistance therefore offers a great advantage for

confirmation of stable gene integration, especially once plants are transferred to the soil.

Herbicide resistance can be monitored by spraying plants or seedlings in the soil or by a

localised application of herbicide to the leaves with a brush. The herbicide resistance gene can

be physically linked to other genes conferring agronomically useful traits that do not provide

selectable or directly screenable phenotypes during the initial stages of transformation.
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2.3.1 Herbicide resistance as a model system

The development of herbicide resistance in crop plants using genetic engineering was one of

the first applications of this technology to a commercially important objective (reviewed by

Botterman and Leemans, 1988; Hathway, 1989; Burnside, 1992; Kishore et al., 1992;

Mullineaux, 1992; Tsaftaris, 1996; Freyssinet and Cole. 1999). In the USA, the use of

herbicide resistant crops has significantly reduced the total amount of herbicide used on

agricultural crops, and the ecological advantage is that biodegradable herbicides such as

glyphosate and phosphinothricin can be used (Kempken, 2001). In addition, yield increases

have been observed in transgenic herbicide-resistant crops such as sugarcane under controlled,

small-scale field trials (Leibbrandt and Snyman, 2001) and in commercially-grown canola,

chicory, cotton, maize and soybean (Nap, 1999).

Herbicide resistance has also served as a model system for many of the methods that are now

routine in experiments using plant transformation. There are a number of reasons for this. First,

the mechanisms of herbicide resistance were partly understood prior to the first attempts to

genetically engineer resistance in plants. This arose from the isolation in the laboratory of

resistant strains of bacteria, the selection of herbicide-tolerant plant cells in tissue culture and

the study of field-selected, herbicide-tolerant weed and crop species (Hathway, 1989). Second,

from such studies it was clear that the introduction of a single gene into a plant was likely to

result in the desired phenotype (i.e. herbicide tolerance) which could be readily recognised and

was well within the scope of the technology existing in the 1980's (Botterman and Leemans,

1988). Third, the main supporters of this work were (and still are) agrochemical companies

(Mullineaux. 1992).

Herbicide resistance introduced in to crops by genetic modification currently involves mainly

two herbicides: phosphinothricin (or glufosinate) marketed by Aventis (France) under various

brand names such as Basta, Buster (in South Africa), Finale and Liberty; and glyphosate

marketed by the USA-based company Monsanto as Roundup (Nap, 1999). Both chemicals are

broad-spectrum herbicides that make no distinction between crops and weeds.

2.3.1.1 Phosphinothricin resistance

Bialaphos is a tri-peptide compound consisting of two alanine residues, which are removed in

the plant cell by peptidases and an analogue of L-glutamic acid called phosphinothricin

(Thompson et al., 1987). L-Phosphinothricin (PPT), also known as glufosinate, is an analog of
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glutamate and acts as a competitive inhibitor of the enzyme glutamine synthetase in plants and

bacteria. Glutamine synthetase catalyses ATP-dependant incorporation of ammonium into the

amide position of glutamate, resulting in the formation of glutamine. This is the major route for

capturing the toxic ammonium produced during photorespiration, inorganic nitrogen

assimilation and both catabolic and anabolic processes (De Block et al., 1987). The inhibition

of glutamine synthetase by PPT results in an accumulation of ammonium in plants, which is

derived mainly from photorespiration. High concentrations of ammonium interfere with the

electron-transport system of both chloroplasts and mitochondria. resulting in the production of

free radicals, and, ultimately leading to the death of the plant (Tachibana et al., 1986).

Resistance to the herbicide is conferred by the enzyme phosphinothricin-N-acetyltransferase

(PAT), which inactivates PPT by acetylation, thereby detoxifying it. Two similar genes encode

PAT. the bar gene of Streptomyces hygroscopicus (Murakami et al., 1986; Thompson et al.,

1987; Wehrmann et al., 1996), named because of resistance conferred to Basta, and the pat

gene isolated from S. viridiochromogenes (Wohlleben et af., 1988). The nucleotide homology

for the two genes is 87% (Wohlleben et al.. 1988) and although most reports describe the use

of the bar gene, it appears as though similar levels of herbicide resistance can be obtained in

plants using the pat gene (Wolleben et al., 1988; Gless et al., 1998; Snyman et al., 1998; Jiang

et al.. 2000). PPT is synthesised chemically (Basta; Aventis) or by fermentation of

Streptomyces hygroscopicus.

In order to obtain phosphinothricin resistance in plants, chimaeric genes have to be constructed

(De Block et al., 1987; Wohlleben et aI., 1988). These have been successfully expressed in

several graminaceous monocot plants such as wheat (Weeks et af., 1993; Zhou et al., 1993;

Iser et al., 1999; Uze et al., 1999; Sorokin et al., 2000), rice (Cao et al., 1992; Datta et al.,

1992b; Gopalakrishnan et al., 2000), maize (Spencer et al., 1990; Toki et al., 1992; Dennehey

et al., 1994; Petolino et al., 2000), oat (Somers et al., 1992; Gless et al., 1998), barley (Koprek

et al., 1996), turfgrasses (Hartman et al., 1994; Asanao et al., 1998), switchgrass (Richards et

af., 2001) and sugarcane (Gallo-Meagher and Irvine, 1996; Snyman et al., 1998; Falco et al.,

2000).

Whether hebicide resistance is used as the target trait or as a means of selecting for various

other introduced traits, transgenic plants can be selected directly on phosphinothricin-

containing medium in the laboratory phase of genetic modification. Further details of
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phosphinothricin as a selective agent will be dealt with in section 2.6.2.2.

2.4. TISSUE CULTURE SYSTEMS OF MONOCOTYLEDONOUS CEREAL CROPS

AND GRASSES

Numerous studies have been conducted on various aspects of in vitro culture of graminaceous

crop plants and grasses for use in micropropagation, pathogen-free plant production,

germplasm storage. cryopreservation and genetic transformation (Thorpe, 1990). The range of

in vitro culture systems for plants is extensive and research in this area spans several decades.

As early as 1939, White reported controlled differentiation of shoots from tissue cultures of

tobacco. Skoog and Miller (1957) suggested the concept of hormonal control of organ

formation, according to which root and shoot differentiation is a function of the auxin-

cytokinin ratio. An important contribution to the field of in vitro morphogenesis was made by

Steward (1958), who observed the differentiation of embryos in somatic (asexual) cell cultures

of carrot. The development and appearance of these embryos were comparable to zygotic

embryos of this plant. In 1965 it was shown for the first time that entire plants could be

obtained from a single cell (Vasil and Hildebrandt, 1965). By empirically manipulating the

growth medium and other environmental factors, it has been possible to induce shoot

differentiation from explants. calli, cells and protoplasts of over 100 species (Thorpe, 1990).

Until the 1980's both the induction and maintenance of totipotent callus cultures of the

graminaceous monocats were found to be extremely difficult (Vasil, 1987; Bhaskaran and

Smith, 1990; Futterer and Potrykus, 1995). Fortunately in sugarcane, this type of research

began in the late 1960's (Heinz and Mee. 1969) and the pathways of regeneration by somatic

embryogenesis or organogenesis have been well characterised and documented (Ho and Vasil,

1983; Chen et al., 1988a; Guiderdoni and Demarly, 1988).

2.4.1 An overview of in vitro culture systems in sugarcane

Although sugarcane is vegetatively propagated commercially, a substantial amount of work has

been carried out on in vitro culture systems for the purposes of somatic cell improvement

through culture-induced mutations (Heinz and Mee. 1969; Heinz et al., 1977; Larkin and

Scowcroft, 1981; Liu, 1990), the production of disease-free plants (Irvine and Benda, 1985,

1987), in vitro micropropagation (Lee, 1987; Grisham and Bourg, 1989; Moutia and Dookun,

1999) and more recently, genetic transformation (Bower et al., 1996; Gallo-Meagher and

Irvine, 1996; Arencibia et al., 1997, 1999: 2000; Falco et al., 2000; Snyman et al., 2000,
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2001). It is evident from these reports that sugarcane can be regenerated via several pathways,

and these are summarised in Figure 2.1.

CeD

~

*~o~)~~)*
Shoot tip culture

~~

Figure 2.1 Diagrammatic representation of the different routes by which sugarcane plants can be regenerated in
vitro and in vivo.

suspensions

Direct shoot formation

Leafroll discs ~

Regeneration of sugarcane can occur through two main routes, direct and indirect

morphogenesis. With direct morphogenesis, plants are regenerated directly from tissue such as

immature leaf roll discs. Indirect morphogenesis involves the initial culturing of leaf roll

sections or inflorescences on an auxin-containing medium to produce an undifferentiated mass

of cells, or callus. The source of auxin used in sugarcane tissue culture is normally 2,4-

dichlorophenoxyacetic acid (2,4-D) at a concentration of3 mg/l (Nadar et ai., 1978; Lee, 1987;

Taylor et ai., 1992b; Fitch and Moore, 1993), but other synthetic auxins such as picloram

(Fitch and Moore, 1990) and dicamba have been used (Brisibe et ai., 1994).

Direct
morphogenesis

Direct organogenesis (or shoot morphogenesis) is the way in which sugarcane is propagated

I
Conventional vegetative prop:lgation using setts
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vegetatively on a commercial basis. Sections of stalk or setts containing a bud and root

primordia give rise to plantlets following the inhibition of apical dominance (Moutia and

Dookun, 1999). Direct organogenesis in vitro can be achieved by shoot tip culture (Lee, 1987;

Grisham and Bourg, 1989) or shoot multiplication from leaf discs (Irvine and Benda. 1987;

Grisham and Bourg, 1989; Gambley et al., 1993. 1994).

Direct somatic embryo formation on sugarcane leaf discs (i.e. without callus formation) in vitro

was first reported by Irvine and Benda (1985) during the process of rapid regeneration of

plantlets in an attempt to rid sugarcane of sugarcane mosaic virus (SCMV). It was recently

reported again during studies on suspension cultures for protoplast isolation (Aftab and Iqbal,

1999), and in a transformation study using leaf discs as target material, with plantlet

regeneration via embryo formation directly on leaf discs (Snyman et al., 2000,2001).

During the process of indirect somatic embryogenesis, embryos develop from somatic cells

within a callus mass under exogenous hormonal control. These embryos germinate to form

plants when auxin is removed from the medium and generally no other hormones are added to

the medium (Heinz and Mee, 1969; Nadar et al., 1978; Ho and Vasil, 1983; Irvine et al., 1983;

Chen et al., 1988a; Bower and Birch, 1992; Bower et al., 1996).

Indirect organogenesis involves the de novo organisation of shoot meristems from unorganised

cells in callus cultures (George, 1993). In contrast to indirect somatic embryogenesis, indirect

organogenesis requires hormonal induction. Hormones such as kinetin and naphthyleneacetic

acid (NAA) are used for shoot formation and 3-indolebutyric acid (IBA) for rooting (Nadar and

Heinz, 1977; Lee, 1987; Gallo-Meagher and Irvine. 1996). Shoots produced are transferred to

new culture medium to stimulate root formation. In general, a balance between auxin and

cytokinin growth regulato~s needs to be established for shoot initiation, and rooting occurs on

media containing a different source of auxin or a reduced cytokinin concentration (Evans et aI.,

1981; George, 1993).

Early work on dicotyledonous plants suggested that shoot meristems derived from in vitro

callus cultures were multicellular in origin (Steward, 1958; Norris et al., 1983; Skene and

Barlass, 1983), and, if used for genetic transformation, may result in the production of

chimaeric plants. Chimaerism is of particular concern in genetic transformation, clonal

propagation, mutation research, genetic analysis and breeding. A chimaera is a plant composed
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of two or more types (usually genetically different) that are capable of a congruent and

integrated existence. Chimaeras in sugarcane have been observed when plants were

regenerated via indirect organogenesis (Irvine. 1984). Despite this report, stably transformed

sugarcane plants have been regenerated using this pathway (Gallo-Meagher and Irvine; 1996;

Ingelbrecht et al., 1999). However, chimaeric transformed plants with GUS sectors were

observed after bombarding exposed shoot meristems (Gambley et al., 1994). This emphasises

the need to identify an appropriate pathway of regeneration, as well as to screen transformants

for chimaerism.

Liquid suspension cultures have been initiated from sugarcane callus (Chen et al., 1987;

Chowdhury and Vasil, 1992; Taylor et al., 1992a, 1992b) and these were used for protoplast

isolation as a source of single cells for early transformation studies (Chen et al., 1987;

Chowdhury and Vasil, 1992; Rathus and Birch, 1992: Rathus et al.. 1993). Suspension cultures

and protoplasts can be regenerated via either organogenesis or somatic embryogenesis.

However, protoplast regeneration in sugarcane is problematic and appears to be confined to

particular cultivars and laboratories.

For the purposes of sugarcane micropropagation, both somatic embryogenic and organogenic

pathways of regeneration have been successfully used, and choice of the morphogenic route is

based on the particular application required of in vitro culture.

2.4.2 Somatic embryogenesis

Somatic embryogenesis has been demonstrated as a common method of plant regeneration in

tissue cultures of the Gramineae (reviewed by Vasil, 1987; Bhaskaran and Smith, 1990). It has

been used for both micropropagation and transgenic studies, and is preferred to organogenesis

because embryos arise from single cells (Dunstan et al., 1978; Vasil, 1988), thereby ensuring

the production and proliferation of identical clones. Interestingly, plant regeneration from

callus and shoot buds, indicating regeneration via both organogenesis and somatic

embryogenesis, has been observed in rice (Jones and Rost, 1989), maize (Lowe et al., 1985;

Zhong et al., 1992), sorghum (Wernicke et al., 1982) and sugarcane (Chen et al., 1988a). This

may pose problems in transgenic systems if a proportion of the regenerated plants are

chimaeric.

Because they are not formed on the tissues of the original mother explant, shoots or other
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organs are said to be regenerated indirectly when they are formed on previously unorganised

callus. or in cell cultures (Ammirato, 1987). In in vitro cultures, the dedifferentiation of

somatic cells to produce callus, suspension cultures or protoplasts, and the success in turning

the dedifferentiated cells back to the state of meristematic cells constitutes the basis for the

regeneration process (Bhaskaran and Smith. 1990: Cachita-Cosma, 1991).

Somatic embryogenesis is the production of embryogenic-like structures bearing both root and

shoot meristems from somatic cells (Steward. 1958). A somatic embryo is an independent

bipolar structure, is not physically attached to the tissue of origin, and can develop directly or

indirectly (following the formation of a mass of preembryogenie cells), and germinate to form

plants in a manner analagous to germination of zygotic embryos in seeds (reviewed by

Ammirato, 1987; Merkle et al., 1990; Zimmerman, 1993; Litz and Gray, 1995; Dodeman et al.,

1997; Mordhorst et al, 1997). This analagy in development is shown diagrammatically in

Figure 2.2.

In all systems, the embryogenic cells from which embryoids are derived show a number of

common features that are characterised by rapidly dividing meristematic cells. These include

small size, dense cytoplasmic contents, large nuclei with prominent enlarged nucleoli, small

vacuoles and many starch grains (Ammirato, 1987). Embryogenic calli are characteristically

compact, organised and white to pale yellow in colour (Green and Philips, 1975; Ho and Vasil,

1983; He et al., 1990; Taylor et al., 1992b; Snyman et al., 1996). These cultures can grow

rapidly, can be maintained for long periods of time and form large numbers of somatic

embryos which can be regenerated into plants (Armstrong and Green, 1985; Cachita-Cosma,

1991).

Direct (adventitious) embryogenesis, the formation of somatic embryos on explanted tissues

without any intervening callus phase, is observed much more frequently in dicotyledonous

plants than in monocats (George, 1993), occurring on gametophyte tissues (such as pollen

microspores), immature zygotic embryos or young seedlings (Maheswaran and Williams,

1984: Smith and Krikorian, 1989). However, adventive somatic embryos have been observed

on immature leaf tissue of orchardgrass (Conger et al., 1983; Denchev et al., 1997), barley

(Pasternak et al., 1999) and sugarcane (Aftab and Iqubal, 1999; Snyman et al., 2000, 2001), on

shoot meristems of maize (Zhong et al., 1992; Zhong and Sticklen, 2000) and on immature

zygotic embryos of rice (Mariani et aI., 2000) and millet (Vikrant and Rashid, 2001). Certain
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culture conditions may allow this type of embryo formation. including the presence of maltose

instead of sucrose in the growth medium (Conger el al.. 1983), the specific light regime to

which the culture was exposed (Aftab and Iqbal, 1999) and the concentration of 2,4-0 in the

growth medium (Snyman et al., 2000,2001; Vikrant and Rashid, 2001).

I Somatic Embryogenesis I

Oó ..-\. Regeneration
'-v' of

whole
plant

Globular
Heart/Torpedo

Plantlet

IZygotic Embryogenesis I
Expansion
o

cl Ma£Ction

Desiccation
.[}

Dormancy

Germinationo and
Growth

Ccryledon

Figure 2.2 The stages in development of a somatic embryo (from Zimmerman, 1993).

It has been hypothesised (Sharp, 1980; Evans et al., 1981) that direct embryogenesis in culture

proceeds from cells which were already determined for embryogenic development prior to

explanting i.e. they are pre-embryogenically determined cells, requiring only growth regulators

or favourable conditions to allow release into cell division and embryogenesis. By contrast,

indirect embryogenesis, from induced embryogenic determined cells, requires redetermination

of differentiated cells, callus proliferation and the development of the embryogenically

determined state. However, once induction of embryogenic determined cells has been

achieved, there appears to be no fundamental differences between direct and indirect somatic

embryogenesis (Williams and Maheswaran, 1986).

A noteworthy feature in some literature on somatic embryogenesis is the frequency with which

recurrent or secondary cycles of direct embryoid formation have been reported (Williams and

Maheswaran, 1986; Raemakers et aI., 1995; Vasie et al.. 2001). It appears that primary somatic

embryoids, whether they are derived indirectly from callus cultures, or directly from organised
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tissues, are themselves likely to show further cycles of direct somatic embryogenesis (Merkle

et al., 1990; Chapman et al., 2000) (Figure 2.3). This is an important feature as embryogenic

callus cultures are frequently the target cells in a DNA delivery system in the graminaceous

monocots, and the transformed cells within a callus mass need to be able to produce somatic

embryos and eventually plants.

Rcpciiuvc

Figure 2.3 Secondary embryogenesis (from Merkle et aI., 1990).

The term embryogenic cell is restricted to those cells that have completed the transition from a

somatic state to one in which no further exogenously applied stimuli such as the application of

growth regulators are necessary to produce the somatic embryo (De Jong et al., 1993). The

cells that are in the transitional state, and have started to become embryogenic but still require

exogenously applied stimuli, are defined as competent cells (Toonen et al., 1994). However,

many authors use the term 'embryogenic' loosely, and it is often used to refer to cells that have

the capacity to regenerate. It is in this context that the word has been used in this thesis.

Although all the cells in a plant are derived from a fertilised egg cell and therefore contain

identical genetic information, callus derived from somatic cells varies in its competence to

express totipotency. This is especially true of cereal cell cultures (Wernicke and Milkovits,

1987; Williams and Maheswaran, 1986; Vasil, 1987.1988). Because of this, the callus which

originates from some plants or some kinds of explants may not be responsive to techniques and

media which frequently result in morphogenesis in other systems (Vasil, 1987).
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2.4.3 Factors affecting embryogenesis

2.4.3.1 Selection of explants

In most herbaceous broad-leafed plants, it is possible to initiate morphogenically competent

cells from explants derived from many different tissues. However. in monocotyledons there is

a narrower range of suitable organs, the most common sources being: zygotic embryos in

forage and turf grasses (Vasil and Vasil. 1982; Gonzales and Franks, 1987); immature embryos

(or scutellar tissue) in maize (Green and Phillips, 1975; Armstrong and Green. 1985; Vasil et

al.. 1984; Vasil et al.. 1985), oat (Tarbet et al., 1998), sorghum (MacKinnon et al., 1986),

wheat (He et al., 1990; Barra et al., 1998), rye (Ward and Jordan, 2001) and rice (Hartke and

Lorz, 1989); young leaf tissue in barley (Pasternak et al., 1999), orchardgrass (Hanning and

Conger, 1986), sugarcane (Ho and Vasil, 1983; Irvine el al.. 1983; Chen et al., 1988a;

Guiderdoni and Demarly, 1988; Taylor et al., 1992b; Brisibe et al., 1993, 1994; Fitch and

Moore, 1993), sorghum (Wernicke and Brettell, 1980; Wernicke et al., 1982) and wheat

(Wernicke and Milkovits, 1984); and immature inflorescences in wheat (Benkirane et al.,

2000) and sugarcane (Gallo-Meagher and Irvine, 1996; de los Blanco et al., 1997).

In addition to the effect of the source of the explant on somatic embryogenesis, the

developmental and physiological stage of the explant is also important in the establishment of

totipotent cultures. There seems to be a brief period during which embryos, inflorescences and

leaves have the competence to form embryogenic cultures (Ho and Vasil, 1983). At this stage

selected cells in the explants are meristematic, only partially differentiated and not fully

committed to specialised functions (Guiderdoni and Demarly, 1988). Only non-morphogenic

cells are obtained after this stage.

In sugarcane there appears to be a close relationship between the state of differentiation of the

excised region and the subsequent production of callus, with nodular embryogenic calli being

obtained from the bases of fast-growing leaves, while more mature parts of older leaves

produce only non-embryogenic calli (Guiderdoni and Demarly, 1988) (Figure 2.4). A similar

response has been observed in wheat (Wernicke and Milkovits, 1984). The age of the plant

does not seem to be an important factor, as young leaves obtained from mature sugarcane

plants have been used successfully for the initiation of callus cultures (Ho and Vasil, 1983),

and this appears to hold for most of the Gramineae (Irvine et al., 1983; Brisibe et al., 1993;

Fitch and Moore, 1993; Pasternak et al., 1999).

Stellenbosch University http://scholar.sun.ac.za



C

)" o,
CALLUS'

jNOOULAR·
CALLUS

22

oBA

r--
:S

E

.........

APEX

Figure 2.4 Schematic representation of the sugarcane immature leaf roll area with shoot apex, showing cultured
leaf segments which are able to form callus and nodular callus. The quantitative intensity of the proliferation of
the inititated calli are indicated by the letters W=weak, S=strong, V=very strong. (A-E=leaves A-E). (from
Guiderdoni and Dernarly, 1988).

Furthermore, somatic embryo production may be affected by genotype (Duncan et al., 1985;

Christou et al., 1992; Lacock and Botha, 2000; Popelka et al., 2001). In a study on

embryogenic callus production from different cultivars of wheat using comparable explants,

variation was observed in the amounts and appearance of embryogenic callus, but despite this

all cultivars responded to transformation by microprojectile bombardment, and yielded fertile

plants (Koprek et al., 1996). Similarly in sugarcane. different cultivars produced different

amounts of embryogenic callus (Taylor et al., 1992b; Snyman et al., 1996). However, Vasil

(1987) is of the view that the physiological and developmental state of the explant has a greater

impact on morphogenetic competence than genotype.

2.4.3.2 The role of auxins in embryogenesis

Tissues of the Gramineae have been cultured in vitro on a range of media, including B5

(Gamborg et al., 1968), SH (Schenk and Hildebrandt. 1972), MS (Murashige and Skoog, 1962)

and that of Skoog and Miller (1957). These media contain high levels of macro- and micro-

elements, vitamins, carbon and nitrogen sources, as well as growth hormones to promote cell

proliferation. The synthetic auxin 2,4-0 is the most commonly used growth regulator for the
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induction and maintenance of embryogenic callus in graminaceous plants, and concentrations

in the range ofO.5-3 mg/l have reportedly been used (Vasil. 1987; Bhaskaran and Smith, 1989;

Zheng and Konzak, 2000). Other synthetic auxins used in culture include dicamba (2-methoxy-

3,6-dichlorobenzoic acid) and CPA (4-chlorophenoxyacetic acid), which have been used in

maize cultures (Duncan et al., 1985), and picloram (4-amino-3.5,6-trichoropicolinic acid) in

sugarcane cultures (Fitch and Moore, 1990; Brisibe et al., 1994).

2.4-0 is the most frequently used hormone for the induction of somatic embryogenic cultures

of sugarcane (Heinz and Mee, 1969; Nadar et al., 1978; Ho and Vasil, 1983; Lee, 1987; Chen

et al., 1988a; Taylor et al., 1992b; Fitch and Moore. 1993; Aftab and Iqbal, 1999), although

some comparative studies have been carried out using dicamba and picloram (Irvine et al.,

1983; Fitch and Moore, 1990; de los Blanco et al., 1997).

A two-stage production of somatic embryos is common among systems using 2,4-0 as the

auxin (Sharp et al., 1980). This involves transferring the somatic embryos produced on 2,4-0-

containing medium to that without to promote the germination of embryoids (Irvine et al.,

1983). In liquid culture media employed for suspension cultures, concentration levels of 2,4-0

are critical, since at low concentrations (0.5-1.5 mg/l) root production occurs, and at high

concentrations (3-4 mg/l) calli do not break up and proliferate (Ahloowalia, 1984; Vasil, 1987,

1988; Bregitzer et al., 1995).

The ratio of auxin to other hormones is also important for morphogenesis in certain systems,

e.g. in sorghum, where a high auxin: cytokinin ratio in the callus induction medium resulted in

root-forming callus. while a high cytokinin: auxin ratio produced shoot-forming callus

(Bhaskaran and Smith, 1989). The role of cytokinins in conferring competence to regenerate

the Gramineae is not clear. Initiation of embryogenic callus from shoot meristem cultures of

sorghum required 2,4-D and low levels of kinetin (Bhaskaran and Smith, 1989), but cytokinin

alone inhibited embryo formation in sorghum callus cultures (Wernicke and Brettell, 1980). In

barley, which has been exceptionally recalcitrant in vitro, the addition of BAP and copper to

auxin in the callus induction medium resulted in shinier, more compact callus which was more

regenerabie (Cho et al., 1998; Jiang et af., 1998). In sugarcane, 2,4-0 is required for somatic

embryo formation, and regeneration takes place on auxin-free medium (Bower et al., 1996;

Taylor et al., 1992b). However, in rice, callus cultures require the addition of a cytokinin in the

regeneration medium for shoot formation (Oard et al., 1990; Christou, 1995).
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Callus development is usually initiated by placing the explant on to a solid or liquid medium

into which auxin has been incorporated at a relatively high level. Because more than one kind

of callus may arise from a single explant (Taylor et al .. 1992b; Jaligot et al., 2000), successful

propagation can depend on being able to recognise and subculture only the type(s) which will

eventually give rise to shoots or somatic embryos. Once morphogenic callus has been isolated,

propagation is carried out either by callus subdivision or by the preparation of cell suspensions.

Unfortunately embryogenesis in both callus and suspensions cultures is seldom synchronous so

that embryoids at different stages of development are usually present (Ammirato, 1987; lbaraki

et al., 2000).

2.4.4 Genetic stability in culture and in regenerated plants (somaclonal variation)

Larkin and Scowcroft (1981) proposed the term somaclone to describe the plants originating

from any type of tissue culture. Genetic variation found to occur between somaelones was then

called somaclonal variation. Several types of genetic changes are associated with somaclonal

variation (reviewed by Phillips et al., 1994; Rani and Raina, 2000), notably numerical and

structural chromosomal changes (Choi et al., 2000a, 2000b: Cho et al., 2001), DNA mutations

and transpositional changes, chromosome number changes (Karp, 1995), alteration in DNA

methylation (Shimron-Abarbanell and Breiman, 1991; Jaligot et al., 2000) and hypervariabie

sequences (Linacero et al., 2000).

Although much research has focused on the potential of somaclonal variation for the

production of agronomically useful mutants (Heinz et al.. 1977; Larkin and Scowcroft, 1981;

Semal and Lepoivre, 1990; van den Bulk, 1991; Maluszynski et al., 1995; Ahloowalia and

Maluszynski, 2001; Jain, 2001), variation can pose a major problem in genetic manipulation

systems such as transformation, where specific genetic changes are desired in otherwise

unaltered genomes. It is therefore imperative to establish culture and regeneration procedures

that reduce or eliminate variation.

Plants regenerated through somatic embryogenesis are usually morphologically and

cytologically normal (Litz and Grey, 1995). However, plant tissue culture can promote

mutational phenomena induced by stress imposed by in vitro conditions (Morrish et al., 1990;

Phillips et al., 1994; Cho et aI., 1998). Genetically aberrant plants are more likely to occur

where embryogenesis is initiated in callus or suspension cultures after a period of unorganised

growth or when embryogenic structures are maintained for several months (Larkin and
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Scowcroft, 1981). There is some evidence that plants regenerated via an embryogenic culture

route are likely to be characterised by greater genetic stability than plants regenerated via

organogenesis (Morrish et al., 1990; Shimron and Breiman, 1991; Shenoy and Vasil, 1992;

Rani and Raina, 2000).

There are contradictory reports about somaclonal variation m cereals, ranging from

considerable variation in wheat (Larkin and Scowcroft. 1981) and rice (Muller et al., 1990), to

little or no variation in barley (Breiman et al., 1987; Karp et al., 1987) and Panicum (Hanna et

al., 1984). One of the earliest reports of somaclonal variation was by Heinz and Mee (1971),

who were working with in vitro derived plantlets of sugarcane. Among the regenerated plants

there were changes in morphology, such as the presence or absence of hairs, differences in

isozyme profiles, as well as variation in crop parameters such as sugarcane stalk diameter, stalk

length and weight, and cane and sugar yield. Several additional studies have been carried out

on sugarcane which suggest that callus culture particularly, results in regenerated plants

displaying phenotypic variation (Hanna et al., 1984; Irvine, 1984; Irvine et al., 1991; Joyce et

al. 1998). By using phenotypic marker genes, both indirect callus culture and direct

organogenesis resulted in chimaeral disruption, epigenetic effects and mutational variation

(Irvine et al., 1991). Irvine and Benda (1985) recognised the need to avoid possible genetic

change caused by regenerating plants via a callus stage, and in a study to rid sugarcane of

SCMV, regenerated plantlets directly from leaf tissue with a minimum of callus formation.

However, another study in which sugarcane callus was exposed to concentrations of up to 5

mg/l 2,4-0 for a period of five months, RAPD (random amplified polymorphic DNA) analysis

using six primers showed no genetic variation (Sweby et al.. 1994).

There are several molecular techniques used to detect DNA changes. Among them RAPD's

have been employed in sugarcane (Sweby et al., 1994), rye (Linacero et al., 2000) and oil palm

(Jaligot et al., 2000) to study DNA polymorphisms among and between populations and

cultivars, and to detect variation originating through tissue culture. In a recent study which

compared three techniques to detect somaclonal variation in begonia, it was found that

RAPD's were not sensitive enough to detect variation in plants where there was clearly a

phenotypic aberration (Boumann and De Klerk, 2001). A refinement of these earlier

technologies has shown that more sensitive methods can detect DNA methylation

polymorphisms and sporadic loss of DNA in in vitro-derived sugarcane plants (Harrison et al.,

2001).
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A lack of uniformity amongst the plants regenerated from callus has been described in a wide

range of plant species (Larkin and Scowcroft. 1981; Rani and Raina, 2000). Some regenerated

plants may be grossly abnormal. Others may show useful changes in general plant morphology,

yield attributes, flower colour or disease resistance (Semal and Lepoivre, 1990; van den Bulk,

1991; Karp, 1995). Possible sources of genetic variability include point mutations, changes in

chromosome number and structure, cryptic changes associated with chromosome

rearrangements, transposable elements, somatic crossing over and DNA amplification and

deletion (Karp, 1995). For breeding purposes. variability can be further increased by deliberate

mutagenic treatments (Maluszynski et al., 1995). However, somaclonal variation can probably

be affected by a number of factors, including species, genotype, explant type, length of time in

culture and duration of the subculture period (Rani and Raina, 2000).

Recent studies which have investigated somaclonal variation in transgenic plants, have shown

that the transformation procedure, such as microprojectile bombardment of rice (Arencibia et

al., 1998a), barley (Bregitzer et al., 1998b) and wheat (Cannell et al., 1999), and

electroporation of rice (Arencibia et al., 1998a) and sugarcane (Arencibia et al., 1999), resulted

in negligible changes. However, when transgenic barley plants were compared to non-

transformed controls (Choi et al., 2000b), 58% of transgenic plants had chromosomal

abnormalities (aneuploids and structural changes). This was attributed to the transformation

process, the osmoticum treatment, bombardment or selection stages. Similarly in transgenic

rice, phenotypic abnormalities such as dwarfism, over-tillering, sterility and purple coloured

seeds were observed (Jiang et al., 2000). For the application of gene transfer technology,

identifying and reducing the stresses associated with the transformation and associated tissue

culture process will lead to the generation of transgenic plants which are genetically and

agronomically identical to the parent plants.

2.5 DNA DELIVERY SYSTEMS

Over the last decade there has been tremendous progress in the genetic transformation of

plants, which has now become an established tool for the insertion of specific genes. There are

verified methods for stable introduction of novel genes into the nuclear genome of over 200

diverse plant species. This review attempts to examine several methods used to deliver DNA to

isolated plant cells or tissues in cereals and grasses.

The first successful transformation of higher plants was reported for tobacco m 1980
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(Hernalsteens el al., 1980). Since then, numerous higher plants have been transformed and a

number of reliable techniques and protocols for transformation have been developed (reviewed

by Potrykus, 1991; Jahne et al., 1994; Birch. 1997; Hansen and Wright, 1999; Kempken, 2001;

Repellin et al., 2001). Because of the difficulties involved in transformation and regeneration

of mono cots using protoplasts, a variety of approaches have been tested to introduce foreign

DNA into intact plant cells. These include macroinjection (de la Pena el al., 1987) and

microinjection (Toyoda el al., 1990; Simmonds et al., 1992: Lusardi et al., 1994), pollen and

embryo DNA imbibition (Topfer et al., 1990), electroporation of intact tissues (Dekeyser et al.,

1990; D'Halluin et al., 1992; Sorokin el al., 2000; He et al.. 2001), laser microbeam injection

(Weber et al., 1990), pollen tube pathway (Luo and Wu, 1988), agroinfection (Grimsley et al.,

1987), shaking cells with small silicon carbide fibres (whiskers) in a DNA solution (Kaeppler

et al.. 1992; Frame et al., 1994; Thompson et al., 1995; Dalton et al., 1998; Petolino el al.,

2000) and microprojectile bombardment (see section 2.5.1). Of all of these approaches, the

most reproducible and successful for the recovery of transformed plants from a wide range of

species has proved to be microprojectile bombardment.

As well as being used to transform callus cultures, biolistic transformation also enables the

transformation of chloroplasts of higher plants (Daniell et al., 1998) which may be useful in

avoiding pollen-based horizontal gene transfer from transgenic plants to weedy relatives.

2.5.1 Particle bombardment mediated transformation

2.5.1.1 History

The introduction of the 'particle gun' or high velocity microprojectile technology was a

significant breakthrough in plant transformation. Since the initial description of the process

(Klein et al., 1987; Sanford et al., 1987), impressive breakthroughs leading to the engineering

of all major crop species using this technology have been carried out (reviewed by Birch and

Franks, 1991; Klein et al., 1992; Christou, 1993a, 1993b, 1995; Vain et al., 1993a; Sanford,

2000). DNA is propelled through the cell wall into intact cells or tissues using small metal

(tungsten or gold) particles (0.5-5 11mdiameter) as carriers, which are accelerated to a high

speed. The acceleration can be provide by gun-powder (Klein et al., 1987), by gases such as

helium, nitrogen or CO2 (Finer et al., 1992; Vain et al., 1993a; Brown et al., 1994) or by

electrical discharge (Christou et al., 1991; McCabe and Christou, 1993).

Stellenbosch University http://scholar.sun.ac.za



28

The advantage of particle bombardment is that DNA can be introduced into virtually any tissue

from any cultivar (Birch, 1997; Iser et al., 1999). Success depends upon the ability of the target

tissue to proliferate and give rise to a plant (Vasil, 1988: Koprek et al.. 1996). The procedure is

particularly useful for obtaining the transformation of specific tissue or for grammaceaus

rnonocots, which are difficult to transform with other techniques (Vasil, 1987).

Cobombardment is a simple process in which genes carried on separate plasmids, are mixed

prior to transfer by particle bombardment. In most cases. the gene of interest plus a selectable

marker are inserted into plants. However two recent studies in soybean (Hadi et al., 1996) and

rice (Chen et al., 1998a) have shown that as many as 12 genes can be transferred

simultaneously.

2.5.1.2 Physical parameters affecting particle bombardment

While there are numerous particle accelerators now in use, the helium-driven apparatus is the

most widely used and is safer and cleaner than the gunpowder-driven designs (Sanford et al.,

1993; Vain et al., 1993a; Kemper et al., 1996; Harwood et al.. 2000). It also produces higher

velocities over a wider target area combined with better dispersal of particles, resulting in a

more uniform field of transformation (Sanford et al., 1993).

The acoustic shock that is generated in the acceleration of mieroparticles can kill cells,

especially those that are multiply traumatised by being penetrated by the microprojectiles, and

which may also be subjected to a selective medium (Sanford et al.. 1993). The use of baffling

screens over the target tissue (Finer et al., 1992; Russell et al., 1992) may reduce shock wave

intensity.

The choice of microprojectile may influence the success of bombardment (Russell et al., 1992;

Kemper et al., 1996; Falling and Olesen, 2001). Both gold and tungsten have been used with

success in transformation systems. Gold is frequently preferred because it is more uniform in

size, biologically inert, non-toxic and does not degrade DNA bonds (Christou, 1990; Russell et

al., 1992; Parveez et al., 1997). However, no significant difference between number of stable

transformants was obtained in sugarcane using gold and tungsten microcarriers (Gallo-

Meagher and Irvine. 1996). Coating the particles with DNA in the presence of CaCh and

spermidine is also a critical step and several similar procedures are in use (Sanford et al., 1993;

Parveez et al., 1997; Rasco-Gaunt et al., 1999b).
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2.5.1.3 Target tissue

An efficient and reproducible in vitro regeneration technique permitting the production of

whole plants from transformed cells is an integral part of successful genetic engineering of

plants (Potrykus. 1990; Vasil, 1987, 1990; Birch, 1997; Hansen and Wright, 1999). In the

event that there are several tissue culture systems meeting this requirement for a species of

interest, the choice of system can be made based on features affecting convenience or

efficiency, including ready availability of explants and minimal time in tissue culture (Fisk and

Dandekar, 1993; Futterer and Potrykus, 1995; Birch, 1997). Appropriate culture conditions for

the production of target material (Takumi and Shimada, 1996; Cho et al., 1998; Iser et al.,

1999; Pastori et al., 2001) and proper treatment of the explant material (Bommineni and

Jauhar, 1997; Barandiaran et al., 1998), which may include exposure to an osmotic

pretreatment (Vain et al., 1993b; Nandadeva et al., 1999), must also be considered in the

process of particle bombardment.

A variety of different plant tissues have been used as targets for microprojectile bombardment

(Fisk and Dandekar, 1993; Futterer and Potrykus, 1995). Selection of the appropriate target

tissue is dependent on the nature of the research (Koprek et al., 1996; Birch, 1997), e.g. in

rapid gene expression studies, plasmid constructs can be introduced into various tissues and

transient expression can be quickly analysed to assess promoter activity without the production

of stably transformed plants (lida et al., 1995; Rooke et al., 2000). The choice of the

appropriate target tissue, physiological state of the plant material, and pre- and

post bombardment treatments are critical to the successful regeneration of stable transformants.

Rapidly dividing, embryogenic cells have proven more suitable for successful transformation

than slow growing, non-embryogenic tissues (Bommineni and Jauhar, 1997; Brisabe et al.,

2000). Most embryogenic cereal cell cultures are initiated from scutella of intact mature

zygotic embryos or isolated scutella (Bommineni and Jauhar, 1997). Embryogenic cell cultures

(initiated from both somatic cells and immature/mature zygotic embryos) have been very

useful for the production of stably transformed graminaceous plant cells (Vasil 1987). Particle

bombardment of embryogenic suspension culture cells of maize (Klein et al., 1988; Fromm et

al., 1990; Gordon-Kamm et al., 1990; Oard et al., 1990; Vain et al., 1993b, 1996), barley

(Mendel et al., 1989; Ritala et al., 1993; Stiff et al., 1995), wheat (Vasil et al., 1991, 1992),

rice (Wang et al., 2000), turfgrass (Xiao and Ha, 1997) and sugarcane (Franks and Birch, 1991;

Chowdhury and Vasil, 1992; Sun et al., 1993); and embryogenic callus in turfgrass (Zhong et
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al., 1993; Altpeter and Xu, 2000), maize (O'Kennedy et al., 1998: Frame et al., 2000), oat

(Torbet et al .. 1998), wheat (Brisibe et ai., 2000), tall fescue (Cho et al., 2000), sugarcane

(Bower and Birch, 1992; Bower et al., 1996; Gallo-Meagher and Irvine, 1996; Falco et ai.,

2000) and rice (Oard et al., 1990; Li et ai., 1993; Biswas et al.. 1998; Chen et al., 1998b) were

used to generate transgenic plants of these species.

Embryogenic cultures provide a reliable source of tissue for optimisation of bombardment

conditions and can be used for year-round production of transgenic plants. An additional

advantage of embryogenic cultures is that proliferation of transformed embryogenic cells under

selective conditions results in the production of transformed embryogenic tissue, which

subsequently gives rise to non-chimaeric plants (Birch and Franks, 1991). However, the

maintenance of long-term embryogenic cultures can be labour intensive and time-consuming as

the appropriate 'type' of embryogenic callus must be selectively subcultured (Redway et ai.,

1990; Vasil et al., 1991,1992; Bower et al., 1996; 8risibe et al .. 2000). An additional

complication is that long-term culture can result in abnormalities that may compromise the

usefulness of the transgenic plant (Rhodes et al., 1988; Cho et al., 1998; Hansen and Wright,

1999; Sala et al., 1999).

As a result of problems encountered with plants regenerated from long-term embryogenic

cultures, transformation systems that involve rapid regeneration of primary tissue following

particle bombardment have been developed (Becker et al., 1994; Nehra et al., 1994; Altpeter et

al., 1996). In wheat (Vasil et al.. 1992; Becker et al., 1994; Altpeter et ai., 1996; Koprek et al.,

1996; Rasco-Gaunt et al., 1999b), oat (Somers et al .. 1992) and maize (Gordon-Kamm et al.,

1990; Koziel et al., 1993), immature embryos (or scutella tissue from these embryos) were

either bombarded immediately after excision or cultured a few days prior to bombardment.

Although this approach has eliminated some of the problems associated with long-term

cultures, some of the young target tissues are not very responsive to cell culture manipulations

and the continual production of high quality immature embryos as initial explant material can

be difficult.

In an attempt to reduce the time spent in tissue culture, wheat leaf base segments, which have a

high regenerative potential, were bombarded immediately or one day after harvesting (Gless et

al., 1998). This protocol reduced the time taken to produce transgenic plants and resulted in a

high efficiency of transformation. Similarly, immature sugarcane leaf rolls were bombarded
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and regenerated via somatic embryogenesis. reducing the time taken to produce transgenic

plants (Snyman et al., 2000,2001).

Shoot apical meristems represent an attractive target material for bombardment, as the tissue

culture component is reduced and plant regeneration is quicker from meristems than callus.

Maize (Klein et al., 1988; Lowe et al., 1995: Zhong et al., 1996), wheat (Sautter, 1993; Sautter

et al., 1995), sugarcane (Gambley et al., 1993, 1994), oat and barley (Zhang et al., 1999)

meristems have been successfully used as transformation targets. Transformation of soybean,

cotton, bean and peanut has been achieved by particle bombardment of meristematic cells of

excised embryonic axes (Christou, 1995). However, the limiting factors remain the ability to

mechanically prepare the explants, the transfer of the genes into regenerabie cells, selection or

screening for transformants at an efficiency sufficient for practical use in cultivar

improvement, and chimaerism.

The disadvantage of using organised tissues as target cells is the frequency of obtaining plants

with chimaeric gene expression (Gambley et al., 1993; Bommineni and Jauhar, 1997).

Chimaeras may prove a problem for the successful expression of agronomically important

genes (Zhong et aI., 1996), although the work of Irvine et al. (1991) on sectoring natural

sugarcane chimaeras into the constituent phenotypes indicates that it may be possible to

produce fully transgenic plants by meristem transformation followed by conventional

micropropagation, rather than by callus-based tissue culture (Gambley et aI., 1993). Both

Lowe et al. (1995) and Zhong et al. (1996) were able to successfully recover transgenic maize

plants using axillary bud culture from chimaeric tissues produced by bombardment of

immature shoot meristems, and by re-culturing chimaeric tissue under stringent selection

conditions.

Particle bombardment can be used to introduce DNA into any target tissue that is penetrable by

DNA coated particles (Sanford et al., 1993). For stable transformation studies, target tissue

should be regenerable, but for transient expression studies, any tissue can be tested for the

expression of a reporter gene. In addition to embryogenic cultures and shoot meristems, other

tissues that have been subjected to particle bombardment include microspores (Jahne et al.,

1994), leaves (Klein et al., 1988; Rooke et aI., 2000), inflorescences (Barcelo et aI., 1994),

cereal aleurone cells (Kim et al., 1992) and tassel primordia (Dupuis and Page, 1993).
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2.5.1.4 Tissue treatment

There are limited reports on the preparation of target tissue to make it more receptive to

microprojectile bombardment. The use of culture venting (Russell et aI., 1992), cell filtration

(Finer et aI., 1992) and suspension culture cells at the proper phase of growth and density

(Finer et aI., 1992) have been used for particle bombardment in different species. One

treatment, however, that has greatly enhanced both transient and stable gene expression is the

use of an osmoticum (Russell et aI., 1992; Vain et aI., 1993b). Osmotic conditioning can be

both pre and post-bombardment and incorporates the use of mannitol and sorbitol at a

relatively high concentration (approximately 0.4 M). The osmotica may act by causing

plasmolysis of the target cells that lessens or eliminates extrusion of the protoplasm in cells

that are penetrated by particles (Vain et al.. 1993b).

The proper pre-culture of explant material (i.e., the culturing of an explant for a few days prior

to bombardment, rather than using freshly isolated explants) is also beneficial for successful

transformation (Altpeter et al., 1996; Kemper et al., 1996).

2.5.2 Agrobacterium-mediated gene transfer

In the early 1980's, the era of plant transformation was initiated when the production of

transgenic plants via Agrobacterium tumefaciens-mediated gene delivery was reported

(Hernalsteens et al., 1980; Horsch et al., 1985; Hohn et al., 1989). Although initial successes

were limited to the Solanaceae, tobacco in particular, this dramatically changed over the next

20 years, and it is now possible to transform a wide range of plants, although graminaceous

monocots were considered to be outside the host range amenable to transformation by

Agrobacterium until recently (reviewed by Potrykus, 1991; Smith and Hood, 1995; Gelvin,

2000).

A. tumefaciens-mediated transformation has significant advantages over naked DNA delivery,

such as the introduction of a few copies of genes into the plant genome (Spencer et aI., 1992;

Cooley et al., 1995), high co-expression of introduced genes and easy manipulation in vitro.

However, the A. tumefaciens-mediated gene transfer system has been limited largely to

dicotyledonous plants (Songstad et aI., 1995). In order to transform previously 'recalcitrant'

plants using A. tumefaciens, it is necessary to manipulate various factors such as the addition of

inducing compounds such as acetosyringone (Chan et aI., 1993), identification of critical target

cells for successful bacterial attachment (Graves et al., 1988; Grimsley et aI., 1987; Gould et
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al., 1991; Amoah et al., 2001), the A. tumefaciens strain (Ritchie et al., 1993) and the use of

appropriate promoters (Smith and Hood, 1995).

Several reports presented early attempts to transform the Gramineae with A. tumefaciens

(Raineri et al., 1990; Mooney et al., 1991; Shen et al., 1993), including A. tumefaciens-

mediated infection of plants with viral genomes, termed 'agroinfection' (Grimsley et al., 1987;

Grimsley, 1990). Chan et al. (1993) first reported the production of transgenic rice plants by

inoculating immature embryos with an A. tumefaciens strain and proved the transformation by

molecular analyses. Subsequent to this, many reports have demonstrated unequivocally that

Agrobacterium is a suitable vehicle for gene transfer in a range of plants including rice (Hiei et

al., 1994, 1997; Rashid et al., 1994; Dong et al., 1996; Toki, 1997; Azhakanandam et al.,

2000), maize (Gould et al., 1991; Escudero et al., 1996; Ishida et al., 1996; Kemper et al.,

1996), barley (Tin gay et al., 1997), wheat (Cheng et al., 1997) and sugarcane (Arencibia et al.,

1998b; Elliot et al., 1998; Enriquez-Obregon et al., 1998).

2.5.3 Transformation of protoplasts

Direct gene transfer to protoplasts is one of several methods which have been developed for the

generation of transgenic plants and for transient gene expression studies (Potrykus, 1991).

Protoplasts are isolated from plant tissue either by a mechanical or enzymatic process to

remove the cell wall. This results in the production of a suspension containing millions of

individual cells and therefore offers the advantage of single cell targets for transformation.

This method is based on the efficient uptake of plasmid DNA from the surrounding medium

into protoplasts, and is promoted by polyethylene glycol (Lorz et al., 1985) in barley

(Funatsuki et al., 1995), rice (Datta et al., 1992b) and sugarcane (Chen et al., 1987), and by

electric pulses or electroporation (Shillito et al., 1985) in tall fescue (Ha, 2000), rice (Toriyama

et al., 1988; Zhang et al., 1988), wheat (He et al., 1994), sorghum (Battrawand Hall, 1991),

bentgrass (Asano et al., 1991), maize (Fromm et al., 1986; Sukhapinda et al., 1993) and

sugarcane (Rathus and Birch, 1992; Arencibia et al., 2000).

Although the regeneration of transformed protoplasts to a microcalli stage was achieved for a

number of plants including maize (Rhodes et al., 1988; Lyznick et al., 1989; Sukhapinda et al.,

1993), barley (Mordhorst and Lorz, 1992), rice (Datta et al., 1992a; Gupta and Pattanayak,

1993; Alam et al., 1995) and sugarcane (Srinivasan and Vasil, 1986; Chen et al., 1988b;
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Rathus and Birch. 1992), regeneration and the production of plants is notoriously difficult, and

110 general protocol applies.

2.6 APPLICATION OF MARKER GENES IN TRANSFORMATION TECHNOLOGY

Foreign genes can be introduced to plants in a number of ways, but it is only by investigating

the expression of the introduced DNA that the success of the transformation and the efficiency

of particular promoter constructs can be judged (Futterer and Potrykus, 1995). To avoid the

lengthy process of selection and bulking up of tissue for analysis of integrated constructs, it is

possible to study transient expression of reporter or screenable genes by immediate analysis

(Birch, 1997).

2.6.1 Use of transient expression (reporter genes) to follow transformation parameters

The presence of DNA in plant cells can be demonstrated within 24 hours after gene transfer by

means of transient assays (WeIT and Lorz, 1986). These assays are based on the expression of

genes, called reporter genes, that are expressed in plant cells without integration into the

genome (Lindsey and Jones, 1990). For each transformation protocol, transient expression

experiments are a preliminary step used to identify conditions that will allow efficient DNA

delivery and measurement of the quantity of DNA introduced into the target cells. With so

many variables and no evidence of combinations that are broadly applicable across plant

species, this simple test provides some guidance for answering several initial questions. As the

conversion rate from transient expression to stable integration in the plant genome is low

(Birch and Franks. 1991; Potrykus, 1991: Sautter. 1993: Bower et al., 1996; Harwood et al.,

2000) and is estimated to be 0.35-4% (Klein et al., 1988; Finer et al., 1992; Bower et al.,

1996), it is worthwhile achieving a high frequency of transiently expressing cells following

DNA delivery.

Transient expression of the inserted gene occurs in the nucleus, but chromosomal integration is

unlikely to occur, nor is it a prerequisite for expression to take place (Lindsey and Jones,

1990). Expression normally peaks after 48 hours. after which time the DNA is degraded (WeIT

and Lorz, 1986). In addition, expression is not confounded by influences exerted by

chromosomal sequences adjacent to the sites of integrated genes, or so-called position effects

(Dekeyser et al., 1990).
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Transient expression systems require a sensitive method for the detection of transformed

cells/tissue (Hauptmann et al., 1988). Specific methods are available to monitor the expression

of several reporter genes such as the widely used ~-glucuronidase or GUS (Jefferson, 1987),

the gene product of which is an enzyme which can be assayed for fluorometrically or by

histochemical staining in tissue extracts. In addition, luciferase genes (Ow et al., 1986; Koncz

et al., 1987; Fromm et al., 1990), chloramphenicol acetyl transferase (CAT) (Hauptmann et al.,

1987) and genes involved in anthocyanin biosynthesis (Ludwig et al., 1990) may be used to

detect transient expression in a nondestructive manner. More recently, the gene for green

fluorescent protein (GFP) has become an important in vivo reporter in plants (Haseloff et al.,

1997; Kaeppler et al., 2001; Stewart, 2001).

2.6.1.1 The GUS system

The E. coli uidA gene which encodes ~-glucuronidase (GUS; Jefferson, 1987) has become the

most widely used reporter gene in plant transformation. The gene product is a hydrolytic

enzyme which catalyses the cleavage of a variety of ~-glucuronides, many of which are

available commercially as spectrophotometric, fluorimetric and histochemical substrates (such

as X-Glue; 5-bromo-4-chloro-3-indoloyl-b-D-glucuronide) (Jefferson, 1987). The GUS gene

has been cloned and sequenced, and encodes an enzyme which can be used in the construction

and analysis of gene fusions (Jefferson, 1987; Jefferson et al., 1987).

The principal advantages of the GUS system include the ease of the assay, its sensitivity and

the fact the gene product is detectable with histochemical assays that localise gene activity in

specific cell types (Tor et al., 1992). However, problems with the GUS assay have been

encountered because of endogenous GUS activity in plant tissues (Kosugi et al., 1990; Hodal

et al., 1992; Tor et al., 1992). Modifications to the assay to overcome this activity include the

addition of methanol to the incubation buffer (Kosugi et al., 1990). In addition, plant pigment

may mask the sites of GUS activity and the use of a clearing agent (2: 1:1 mixture of chloral

hydrate, lactic acid and phenol) was found to enhance visualisation after incubation in X-Glue

(Beeckrnan and Engler, 1994). Another disadvantage is that the histochemical GUS assay

involves destructive sampling of the tissue, although an attempt has been made to sample in a

non-lethal way (Martin et al., 1992; Kirchner et al., 1993). Also varying levels of GUS

expression have been reported during different developmental stages of somatic embryogenesis

in alfalfa (Tian et al., 2000).
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Despite the abovementioned problems, the GUS assay has been used to detect transient

expression in a variety of tissues and cells in the development of transformation protocols and

promoter studies in several grasses (Taylor et al., 1993: Vain et al., 1996), maize (Omirulleh et

al., 1993; Songstad et al., 1993; Menossi et al., 2000), oat (Higgs et al., 1993), wheat (Wang et

al., 1988; Lonsdale et al., 1990; Chibbar et al., 1991: Iglesias et al., 1994; Rooke et al., 2000),

rice (Wang et aI., 1988; Dekeyser et aI., 1990; Meijer et aI., 1991), and sugarcane (Bower and

Birch, 1992: Gallo-Meagher and Irvine, 1993; Gambley et aI., 1993; Sun et al., 1993).

2.6.1.2 Anthocyanin pigment biosynthesis

A non-lethal reporter system that does not require the application of selectable agents or

external substrates for the detection of transgenic cells uses genes that regulate the anthocyanin

biosynthetic pathway in maize (Ludwig et aI., 1990). Much of the work involving

transformation with anthocyanin markers has been performed with maize (Ludwig et al., 1990;

Bowen, 1992; Songstad et aI., 1993). Subsequently it has been found that pigments can be

induced in cells of other monocots such as sugarcane (Bower et aI., 1996; Snyman et aI., 1996)

and wheat (Iglesias et aI., 1994; McKinnon et al., 1996; Chawla et al., 1999).

In maize, the anthocyanin biosynthetic pathway is regulated by two families of transcriptional

activators, Rand C proteins (Bowen, 1992). Coexpression of these genes is necessary for

pigment formation, but whether R or C proteins are encoded by endogenous genes or an

introduced template is immaterial for expression (Bowen, 1992). The induction of anthocyanin

pigmentation has been effective in transient assays to establish gene delivery protocols

(Iglesias et al., 1994; Bower et al., 1996; Snyman et al., 1996) and to determine the optimal

time and tissue type for bombardment (McKinnon et al., 1996). However, it has been

inefficient when used to screen for transgenic lines as overexpression of anthocyanin may

cause a termination of cell division in pigmented cells (Chawla et aI., 1999).

2.6.2 Use of selection genes and selection media for elimination of untransformed

individuals during long-term development of stable transformants

Tailoring a system for efficient transgenic plant production requires careful choice of an

appropriate selectable marker (Park et aI., 1998). The rationale for using selectable marker

genes for transformation is that the expression of the gene confers upon the cell or tissue the

ability to grow in the presence of some selective agent under conditions which kill (or prevent

the division of) all untransformed cells (Fisk and Dandekar, 1993). In general, the gene of
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interest is co-delivered with a selectable marker to identify and encourage the growth of

recipient cells (Bower et al., 1996). Selectable markers confer resistance to chemical agents

such as antibiotics or herbicides that inhibit various cellular functions (Wilmink and Dons,

1993). These include the gentomycin acetyl transferase gene, bacterial and plant EPSP synthase

genes, the bacterial phosphinothricin acetyltransferase gene, the Arabidopsis, maize and

tobacco acetolactate synthase genes, the bacterial neomycin phosphotransferase genes and the

bacterial hygromycin B phosphotransferase gene. These genes, when expressed under the

direction of plant promoters, have been shown to be effective in plant tissue (reviewed by

Lindsey and Jones, 1990; Morrish et al., 1993; Wilmink and Dons, 1993; Futterer and

Potrykus, 1995).

One of the major problems encountered when using selective agents is protection of

untransformed tissue by the detoxifying activity of surrounding transformed cells, or cross-

protection (Park et al., 1998). Such cross-protection allows regeneration of untransformed

cells, leading to many nontransformed escapes. To overcome the 'rescuing' ability of

transformed cells, the most effective concentration of the selective agent must be determined in

tissue culture experiments for each crop and for each type of explant (Park et al., 1998).

2.6.2.1 Antibiotic resistance: the nptU gene

Representatives of a major class of antibiotics, the aminoglycosides and the corresponding

resistance genes are widely used for plant transformation studies. The best known member of

the aminoglycoside antibiotics is kanamycin, which is widely applied as a selective agent in

transformation experiments. All known amino glycoside antibiotics inhibit protein synthesis in

prokaryotic cells. Kanamycin, gentamyein and its derivative geneticin (G418), neomycin and

paromomycin bind to the 30S ribosomal subunit thus inhibiting the initiation of translation, and

consequently protein synthesis (Nap et al., 1992). The most widely adopted, stable-integration

marker is the neomycin phosphotransferase gene (nptIl) (Beck et al., 1982), which is discussed

below.

Resistance to the amino glycoside antibiotics is obtained by the aphA2 gene from Tn5 of E. coli

(Bevan et al., 1983). This gene codes for the enzyme aminoglycoside 3' phosphotransferase

(APH(3 ')11), also referred to as neomycin phosphotransferase (NPTIl), which phosphorylates a

specific hydroxyl group of the antibiotic molecule (Herrera-Estrella et al., 1983a, 1983b).
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Although kanamycin has been used successfully for selection of dicotyledons in transformation

procedures, research in monocots demonstrated that kanamycin was less effective as a selective

agent due to interference with regeneration. particularly in rice (Zhang et al., 1988; Battraw

and Hall, 1992), and/or endogenous resistance to kanamycin (Wilmink and Dons. 1993;

Futterer and Potrykus, 1995). Hauptmann et al. (1988) addressed this factor with particular

reference to grass species, by using the antibiotic geneticin. Since then geneticin has been

included in the selection of transgenic barley (Ritala et al., 1993), oat (Somers et aI., 1992) and

sugarcane (Bower and Birch, 1992; Bower et al., 1996; Falco et al., 2000; Snyman et al., 2000,

2001).

Identifying transformed plant lines carrying the npt!! gene may require more definitive tests

than the ability of the plant to grow on an antibiotic. Methods for detecting the presence of the

npt!! gene include the gel overlay method (Reiss et aI., 1984) and the dot-blot assay

(McDonnell et aI., 1987; Platt and Yang, 1987; Staebell et aI., 1990), both of which utilise

e2p]-Y-ATP, are relatively time consuming and fairly cumbersome. The first reported use of

anti-Nl'Tll antibodies was with transformed tobacco and rape plants in immunoprecipitation

(Baszczyniski, 1990) and immunoaffinity (Henderson et aI., 1990) assays. These assays

provided a clear response to the presence of the NPTn enzyme. However, variability between

the assays was noted and the use of e2p]-Y-ATP was still required. Several groups

subsequently utilised a commercially available ELISA kit (5 Prime-e-S Prime Inc, Boulder,

Colarado) for detecting the presence of the NPTn protein in cell extracts (Nagel et aI., 1992;

McKenzie et aI., 2000). This system is faster than the previously described detection methods

and allows semi-quantitation of NPTn levels in transformants. However, problems have been

reported in terms of background variation as well as increased background when the plants

were glasshouse grown (Nagel et aI., 1992).

Other antibiotics such as hygromycin have been used as selective agents in tall fescue (Dalton

et aI., 1995), maize (Walters et aI., 1992), rice (Datta et aI., 1992b), creeping bentgrass (Xiao

and Ha, 1997) and orchard grass (Horn et aI., 1988). Streptothricin has been used in tobacco,

carrot and Arabidopsis (Jelenska et aI., 2000), and paromomycin was the selective agent used

to regenerate transgenic turfgrass (Altpeter and Xu, 2000) and oat (Torbet et aI., 1998).

Recently the use of antibiotics as selective agents has caused widespread public concern

because of inadequate knowledge of the agents' impact on the environment and human health.
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To avoid the use of these agents. alternative selection systems have been proposed and

developed (Joersbo and Okkels, 1996; Joersbo et al., 1998; Negrotto et al., 2000; Wang et al..

2000a; Endo et al., 200 1; Haldrup et al., 200 1: Reed et al., 200 1). Transformation was

achieved using the following selective agents: mannose in sugar beet, maize, wheat and barley,

and xylose in potato, tobacco and tomato. These selection systems allow for separation of non-

transformed from transformed tissue by arresting the growth of the non-transformed cells

through carbohydrate starvation.

In addition, genes conferring resistance to herbicidal compounds are potential alternatives for

selection in plant transformation (Wilmink and Dons, 1993). Herbicide resistance genes

generally code for a modified target protein insensitive to the herbicide or for an enzyme that

degrades or detoxifies the herbicide in the plant before it can act (Batterman and Leemans,

1988).

2.6.2.2 Herbicide resistance: the bar gene

The bialaphos resistance gene (bar), which encodes the enzyme phosphinothrycin acetyl

transferase (PAT), is widely used as a selectable marker for cereal transformation (Christou et

al., 1991; Castillo et al., 1994; Altpeter et al., 1996; Brettschneider et al., 1997). In

transformation studies, different selective agents based on PPT can be used: gluphosinate or its

commercial formulation, Basta, or the tripeptide, bialaphos and its commercial formulation,

Herbiace (Dennehey et al., 1994).

The selection pressure applied has to be chosen carefully. A concentration too low bears the

risk of undesirable numbers of escapes developing, and too high a concentration results in the

loss of transformants expressing moderate levels of the foreign gene (Hansch et aI., 1998). In

addition, regenerative capacity may be reduced (Bower et aI., 1996), transform ants containing

a higher gene copy number could be recovered preferentially (Stiff et al., 1995), and the

albinism problem in barley may be exacerbated (Wan and Lemaux, 1994) if the selection

procedure is too stringent.

The mode of action of PPT in vitro is not clear, because although the accumulation of ammonia

occurs, the mode of action of PPT is also influenced by culture conditions and the metabolic

status of the cells, with carbon source in the media and the light regime influencing resistance

(De Block et al., 1995). This reinforces the need to develop a selection procedure for each
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transformation system.

Phosphinothricin-resistant plants have been selected by either addition of the compound to the

growth medium or by spraying plantlets (Futterer and Portykus, 1995; Wilmink and Dons.

1993). In the media. concentrations of 1-5 mg/l PPT is adequate to select for transformed cells

in wheat (Weeks et al., 1993: Altpeter et al.. 1996; Uze et al., 1999; Sorokin et al., 2000),

maize (Gordon-Kamm et al., 1990; Spencer et al., 1990; Vain el al., 1993b; Dennehey el al.,

1994; Frame et al., 2000), turfgrass (Hartman el al., 1994; Asano et al., 1998) and sugarcane

(Chowdhury and Vasil, 1992; Sun et al., 1993; Gallo-Meagher and Irvine, 1996; Arencibia et

al., 1998b). Higher concentrations of 10-50 mg/l were optimal to discriminate between

transformed and untransformed rice calli (Dekeyser et al., 1989; Christou et al., 1991).

Several authors (Dekeyser et al., 1989; Dennehey et al., 1994; Altpeter et al., 1996; Frame et

al., 2000) have shown that for effective selection, it was important to omit several amino acids

from the medium (glutamic acid, proline and arginine), as they allowed growth of

untransformed cells in the presence of PPT. This seems contradictory to other reports

(Tachibana et al., 1986), but shows that the precise selection scheme should be optimised for

each species and starting material. In addition, concentrations of PPT that allow 100% effective

selection can interfere with the regeneration capacity of the tissue and this has been reported in

wheat (Nehra et al., 1994), barley (Wan and Lemaux, 1994) and sugarcane (Bower et al.,

1996). Suboptimal amounts are therefore used which also allow growth of some untransformed

material, and in such cases, it is important to continue selection throughout plant regeneration

(Nehra et al., 1994).

There are a number of assays available to screen for PPT resistance in plants including the

chlorophenol-red test (Kramer et al., 1993; Hansch et al., 1998), bromocresol-purple test (De

Block et al., 1995), silica gel thin layer chromatography (Spencer et al., 1990), radioactive thin

layer chromotography or PAT assays (De Block et al., 1989), and herbicide application to

leaves or whole plants (Gordon-Kamm et al.. 1990). Modifications of the detection methods in

wheat and oilseed rape have been made (Rasco-Gaunt et al., 1999a; Pfeilstetter et al., 2000) to

allow more rapid and sensitive evaluation of tolerance to PPT.
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2.7 FACTORS AFFECTING TRANSGENE EXPRESSION

2.7.1 Gene silencing

Predictable and reproducible levels of expression of trans genes in engineered plants is one of

the main goals of plant molecular biology. The transgene must be able to function under

various environmental conditions in different genetic backgrounds and be stable over

generations of breeding (Birch, 1997; Zhong, 2001). However, because there is random

integration of the foreign DNA, transgene expression remains largely unpredictable (Spencer et

al., 1992; Register et al., 1994; Meyer, 1995) and there is great variation in expression levels

and inheritance patterns between independently transformed plants (Mannerlof and Tenning,

1997). In nearly all the cases where this phenomenon has been investigated at the molecular

level, loss of expression does not correlate with the loss of the transgene, but rather with its

inactivation (Finnegan and McElroy, 1994). It is becoming clear from published reports that

there are several variations on the theme of gene silencing in transgenic plants (reviewed by

Finnegan and McElroy, 1994; Matzke and Matzke, 1995; Meyer, 1995; Kumpatla et al., 1998;

Stam et al., 1998; Covey and Al-Kaff, 2000; Fagard and Vaucheret, 2000; lyer et al., 2000).

Several explanations have been envisaged for variations in expression between transformants

containing the same construct, such as the relative location of the integration of the foreign

DNA in the genome - so called position effects (Matzke and Matzke, 1990), the chromatin

structure (Meyer, 1999), the methylation state (Hobbs et al, 1993; Ingelbrecht et al., 1994;

Kohli et al., 1999; Kumar and Fladung, 2000), post-transcriptional regulation (Meyer, 1995)

and copy numbers (Linn et al., 1990; Hobbs et al., 1993; Bellucci et al., 1999).

Gene silencing in transgenic plants, referred to as homology dependent gene silencing, can be

due to either decreased transcription of the affected sequences or to post-transcriptional

mechanisms, and may affect endogenous and/or trans genes (Ingelbrecht et al., 1994; Johansen

and Carrington, 2001). Both transcriptional inactivation and post-transcriptional silencing lead

to reduced or undetectable levels of transcripts (Matzke and Matzke, 1995). The most common

way of differentiating between the two possibilities is to perform transcription run-on

experiments with isolated nuclei. If a run-on transcript is synthesised but no corresponding

RNA is visible on a northern blot, then silencing is post-transcriptional (Baulcombe, 1996;

Metzlaff et al., 1997). This occurs when the promoter is active, but the messenger RNA does

not accumulate (Stam et al., 1998). Post-transcriptional gene silencing appears to act on any

RNA that is homologous to the activating transgene (English et al., 1996) and has an
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interesting application in the protection of transgenic crops from viral attack. If transcriptional

inactivation is involved, however, neither run-on transcripts nor steady-state RNA is detected

on northern blots (Park el al., 1996; Kohli et al., 1999). A transcriptionally silenced transgene

can transinactivate another (trans)gene with homology in the promoter region (Neuhuber et al.,

1994) and this is associated with increased promoter methylation (Linn el al., 1990; Meyer,

1995; Park et al., 1996).

Recent evidence has shown that post-transcriptional gene silencing is one mechanism by which

pathogen-derived resistance is conferred (Baucombe, 1996; English et al., 1996; Kasschau and

Carrington, 1998; Covey and AI-Kaff,2000). In the most studied system, tobacco plants are

described that contain a nontranslatable tobacco etch virus (TEV) coat protein transgene. These

plants are resistant to TEV infection (Dougherty et al., 1994; Goodwin et al., 1996). This

resistance is manifested as two distinct phenotypes, immunity or recovery. Immune plants do

not support virus replication, do not accumulate transgene mRNA, and show Mendelian

inheritance of resistance. Recovery plants are initially susceptible to TEV, accumulating full-

length transgene mRNA, but eventually they develop resistance, at which point there is little

transgene mRNA (Doughery et al., 1994).

In addition to complete silencing of transgenes, variation In expression levels among

transformants is believed to be due to the fact that integrated transgenes cannot be regarded as

independent transription units (Kohli et al., 1999). Transgenes may integrate at different

chromosomal locations (Kohli et al.. 1999). If integration occurs in a transcriptionally active

area, the resulting expression may be influenced by proximal regulatory sequences (Topping el

al., 1991). Such transgene inactivation within the host genome is known as 'position effect'

silencing (Matzke and Matzke, 1990).

The presence of multiple copies of a gene in transgenic plants is widely believed to trigger

silencing (Matzke et al., 1994). Consequently, it has been proposed that the presence of a

transgene as a single copy is advantageous for expression. Additional evidence for this is

provided by observations that a transgene homologous to an endogenous gene may suppress

expression of both genes through co-suppression (Jorgensen et al., 1996). However, several

studies in rice suggest that expression levels (Chareonpornwattana et al., 1999), the extent of

methylation (Kumpatla et al., 1997) and integrity of transgenes (Kohli et al., 1999; Morino et

al., 1999) are major factors in the onset of silencing. Similar observations relating to transgene
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copy number in sugarcane were reported by Hansom et al. (1999), where silencing was found

to be promoter-dependent.

Very few studies have been carried out on the stability of trans genes in vegetatively propagated

crops. The first such study was conducted with transgenic sugarcane, and the phenotypic

expression of the bar gene remained unchanged over three generations (Gallo-Meagher and

Irvine, 1996). However in a similar study in the forage grass. fescue, the expression of a GUS

gene under the control of a rice actin promoter was unstable and often undetectable in the first

three tiller generations, but had stabilised by the fifth generation (Bettany et al., 1998). Loss of

transgene expression was not due to deletion of the transgene, or gross rearrangement as

demonstrated by Southern blot analyses, or methylation, and it is postulated that this variation

may be due to some form of epigenetic effect (Bettany el al., 1998).

In an attempt to overcome the effects of gene silencing, the use of matrix attachment regions

may increase gene expression in transgenic plants (Holmes-Davis and Comai, 1998; Vain et

al., 1999; Allen et al., 2000). Matrix attachment regions (MARs or scaffold attachment

regions) are regions of DNA which have been isolated based on their ability to bind to the

nuclear scaffold. MARs afforded improved stability of the transgene over two generations in

rice and tobacco (Vain et al., 1999). In addition it may be possible to make use of

demethylation sequences (Lichtenstein et al., 1994) or targeted integration systems (Albert et

al., 1995) to protect foreign gene sequences from silencing in transgenic plants.

2.7.2 Promoters

The availability of strong promoters, suited for driving transgene expression to high levels has

been an important factor in the recent development of the technology for monocot

transformation. The cauliflower mosaic virus (CaMV) 35S promoter is the most widely used

constitutive promoter in dicot transformation and has also been tested in the early attempts of

monocot transformation. It was found to be active in cereals and grasses, albeit at varying

activity levels, with a tendency towards low expression (McElroy and Brettell, 1994; Futterer

and Potrykus, 1995). The promoter was therefore modified by duplication of its own enhancer

(Omirulleh et al., 1993), by insertion of other transcriptional enhancers (Last et al., 1991) or by

combination with intron sequences (Tanaka et al., 1990). Certain introns, like that from the

maize ubiquitin promoter, can drive transient GUS expression in immature tritordeum in the

absence of any other regulatory sequences (Salgueiro et al., 2000).
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Other constitutive promoters, capable of driving transgene expression up to ten times the levels

achieved in monocots with the CaMV 35S promoter, such as the rice actin promoter (McElroy

el al., 1990), the pEmu recombinant promoter (Last el al., 1991) and the maize ubiquitin, Ubi-

1, promoter (Christensen et al., 1996) have been identified and are widely used in the

transformation of wheat (Vasil et al., 1992; Weeks et al.. 1993: Becker et al., 1994;

Chamberlain et al., 1994; Altpeter et al., 1996; Rasco-Gaunt et al., 1999b; Rooke et al., 2000),

maize (Kemper el al., 1996; Zhong el al.. 1996; Frame el al.. 2000: Rooke et al., 2000) and

sugarcane (Gambley et al., 1993; Bower et al., 1996: Falco et al., 2000). Recently, a rice

ubiquitin promoter has been isolated and characterised (Wang et al.. 2000b), which may find

application in other monocot transformation systems.

Tissue specific promoters have been used to drive expression in particular areas of the plant,

such as the maize sucrose synthase-l promoter suitable for phloem-specific expression (Yang

and Russell, 1990), and the a-amylase promoter for driving expression in the aleurone of cereal

grains (Christou, 1996). In addition, inducible promoters are available which induce gene

transcription spatially, temporally and quantitatively in a number of cell types (Thornburg et

al., 1987; Conkling et al., 1990; Gatz and Lenk, 1998).

The level of expression of a gene can often be enhanced by the addition of cis-acting

sequences, also called enhancer elements, which increase the level of transcription from a

promoter (Banerji et al., 1981; Rathus et al., 1993). In addition. the inclusion of an intron in the

transcriptional region of the gene boosted expression levels in maize (McElroy el al., 1990;

Toki et al., 1992), rice (Kyozuka el al., 1994), bluegrass (Vain et al., 1996) and sugarcane

(Gallo-Meagher and Irvine, 1993; Bower et al., 1996). However, the effect of an intron

depends on the promoter with which it is combined because in some systems, introns which

normally lead to enhanced expression in most cereals, can cause lower levels of gene

expression (e.g. in sugarcane; Rathus et al., 1993).

The choice of promoter used to drive transgene expression is critical, as demonstrated in a

recent paper (Al-Kaff et al., 2000) where genetically engineered herbicide tolerant oilseed rape

lost their herbicide tolerance due to the silencing of the herbicide transgene because of

homology in the 35S promoter region. This may have implications for the phenotype of

economically useful transgenic crops through an effect on the 35S promoter, which is present

in many transformed crops.
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2.8 GENETIC STABILITY AND FIELD PERFORMANCE

For commercial applications, the ultimate test of a transgenic plant is its performance in the

field. The field trial not only permits the determination of the genetic stability of the introduced

trait and its inheritance in subsequent generations. but also allows the evaluation of competitive

agronomic characteristics. In most instances transgenic plants have been produced by

introducing traits into existing commercial cultivars. Field trials serve to determine whether

any changes occurred as a result of the transformation process. as well as evaluating the

introduced trait (de Greef et al., 1989; van Rensburg, 1999; Buckmann et al., 2000; Jiang et al.,

2000; Tu et al., 2000a, 2000b; Leibbrandt and Snyman. 2001; Zhong, 2001).

Field studies on tissue culture-derived. non-transformed barley revealed a considerable number

of mutations such as reduced plant height, yield and kernel plumpness (Bregitzer et al., 1998b;

Horvath et al., 2001). These characteristics were also observed in transgenic barley and could

be improved by cross breeding with cultivars of a different genotypic constitution (Horvath et

al.,2001).

Transgenic herbicide resistant sugarcane has shown stable gene expression over three ratoons

(a ratoon is the regrowth of the sugarcane plant after harvesting) (Gallo-Meagher and Irvine,

1996; Snyman et al., 1998). Extensive field testing of a Buster-resistant sugarcane line in South

Africa established that stalk morphology, susceptibility to two diseases and yield of

transformed and untransformed cane were not significantly different (Leibbrandt and Snyman,

2001). In another study, phenotypic variation in stalk height, diameter and tillering ability

(tillering is the underground branching of sugarcane) was observed in both transgenic and

untransformed sugarcane, suggesting that this was culture-induced variation (Sala et al., 1999;

Arencibia et al., 1999.2000).
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CHAPTER3

OPTIMISATION OF PROTOCOLS FOR TRANSFORMATION OF SUGARCANE

VIA MICRO PROJECTILE BOMBARDMENT

3.1 INTRODUCTION

Early work on sugarcane transformation involved the use of electroporation or PEG treatment

of protoplasts (Chen et al., 1987), but the recovery of plants from sugarcane protoplasts

remains difficult (Chen et al., 1987; Chowdhury and Vasil, 1992; Rathus and Birch, 1992) and

has been restricted to a few cultivars (Arencibia et al., 1995). Embryogenic suspension cultures

have also been used as target material for microprojectile bombardment (Rathus and Birch,

1991; Chowdhury and Vasil, 1992), but no transgenic plants were regenerated.

Subsequently, transgenic sugarcane plants have been produced by microprojectile

bombardment of embryogenic callus (Bower and Birch, 1992; Bower et al., 1996; Gallo-

Meagher, 1996; Snyman et al., 1998; Falco et al., 2000), although transformation efficiencies

vary greatly, suggesting that further refinement of the approach is necessary in each laboratory.

Limited success has been achieved using Agrobacterium-mediated DNA delivery to

embryogenic callus (Arencibia et al., 1998b; Elliot et al., 1998), but this technique is not as

widely employed as microprojecti1e bombardment.

Although most authors state the use of sugarcane 'embryogenic callus' as target material for

bombardment, it appears as though the callus morphology is important, with Falco et al. (2000)

stating specifically that they use 'nodular, compact and white calli' as target material. Bower

and Birch (1992) observed that this type of callus shows the highest levels of transient

expression and later studies (Bower et al., 1996) utilising the same 'Type 3' callus (Taylor et

al., 1992b) recorded transformation efficiencies of up to 20 plants per bombardment, which are

the highest reported for sugarcane.

The auxin 2,4-0 has been widely used in the production of embryogenic callus cultures in

sugarcane (Nadar et al., 1978; Ho and Vasil, 1983; Chen et al., 1988; Guiderdoni and Demarly,

1988; Taylor et al.• 1992b; Fitch and Moore, 1993). The concentrations range from 0.15-7 mg/l

2,4-0, with the lower concentrations resulting in faster production of embryoids, where the

characteristic heart and torpedo stages of somatic embryo development are evident (Ho and
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Vasil, 1983). Callus initiation from immature leaf roll discs occurs most frequently on media

containing 3 mgll 2,4-D (Heinz and Mee, 1969; Lee, 1987; Taylor et al., 1992; Bower et al.,

1996; Gallo-Meagher and Irvine, 1996). but optimum embryoid formation occurs at

concentrations of 0.5-1.5 mgll 2,4-D, lower than that required for optimum growth of

embryogenic callus (Ho and Vasil, 1983; Guiderdoni and Demarly, 1988). A concentration of

1 mgll 2,4-D has been used to promote somatic embryo maturation prior to placement on

regeneration medium which does not contain auxin (Guiderdoni and Demarly, 1988; Gallo-

Meagher and Irvine, 1996).

The aims of the work presented in this chapter were to maxnmse production of Type 3

embryogenic calli from different cultivars and to establish bombardment parameters using a

locally constructed Particle Inflow Gun from the design of Finer el al. (1992). Use was made

of 2 different transient expression systems, involving the GUS and anthocyanin genes.

respectively, to determine bombardment parameters and efficacy of four promoter constructs.

In addition, regeneration and selection regimes were established.

3.2 MATERIALS AND METHODS

3.2.1. Explant material and embryogenic callus initiation

Callus was initiated from immature leaf rolls of mature, field-grown sugarcane cultivars

NC0310, NC0376, N8, NIl, N12, N16, N18, N19, N20, N22, N23, N24 and N27. Surface

contaminants were removed by rinsing the leaf roll in tap water and a commercial dish-

washing detergent. followed by swabbing with 70% (v/v) ethanol. The outermost mature

leaves were aseptically removed and the young, innermost leaves sliced into sections

approximately 3 mm thick. Leaf roll discs (21 per stalk, taken from 10-15 cm directly above

the top-most node) were placed on a solid callus-induction medium (referred to as MS3

medium) which consisted of MS basal salts and vitamins (Murashige and Skoog, 1962; Sigma.

St Louis) supplemented with casein hydrolysate (1 gil), sucrose (30 gil), 2,4-D (3 mg/l) and

agargel (5 gil) (Sigma, St Louis), pH 5.8. Cultures were placed in the dark at 26±I°C and were

transferred to fresh medium every two weeks.

3.2.2 Microscopy

Small pieces of callus were squashed onto a microscope slide, stained with safranin and viewed

by light microscopy.
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3.2.3 Plasmid constructs

Several plasmid constructs were used for bombardment (Table 3.1; Appendix 1).

Table 3.1 Plasmid constructs used for microprojectile bombardment of embryogenic sugarcane callus. All
contained the ampicillin resistance gene for selection in bacterial culture.

Plasmid Size Gene of interest Selectable Promoters Source and/or reference
name (kB2 marker

pDP687 9.05 Anthocyanin Double CaMV 35S DuPont (formerly Pioneer
Hi Bred lntemationallnc.)

pAHC27 6.84 GUS Maize ubiquitin Aventis (formerly Plant
Genetic Systems)

pBI22l 3 GUS CaMV 35S Clonetech Laboratories
pAct-J D 5.2 GUS Rice actin McElroy el al. (J 990)
pAHC25 9.88 bar and GUS bar Maize ubiquitin Aventis
pEmuGN 6.5 GUS Emu Last et al. (199 J)

3.2.4 Plasmid generation and purification

Plasmids were maintained and grown in E. coli (JM83) on Luria agar or broth (bacto-tryptone

(10 gil), yeast extract (5 gil), NaCI (10 gil) and ampicillin (100 mg/l) at pH7.5). Plasmids were

purified using either a large-scale alkaline lysis methos (Armitage et al., 1988) or a

Nucleobond AXI00 kit (Macherey-Nagel, Germany).

3.2.5 Assessment of DNA concentration, purity and integrity

The concentration of DNA was determined either spectrophotometrically (DU 7500, Beckman,

Fullerton CA) or flourimetrically (Hoefer, San Francisco CA). Using the spectrophotometer,

the concentration of purified DNA was determined from A260 nm and purity from A260:

A280 nm and 280 nm (Maniatis et al., 1982). Pure double stranded DNA should have a ratio of

1.8.

Restriction analysis was performed on plasmid DNA. and samples were run on an agarose gel

(1%), and stained with ethidium bromide (0.5 ug/ml) to verify integrity.

3.2.6 DNA precipitation onto tungsten particles

Tungsten (M 17; Bio-Rad Laboratories. CA) or gold particles (1 urn; Bio-Rad Laboratories)

were sterilised with 70% ethanol and resuspended in sterile distilled water. While vortexing

(moderate setting), this suspension (25 ul; 100 mg/ml) was mixed with the plasmid DNA
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solution (20 JlI; 5 ug), CaCh (25 ul) and spermidine (10 JlI; 0.1 M; free base). The mixture was

vortexed for a further 1 min and placed on ice for 5 min before being pulse-centrifuged. The

supernatant was removed and the coated particles were resuspended in ethanol (30 JlI; 100%

(v/v)). The microcarrier suspension was vortexed briefly prior to each bombardment.

3.2.7 Microprojectile bombardment

The Particle Inflow Gun (PIG) (Finer et al., 1992) is based on helium propulsion of particles in

a vacuum chamber. The PIG was constructed locally (Figure 3.1) and was used for all DNA

deliveries. Type 3 embryogenic callus pieces (2 g callus, occupying an area of 1.5 cm2) were

placed on a grid in the vacuum chamber, 6 cm below the unit containing the DNA-coated

tungsten or gold particles. A layer of nylon mesh (200 Jlm2
) was placed over the calli. For

bombardment, 2 JlI of the particle suspension was placed in the centre of a 1 mnr' metal grid in

a disassembled 13 mm Swinney filter holder (Millepore, Germany). The filter unit was

reassembled and screwed into an adapter above the calli. The chamber was evacuated to a

pressure of 10 kPa and the particles were discharged when the helium (600-2000 kPa) was

released by a solenoid linked to a timer relay (0.05 s).

Figure 3.1 The PIG chamber is based on the design by Finer et al. (1992) and was constructed locally.

3.2.8 Transient gene expression assays

3.2.8.1 Anthocyananin assay

Callus was bombarded with pDP687 and kept in the dark for 48 hours, after which transient

expression of the anthocyanin gene was assessed by enumeration of red foci using a

stereomicroscope (Zeiss, Germany).
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3.2.8.2 GUS assav

The histochemical GUS assay was performed by submersing bombarded calli in microfuge

tubes containing 1 ml of GUS substrate containing 5-bromo-4-chloro-3-indolyl P-D-glucuronic

acid (2 mM; X-Gluc, Sigma), potassium ferrocyanide (K3[Fe(CN)6J; 0.1 M), potassium

ferricyanide (~Fe(CN)6.3H20; 0.1 M) and Na2EDTA (0.1 M) in a sodium phosphate buffer

(0.2 M). Samples were vacuum infiltrated for 2 mins, before adding Triton X 100 (0.2% v/v).

Samples were incubated at 37°C overnight, in the dark, and the presence of the enzyme was

visualised under a stereomicroscope by the appearance of a blue stain.

3.2.9 Geneticin kill curve

Calli from cultivars NC0310, NC0376, N12. N19 and N27 were generated on MS3 for a period

of four weeks, and were cycled between MS 1 (as for MS3, but with 1mgll 2,4-D) and MS3 for

a further four weeks, after which they were placed onto MS 3 media containing a range of

concentrations of genetic in (0, 0.15, 1.5. 5, 15, 30, 45 and 60 mgll geneticin; Roche

Biochemicals, South Africa). Callus was subcultured fortnightly. After eight weeks, calli were

transferred to regeneration medium containing the same concentrations of geneticin, and plant

numbers were counted over the following eight weeks.

3.2.10 Selection of stably transformed calli

Bombarded calli were placed on MS3 medium for four days, before being transferred to a

selection medium containing the antibiotic geneticin (G418, Roche; 45 mg active ingredient II)

(Bower et al., 1996) for a further 12 weeks in the dark at 26°C, with fortnightly subculturing.

3.2.11 Regeneration of plantlets

Calli were transferred to MS regeneration medium, without 2,4-D, containing a range of

additives such as kinetin (0.5 mg/I), coconut milk (10% v/v; Sigma, St Loius), benzyl-amino

purine (BAP; 0.5 mg/l), and with the agargel replaced by gelrite (2 gil; Saarchern, SA).

Cultures were maintained in a 16 h light/8 h dark photoperiod at 26± 1DCand were subcultured

fortnightly.

Regeneration of stably transformed calli was carried out on MS medium with kinetin (0.5 mg/l)

and G418 (45 mg/l) (referred to as RM) for 12 weeks. The selection pressure was maintained

until plantlets were 10 cm high and had a well-developed root system. If young (2 cm) plantlets

rooted poorly, they were transferred to MS medium containing 3-indolebutyric acid (IBA; 0.5
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mg/l) for 2 weeks, before being placed in Magenta jars (Sigma, St Louis) on medium without

kinetin, half-strength MS salts and vitamins, and a reduced sucrose content (10 gil).

3.2.12 Hardening-off in the glasshouse

When plantlets in Magenta jars were approximately 10 cm tall, they were transferred to the

glasshouse in moist potting soil (Grovida, South Africa) in 72-weIl polystyrene speedling trays

and covered with plastic wrap for 1 week (Figure 3.2). Once the plastic was removed, the

plants were watered for 1 min every 2 hours with a fine mist during natural daylight hours for a

period of two weeks. Thereafter they were transferred to plastic pots (first to 3 1,and then to 20

1pots), watered for 10 minutes twice a day and fertilised once a week (Hygrotech hydroponic

seedling nutrient mixture).

Figure 3.2 In vitro-derived sugarcane plantlets were hardened-off in speedling trays in the glasshouse. Plantlets
suitable for hardening-off were obtained after a total of six-seven months in culture. The plastic wrap was
removed after I week and plants were watered by mist sprayers for an additional two weeks before being
transferred to a twice daily 10 min watering regime.

3.3 RESULTS

3.3.1 Confirmation of plasmid integrity

Each time plasmids were purified, a restriction analysis was performed to ensure that the

restriction patterns matched the expected fragment sizes (plasmid maps shown in Appendix 1).

3.3.2 Establishment of culture conditions for production of Type 3 callus

3.3.2.1 Effect of cultivar on embryogenic callus production on conventional medium with 3

mg/12,4-D

A simple comparison of the amounts of embryogenic callus produced by several cultivars was

made on conventionally used medium, MS3. Leaf roll discs from cultivars NC0310, NC0376,
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N12, N19 and N27 were placed on callus induction medium in the dark and were subcultured

fortnightly. Callus mass was measured after eight weeks. A mixture of yellow (Type 4; as

classified by Taylor et al. (1992)) and white, nodular embryogenic callus (Type 3) (Figure 3.3)

was observed in all cultivars, interspersed with small amounts of shiny non-embryogenic callus

(Type 2) (Table 3.2). The mass of callus produced varied between the cultivars (Figure 3.4),

but there were no significant differences. NC0310 produced the largest mass of callus (12.17

g/stalk ± 3.4, n=6), followed by NC0376, N12, N27 and N19, producing 98,96,85 and 80% of

the callus mass in NC031 0, respectively.

Figure 3.3 Embryogenic sugarcane callus. Callus from cultivar NC031 0 generated on MS3 consists of nodular,
white embryogenic (we) structures (Type 3 callus), interpersed with smaller regions of yellow embryogenic (ye)
(Type 4 callus) and non-embryogenic regions (Type 2) after eight weeks in culture. Scale bar =2 mm.
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Figure 3.4 Comparative growth of embryogenic callus produced by cultivars NC0310, NC0376, N12, N19 and
N27. Callus was massed after eight weeks in culture on MS3. Masses are expressed as a percentage of NCo31 0
(12.17 g ± 3.4 callus per stalk placed in culture) (n=6).
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Table 3.2 A description of three sugarcane callus morphologies observed in all cultivars in this study according to
the classification proposed by Taylor el al. (1992a).

Parameter Type2 Type3 Type4
Colour Yellow-grey

Growth rate Slow(er)
Texture Wet/shiny, sticky

Overall characteristics A shiny, wet matrix, no
aggregates visible

White
Fast

Cream or yellow
Fast

Wet, grainy, friable
Homogenous mixture of
smooth-surfaced pre-

embryogenic aggregates

Dry, nodular, compact
Homogenous mixture of
early somatic embryos,

giving a compact, nodular
appearance

3.3.2.2 Enhanced production of Type 3 callus on a lower 2,4-D concentration

Although embryogenic callus from sugarcane is most frequently produced on medium

containing 3 mg/l 2,4-D, a culturing regime involving both a lower concentration of 2,4-D (1

mg/l) and cycling between low (1 mg/l 2,4-D; MSl) and high (MS3) 2,4-D-containing media

was reported to result in superior callus growth and subsequent regeneration (Chen et al.,

1988). In addition, the use of white, nodular and highly embryogenic callus as target material

for bombardment has been emphasised (Bower et al., 1996; Snyman et al., 1996; Falco et al.,

2000). In an attempt to increase the proportion of NC031 0 Type 3 callus produced relative to

the other callus types, selective subculturing of Type 3 callus on MS 1 medium was

investigated. Itwas necessary to use MS3 medium for callus induction and proliferation during

the first four weeks of culture, after which time the production of Type 3 callus on MS 1 was

investigated over an additional eight week period. The difference in the relative amounts of

Type 3 callus produced was first observed on a purely visual basis (Figure 3.5), where MSI

was used for selective subculturing of white, nodular embryogenic callus, after a four week

period of callus initiation on MS3.

Microscopic examination of Type 3 callus revealed heart and torpedo-shaped somatic embryos

(Figure 3.6A), whereas no definite structures were evident in the other callus types (Figure
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3.6B). This has important implications for bombardment, as it is necessary to be able to

bombard and subsequently regenerate plantlets from the most responsive target material.

In order to see whether culturing callus on MS 1 could support the production of white, nodular

embryogenic callus in several cultivars, the response of 12 cultivars was investigated for their

ability to produce Type 3 callus on MS 1 with fortnightly subculture intervals. At each

subculture, calli were scored for the percentage of white callus occupied by the total callus

volume. Callus was visually assessed every two weeks using the following scoring system: 1 =

0-25%; 2 = 25-50%; 3 = 50-75%; 4 = 75-100% Type 3 callus as a percentage of total callus

volume (Figure 3.7). After each assessment, white, embryogenic callus was selectively

subcultured, placed onto fresh medium and given a score of 75-100%. A decrease in the

proportion of white callus (i.e. when the rating decreased from the initial score of 75-100%)

reflected a combination of both a reversion of embryogenic callus to non-embryogenic callus,

and growth of new callus that is non-embryogenic.

Figure 3.5 A visual comparison of the effect of 2,4-D concentration on callus production. NC031 0 callus was
initiated on MS3 and subcultured on this medium for four weeks, after which it was either maintained on MS3 (A)
or transferred to MS 1 (B) for a further four weeks.
A. The callus in Petri-dish A was initiated and maintained on MS3 for a period of eight weeks with fortnightly

subculturing. It is predominantly yellow in colour, with small sections of white, nodular embryogenic callus.
B. Petri-dish B consists of a higher proportion of white, nodular and compact white embryogenic callus which

was produced by transferring 4 week-old calli, initiated and maintained on MS3, to MS I for a further four
weeks with fortnightly subculturing.
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Figure 3.6 Microscopic examination of 2 types of sugarcane callus. The callus was squashed on a microscope
slide, and stained with safranin. Bar = !mm.
A. Type 3 callus consisting of heart and torpedo shaped somatic embryos. The NC03! 0 callus was grown on

MS3 for four weeks, followed by culture on MS! for a further four weeks.
B. Non-embryogenic callus consists of large cells with no obvious structure.

Figure 3.7 Visual rating system for assessing the proportions of white callus in relation to the total callus volume.
Quadrant 1 represents 0-25%; 2= 25-50%; 3 = 50-75% and 4 =75-100% white, nodular callus as a percentage of
total callus volume. The areas demarcated in black on the left are Type 3 callus.

Cultivars NIl, N21, N22, N23 and N24 produced little or no Type 3 callus when transferred to

MS 1 and were discarded, suggesting that not all cultivars respond in the same manner.

Cultivars NC0310, NC0376, N18, Nl6 and N20 produced the highest proportion of white

callus after 2 weeks, with little change in any of these cultivars occurring during the first four

weeks (Figure 3.8). The callus produced by NC0310 and NC0376 received a score of 3-4 for

eight successive weeks (Figure 3.8), indicating that the new callus produced was white,

nodular, Type 3 callus. There was some reversion of Type 3 callus to non-embryogenic callus

eight weeks after transfer to MSI, indicating that embryogenic callus does lose 'form' and

should not be maintained in culture for extended periods of time, particularly if it is produced
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specifically for particle bombardment. Cultivar N 18 performed well for the first four weeks in

culture, after which there was a dramatic reduction in the proportion of Type 3 callus but in

most other cultivars tested, callus was generally homogenous and appeared suitable for

transformation purposes for six weeks.
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Figure 3.8 Relative proportions of Type 3 callus production on MS 1 in several cultivars. Callus was generated on
MS3 for 4 weeks prior to transfer to MS 1. Every two weeks, the proportion of Type 3 callus was rated on a scale
of 1-4, where 1 = 0-25%; 2 = 25-50%; 3 = 50-75%; 4 = 75-100% (Type 3 callus as a percentage of total callus
volume). Callus was subcultured fortnightly and only Type 3 callus was transferred to fresh medium. (Scores
presented are the mean of the ratings of three independent observers).

3.3.2.3 Effect of cycling between high and low concentrations of2,4-D on embryogenic callus

production

Having established the benefit of using MS 1 medium to improve the production of Type 3

callus, the usefulness of another finding of Chen et al. (1988) needed to be established: that the

cycling callus between MS3 and MS 1 resulted in improved callus quality and regeneration

potential. Callus from cultivars NCo376, N12 and N19 was initiated and maintained on MS3

for four weeks. Callus was massed after a further four weeks in culture on three regimes: 1)

cycling between MSI and MS3, 2) maintained on MSI and 3) maintained on MS3. The

increase in callus mass per cultivar was compared for each culturing regime and is presented in

Figure 3.9. Although none of the differences are significant, cycling callus between MSI and
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MS3 resulted in the highest increase in callus mass. In addition, the callus in this regime

maintained its white, nodular appearance, whereas new callus arising on MS3 was yellow in

colour, reducing the overall proportion of Type 3 callus. Callus cultured on MS 1 maintained its

white, nodular structure, and the new callus produced was similar. For the purposes of

generating Type 3 callusfor use in bombardment experiments, cycling between MS 1 and MS3

appeared to be the most suitable.
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Figure 3.9 Comparative increase in callus mass of cultivars NC0376, N 12 and N 19 in 3 culturing regimes. Calli
were initiated and maintained on MS3 for four weeks, after which identical masses were transferred to either
MS 1, MS3 or cycled between MS3 and MS 1, with fortnightly subculturing, for a further four weeks. The increase
in mass over these four weeks is the mass that is presented in this Figure. Bars represent standard errors (n=5).

3.3.3 Optimisation of helium pressure and micro carrier type

Several helium pressures (600, 1000, 1500 and 2000 kPa) were used for bombardment in order

to determine which was most favourable, using the GUS transient expression assay.

Embryogenic NC0310 callus was bombarded with plasmid pAHC27 and the GUS

histochemical assay was carried out 48 hours later (Figure 3.1OA). No expression was visualied

in Type 2 callus. GUS transient expression rates increased with pressure of the helium pulse

used to accelerate microprojectiles, up to 1000 kPa, after which expression levels decreased

(Figure 3.10B). There was no significant difference in expression levels between 1000 and

1500 kPa, but it was decided to use the lower pressure to minimise damage to cells caused by

bombardment.
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Figure 3.10 Effect of helium pressure for particle bombardment on transient expression.
A. Transient GUS expression is visible on Type 3 callus. No or very few foci are observed on Type 2 callus. The

GUS histochemical assay was carried out 48 hours after bombardment, whereby the X-Glue substrate was
vacuum infiltrated into calli. Blue foci appeared after an overnight incubation at 37 DC in the substrate. Scale
bar= 1 mm.

S. The number of GUS foci per cm2 of callus was recorded 48 hours after bombardment at four helium
pressures. SE are presented as vertical bars (n=3).

A companson between gold and tungsten microcarriers was made. NC0310 callus was

bombarded with pAHC27 and the GUS histochemical assay was carried out 48 hours after

DNA delivery. Substitution of tungsten with gold particles did not significantly alter transient

expression rates (tungsten 170 ± 32, gold 152 ± 27 GUS foci per cm2 callus; mean ± SE of 4

replicates).

The pre-treatment of callus on an osmoticum medium (mannitol (0.2 M) and sorbitol (0.2 M);

Vain et al. (1993b)) for 4 hours pre- and post-bombardment was another parameter

investigated during the course of optimising bombardment conditions. No increase in transient

expression levels using the GUS gene system was observed in callus cultured on osmoticum

medium (results not shown). Consequently, osmoticum was not used in the standard

bombardment protocol.

3.3.4 Cultivar effect on transient anthocyanin expression

Although the GUS assay is commonly used for assaying transient gene expression, the use of

the anthocyanin pigment production system is a simpler and more inexpensive way of

monitoring gene expression. Unlike the GUS assay, the anthocyanin assay is non-destructive

and therefore regeneration studies could be performed on bombarded calli. Embryogenic Type
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3 calli from cultivars NC031O, NC0376, N8, N12, N16, Nl8 and N20 were bombarded with

the plasmid pDP687, containing the transcriptional activators for anthocyanin pigment

production. Expression was evaluated by counting red foci 48 h after bombardment (Figure

3.11A). The highest transient anthocyanin levels were observed in cultivars NC0376 and

NC0310 (Figure 3.11B). These showed expression levels approximately three times greater

than the next best variety N8. N20 on the other hand, showed virtually no anthocyanin

expression, indicating a difference in genotypic response to the DNA transfer procedure.
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Figure 3.11 Effect of sugarcane genotype on transient expression.
A. Sugarcane callus transiently expressing the anthocyanin gene. The red foci were visible 48 h after

bombardment with plasmid pDP687. Scale bar = 1mm.
B. Relative number of anthocyanin foci after microprojectile bombardment in selected South African cultivars.

For comparative purposes, foci are expressed as a percentage of the result observed in NCo31 0, where an
average number of 850 (± 12.2) foci per 2 g callus per blast were recorded. SE are presented as vertical bars
(n=3).

3.3.5 Effect of cultivar, bombardment and medium on regeneration

3.3.5.1 Cultivar differences and bombardment effects on regeneration efficiency

In order to assess whether there was a genotypic-specific response to regeneration and whether

bombardment had any effect on regeneration, the number of plantlets produced per gram of

both bombarded and non-bombarded embryogenic callus was assessed in several cultivars.

Callus was bombarded with the anthocyanin construct and maintained in the dark for a period

of 12 weeks, after which it was transferred to conventionally-used regeneration medium (Chen

et al., 1988; Bower et al., 1996). Results are shown in Table 3.3. Although regeneration of

non-bombarded embryogenic callus from varieties N8, N12, N16, N18, N20, NC0376 and
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NC03IO has been observed in our laboratory previously, in this anthocyanin-transient

expression study, regeneration was observed only in NC031 0 from both bombarded and non-

bombarded calli, and from non-bombarded NI8 callus. It is apparent that the bombardment

protocol had a negative affect on regeneration in cultivar NI8, but not in NC031 o.

When non-bombarded callus was allowed to regenerate, NC031 0 showed the highest incidence

of plantlet production (38 plants per g callus), while 30 plants per g callus were observed in

NI8 (Table 3.3). Although microprojectile bombardment did not appear to affect regeneration

potential in NC03IO, where 35 plants per g callus were produced, in N 18 there was no

regeneration (Table 3.3). Albino plantlets (Figure 3.12) were common in NC03IO but absent in

NI8. Half of the bombarded NC03IO plantlets were albinos, compared with 6% albinos

observed in non-bombarded callus.

Table 3.3 Total number of plantlets per g callus produced from bombarded and non-bombarded sugarcane
embryogenic calli. (Values are the mean of three replicates. SO were larger than 10% of the mean.)

........._._ .. ._ _. .__.____ _ Number of"p"lantsper_g callus
NCo310 NI8

35 0
17 0
38 30
2 0

Total no. of plants from bombarded callus
Albino plants from bombarded callus

Ptotal no. of pants from non-bombarded callus
Albino plants from non-bombarded callus

The poor regeneration obtained in this experiment may have been due to regeneration medium

not being optimal for all South African cultivars. As it is imperative to be able to regenerate

potentially transformed plants, a comparison of several regeneration media was made.

3.3.5.2 Comparison of different regeneration media formulations

Due to the poor regeneration efficiencies observed in the previous section (3.3.5.1), the

regeneration of non-bombarded NC0376 callus on five different regeneration media was

compared to maximise plantlet production. Embryogenic callus was cultured for four weeks on

MS3 and for a further eight weeks was cycled between MS 1 and MS3 before being transferred

to regeneration medium. Results presented in Figure 3.13 show that regeneration efficiency

could be affected by slight changes in the composition of the medium. The medium containing

kinetin supported the most plants. 134 per g callus (Figure 3.l3). This was followed by the

regeneration medium without hormones (115), that containing coconut milk (lI 0), gelrite (98)

and BAP (34).

Stellenbosch University http://scholar.sun.ac.za



61

Figure 3.12 Albino plantlet production in NC03 IO. Albinos were observed at a frequency of 6% in NC0310 in
routine plantlet regeneration after culturing on MS3 for four weeks, followed by cycling between MS I and MS3
for a further eight weeks before being placed onto regeneration medium in a light/dark photoperiod.
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Figure 3.13 A comparison of the number of NC0376 plantIets regenerated per g callus on five different
regeneration media. Callus was cultured on MS3 for four weeks, and cycled between MS I and MS3 for a further
eight weeks prior to transfer to regeneration medium in a 16 hour light/8 h dark photoperiod. Regeneration media
consisted of MS with kinetin (0.5 mg/I), no additives, coconut milk (10% (v/v», gelrite (2% (w/v» and BAP (0.5
mg/I). Bars represent standard errors (n=6). Different alphabetical letters represent statistical differences (ANOV A
SED=I6).

3.3.6 Comparison of promoter strengths using transient GUS expression

In order to choose a promoter to drive stable gene expression, four promoters, namely Emu,

rice actin, CaMV 35S and maize ubiquitin, driving the GUS gene in constructs pEmuGN,

pActD-l, pBI221 and pAHC27, respectively, were introduced by microprojectile

Stellenbosch University http://scholar.sun.ac.za



62

bombardment to embryogenic NC0310 callus. GUS activity was monitored after 48 h by

counting blue foci. Results are presented in Figure 3.14. The highest number of blue foci were

observed with the maize ubiqutin promoter (275 foci per g callus), followed by the Emu (160)

and CaMV (100) promoters. No significant GUS activity was detectable with the rice actin

promoter.

350

~ 300
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u
Cl 250...
Cl)
a.
<3 200
oE
Cl)

::l 150
(!)-o
~ 100
E
~ 50

o
ubiquitin Emu CaMV35S actin

Promoters

Figure 3.14 Assessment of promoter activity in NCo310 callus using the GUS assay. White, nodular callus was
bombarded with the following plasm ids (promoters): pAHC27 (maize ubiquitin), pBI221 (CaMV 35S), pAct-ID
(rice actin) and pEmuGN (Emu) and GUS activity was assessed 48 h later. Bars represent standard errors (n=3).

3.3.7 Establishment of optimal geneticin concentration to use for selection

For stable expression studies, it was decided to use the selectable marker gene containing the

nptII marker, which confers resistance to the antibiotic geneticin. The selection procedure

described previously (Bower et al., 1996) utilises 45 mg/l geneticin for an 'escape-free'

selection regime. To determine the sensitivity of non-transformed sugarcane callus of South

African cultivars to geneticin, growth rates of callus and numbers of plants regenerated were

compared over a range of concentrations (0, 0.15, 1.5, 15, 30, 45 and 60 mg/l) of the antibiotic.

Callus growth rates of several cultivars were measured by massing the callus at two-weekly

intervals for eight weeks. The results are presented in Figure 3.15. The trend exhibited by all

five cultivars was that callus mass decreased with increasing concentration of geneticin (Figure

3.15A). Negligible callus growth was observed in any ofthe cultivars after 8 weeks on medium

containing genetic in at 30, 45 and 60 mg/I. Cultivars exhibited different sensitivities to

geneticin, with NC0310 being the most susceptible to the selective agent (except at
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concentration of 1.5 mg/l) (Figure 3.l5A), and N27 the most resistant, up to a concentration of

5 mg/l, after which it responded in a similar fashion to the other cultivars.
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Figure 3.15 Effect of genetic in on callus growth and plant regeneration.
A. Eight-week old calli (nine similar sized pieces per Petri-dish) from cultivars NCo31 0, NC0376, N 12, N 19 and

N27 were transferred to MS3 media containing different concentrations of genetic in (0, 0.15, 1.5, 5, 10, 15,
30, 45 and 60 mg/I) for eight weeks with fortnightly subculturing. The initial fresh mass was determined and
calli were massed again after eight weeks of culture in the dark. The growth rate is defined as 100 times the
ratio of fresh mass at week eight to the initial mass. The values presented are averages of calli on three-five
petri-dishes. (n=3-5; SE not shown).

B. Eight-week old calli were cultured on genetic in-containing MS3 medium (0, 0.15, 1.5, 5, 15, 30, 45 and 60
mg/I) for a further eight weeks before being transferred to regeneration medium containing the same
concentration of genetic in in a light (16 h)/dark (8 h) photoperiod. Plantlet numbers were counted eight weeks
after placement on regeneration medium (n=3-5; SE not shown).

After eight weeks, callus was transferred to regeneration medium containing geneticin and

plantlet numbers were counted over the next eight weeks, as shown in Figure 3.I5B. Plantlet

regeneration was inhibited at the higher concentrations of 30, 45 and 60 mg/l geneticin. N27

appeared to be the most tolerant to the antibiotic in terms of numbers of plants regenerating,

while the least number of plants was recorded for NI2 (Figure 3.I5B).

Based on callus growth and numbers of plants regenerated per concentration and cultivar on a

range of geneticin concentrations, a concentration of 45 mg/l geneticin was chosen for

selection of stably transformed callus and plants as it would result in the death of

nontransformed cells.
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3.4 DISCUSSION

In this chapter, culture conditions for the production of Type 3 callus were established for

several South African sugarcane cultivars. Based on the observation by Chen et al. (1988), who

reported an improvement in morphogenic capacity of embryogenic callus if cycled between

media containing low and high 2,4-D concentrations, the relative proportions and regeneration

potential of Type 3 callus was established for a range of commercial cultivars.

Due to their respective success in genetically engmeering sugarcane (Bower et al., 1996;

Gallo-Meagher and Irvine, 1996; Falco et al., 2000), a similar bombardment protocol was used

to transform South African cultivars. Promoter strengths were compared to verify that

constructs intended for use in stable gene expression studies contained strong promoters. In

addition, a procedure for plant regeneration from callus was established. The effect of the

selection antibiotic geneticin on callus growth rates and plant regeneration was monitored for

different cultivars, to establish which concentration would inhibit growth of untransformed

cells, and could therefore be used for the selection of transformed cells.

3.4.1 Genotype dependency of callus production

South African cultivars NC0310, NC03?6, N8, NIl, N12, N18, N19, N21, N22, N23, N24 and

N2? were compared for their ability to produce embryogenic callus. Cultivars NC0310,

NC03?6, NI2, N16, N19, N20 and N2? produced large proportions of embryogenic callus

(Figure 3.4, 3.8 and 3.9), especially Type 3 callus (Figure 3.8), which has been used as target

material in several transformation programmes. Non-morphogenic callus was observed in

cultivars NIl, N21, N22, N23 and N24. indicating that callus production is genotype

dependent. In this study, cultivar differences in both callus production and regeneration (Table

3.3) were evident. Cultivar NC0310 was the most responsive cultivar under several in vitro

culture regimes (Figures 3.4 and 3.8, Table 3.3) and resulted in the highest transient expression

levels (Figure 3.11). Although it is no longer commercially grown in South Africa, it was

chosen for use in model transformation studies. It was also the cultivar chosen by Gallo-

Meagher and Irvine (1996) for the development of a sugarcane transformation system in Texas,

USA.

Genotypic differences in response to in vitro culture have been reported for sugarcane by other

laboratories (Fitch and Moore, 1993; Taylor et al., 1992b). Due to its favourable response in
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culture (Taylor et al., 1992b), a single Australian cultivar, QI17, was used for establishing a

transformation protocol (Bower et al., 1996). Similarly NC031 0 was used by Gallo-Meagher

and Irvine (1996).

Cultivar specific responses are not limited to sugarcane. In a study on six barley cultivars, a

wide range of both embryogenic callus formation and somatic embryogenesis was observed

(Koprek et aI., 1996). In order to transform barley, a protocol had to be developed for each

cultivar, based on their tissue culture response (Wan and Lemaux, 1994; Koprek et al., 1996).

Similarly in wheat (Iser et al., 1999) and maize (Lowe el al., 1995), callus induction and

regeneration were genotype-dependant, as was transformation frequency. As the success of any

transformation programme depends on the routine production of transgenic plants, it would

appear as though more intensive studies need to be conducted on regeneration and

transformation of agronomically important cultivars where a genotype-dependant response is

evident.

3.4.2 Hormonal regulation of callus production

For this study, callus initiation was carried out on medium containing 3 mg/l 2,4-D, as this

concentration is commonly used by other groups working on in vitro culture of sugarcane

(Heinz and Mee, 1969; Nadar et aI., 1978; Lee, 1987; Franks and Birch, 1991). However, a

range of 2,4-D concentrations has been used for callus initiation and maintenance, from 1.5

mg/l (Ho and Vasil, 1983) to 7 mg/l 2,4-D (Guiderdoni and Demarly, 1988).

The concept of using lower 2,4-D concentrations to produce organised sugarcane embryos (Ho

and Vasil, 1983; Chen el al., 1988) prompted the use in this study of medium containing 1 mg/I

2,4-D (MS 1). Ranking the proportions of Type 3 callus produced in different cultivars on MS 1

showed that over 50% of the callus produced by NC0310, NC0376 and N20 was Type 3 after

eight weeks (Figure 3.8). The proportion of Type 3 callus in N18, however, decreased after

four weeks of culture on MS 1, suggesting that close visual monitoring of callus cultures and

the length of time in culture are important factors.

Cycling between high (3 mg/I) and low (1 mg/I) 2,4-D concentrations has been shown to

maintain the morphogenic competence of sugarcane calli (Chen et al., 1988). Further

investigations involving cycling NC0376, NI2 and NI9 callus between MSI and MS3 resulted

in marginally higher callus mass compared to culturing on either I or 3 mg/l 2,4-D (Figure
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3.9). In addition, visual observations indicated that a high proportion of the callus was Type 3.

This cycling regime was therefore chosen for routine production of Type 3 callus for

bombardment.

3.4.3 Importance of Type 3 callus production

Different callus types were observed when leaf roll discs were cultured on MS3 (Figure 3.3).

Sugarcane callus was initially classified into four types by Taylor et al. (1992) and a thorough

description of three of the four callus morphologies observed in this study is given in Table

3.2. The reason for producing high quality Type 3 callus was that this type of callus is

identified as the most suitable target material for microprojectile bombardment (Bower and

Birch, 1992; Bower et al., 1996; Falco et al., 2000). The ability to recognise and visually select

embryogenic callus at each subculture has been previously reported (Chen et al., 1988; Taylor

et al., 1992).

Microscopic examination of Type 3 callus in this study has shown that it comprises embryos at

the heart and torpedo stage of development (Figure 3.6A). When Type 3 callus is used as the

target material for bombardment, embryoids at the heart or torpedo stage are the recipient cells

of the novel DNA. This implies that once cells within an organised embryo receive the DNA,

they will have to divide and multiply to form pro-embryos and eventually mature embryos in a

process known as secondary embryogenesis (Merkle et al., 1990; Chapman et al., 2000) in

order to give rise to transgenic plants.

A recent paper reported a dramatic variation III GUS expression levels among different

developmental stages of somatic embryogenesis of alfalfa, with the highest levels being

observed in mature somatic embryos (Tian et al., 2000). They suggested that for optimum

transformation results, specific stages of the embryogenic process should be targeted. This

finding seems to correlate with our observations in sugarcane, where GUS transient expression

levels were higher on Type 3 nodular callus, which is highly embryogenic in nature, consisting

of heart- and torpedo-stage somatic embryos than Type 2 callus, which is non-morphogenic

(Figure 3.10).

3.4.4 Significance of microcarrier type and bombardment pressure conditions

Physical parameters for bombardment such as the helium pressure and type of microcarrier

were established using Type 3 callus generated from NC0310. The pressure of 1000 kPa
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(Figure 3.10) which resulted in the highest levels of GUS transient expression, is similar to the

1200 kPa used by Bower et al. (1996) in their optimisation studies.

In a companson of two microcarriers, gold and tungsten, both were found to successfully

deliver DNA to sugarcane cells and based on transient GUS assays, similar transient

expression levels were observed for both. In other reports comparing tungsten and gold

particles in sugarcane transformation, no difference in transient expression levels was evident

(Bower et al., 1996; Gallo-Meagher and Irvine, 1996). Consequently, tungsten was used for all

gene deliveries as a more cost-effective option.

However, optimising protocols for transient expression may have been overemphasised with

respect to establishing a stable transformation protocol (Christou, 1995). This was

demonstrated in a recent study by Nandadeva et al. (1999) dealing with bombardment of rice

suspension culture cells, where parameters optimised for transient expression did not result in

improvements in integrative/stable expression. Although one has to use transient expression as

a means of determining initial parameters, in the long-term, stable transformation frequencies

should be determined independently.

3.4.5 Geneticin selection regime

A range of concentrations of geneticin were used to monitor both callus growth and plant

regeneration of three cultivars. Callus growth rates were severely retarded by increasing

concentrations of geneticin (Figure 3.15A), and nominal increase in callus mass was observed

in all cultivars at concentrations above 15 mg/l. Similarly plant regeneration was inhibited and

negligible regeneration occurred after a concentration of 30 mg/l (Figure 3.15B). It was

therefore decide to employ a concentration of 45 mg/l for selection of transformed cells, as no

nontransformed cell growth or regeneration would occur at this concentration. This was also

the selection regime used by Bower et al. (1996), where as many as 20 independently

transformed plants were reported per bombardment.

3.4.6 Regeneration efficiencies

Regeneration frequencies were compared in bombarded (with anthocyanin construct) and nOI1-

bombarded callus. No regeneration was observed in cultivars N8, NI2, N16, N20 and NC0376,

despite the fact that plants have been regenerated from non-bombarded calli from these

cultivars in the past. However, two cultivars did regenerate, NC0310 with almost equal
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efficiency in both bombarded and non-bombarded samples, and N18, where regeneration only

occurred from non-bombarded material (Table 3.3). This may be explained by the proposal of

Bower el al. (1996) that the presence of the anthocyanin gene has a deleterious effect on the

development of plants due to the extent of anthocyanin accumulation, or to high levels of the R

and C transactivating factors affecting transcriptional control of other genes. In this study, it is

likely to have been the latter, as the plants that regenerated were not red in colour.

Albino plants were observed in NC0310, but not in N18 (Tale 3.3). Half of the plantlets

regenerating from bombarded callus in NC0310 were albinos, compared to 6% albinos

observed in non-bombarded callus. As albino plantlets in sugarcane have been recorded almost

exclusively in regenerating long-term callus cultures (Fitch and Moore, 1993), the high

proportion of albino plantlets observed in bombarded callus after short culture periods in this

study cannot be explained. Initially it was thought that DNA was being inserted into the

portion of the genome that encodes pigment production. However, it seems unlikely that

microprojectile bombardment could result in DNA integration in a specific area of the genome

at such a high frequency. In barley, transgenic cells of most genotypes frequently cannot be

induced to differentiate into plants or only albino plants can be recovered (Lemaux et al.,

1999). At present, the only successful approach to barley transformation has been the

utilisation of particular genotypes that are amenable to the transformation procedure (Jahne el

al., 1994; Wan and Lemaux, 1994) or the modification of existing tissue culture protocols

(Bregitzer el al., 1998a).

An essential component of any transformation system is the use of target material that is

regenerable. Refinement of the regeneration medium by adding kinetin (0.5 mg/l) in this study

resulted in an increased regeneration frequency from NC0310 callus (Figure 3.13). In most

papers dealing with regeneration of sugarcane plants in vitro, plantlets form from mature

somatic embryos when 2.4-D is removed from the medium (Heinz and Mee, 1969; Nadar el

al., 1978; Ho and Vasil, 1983; Lee, 1987; Chen el al., 1988; Guiderdoni and Demarly, 1988;

Bower el al., 1992, 1996; Joyce el al., 1998; Aftab and Iqbal, 1999; Falco et al., 2000).

Occasionally additives such as !BA may be added to aid rooting (Gallo-Meagher and Irvine.

1996), or NAA and kinetin (Irvine et al., 1983; Lee, 1987; Grisham and Bourg, 1989) and

more recently thidiazuron for improved shoot formation (Gallo-Meagher et al., 2000) in callus

cultures.
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A comparison of promoter efficiency in driving transient GUS expression levels on NC031 0

callus showed that the ubiquitin promoter resulted in highest expression levels (Figure 3.14).

This finding is in agreement with earlier work on investigation of promoter efficacy in

sugarcane (Gallo-Meagher and Irvine, 1993), where GUS expression with the ubiquitin

promoter surpassed levels obtained with Emu, actin and CaMV 35S promoters. Their results

differed from the ones obtained in this study in that although they observed similar levels of

expression with Emu and actin, and very low levels with 35S, no GUS expression was

observed in this study with the actin promoter and moderate levels with CaMV 35S and Emu.

They did, however, use leaf segments as target material for bombardment and this may have

influenced the expression levels. In a separate study (Rathus et al., 1993), the Emu promoter

surpassed GUS expression levels obtained using the CaMV 35S and nopaline synthase

promoters. In this study, the ubiquitin promoter was used to drive stable expression of the pal

gene, and the Emu promoter was used in the nptll plasmid construct. The latter plasmid

construct had been successfully used in the Australian transformation programme, and it was

available for immediate use in this study.

3.5 CONCLUSIONS

In vitro culture and bombardment conditions were optimised in this chapter with a view to

stable transformation of sugarcane, which is reported in Chapter 4. Observation for optimal in

vitro conditions are as follows:

• selective subculturing and cycling of callus on MS media containing 1 and 3 mg/l 2,4-D

favoured optimal Type 3 callus production,

• regeneration efficiencies were improved by the addition of kinetin (0.5 mg/l) to the

medium,

• the effect of different concentrations of geneticin on callus growth rates and plant

regeneration indicated that a concentration of 45 mg/l would not support the growth of

untransformed cells during selection of transformants, and

• cultivar NC031 0 performed well in culture, and was therefore chosen as a model system for

stable gene expression, dealt with in the following chapter.
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CHAPTER4

TRANSFORMATION OF SUGARCANE BY MICRO PROJECTILE BOMBARDMENT

FOLLOWED BY REGENERATION VIA INDIRECT EMBRYOGENESIS

4.1 INTRODUCTION

The use of embryogenic callus as target material for microprojectile bombardment in genetic

engineering has been reported by several laboratories for the production of transgenic

sugarcane (Bower and Birch, 1992; Gallo-Meagher and Irvine, 1996; Snyman et al., 1996;

Ingelbrecht et al .. 1999; Falco et al., 2000). However the transformation efficiency ranges

widely from one (Gallo-Meagher and Irvine, 1996; Falco et al., 2000) to 20 (Bower et al.,

1996) transgenic plants per bombardment. This may be due to the cultivars used, choice of

which is based on the geographical situation; the selection regime employed, either geneticin

(Bower and Birch. 1992; Bower et al., 1996; Snyman et al., 1998; Falco et al., 2000) or PPT

(Sun et al.. 1993; Galle-Meagher and Irvine, 1996); the regeneration procedure, indirect

embryogenesis (Bower et al., 1996; Joyce et al., 1998; Falco et al., 2000), indirect

organogenesis (Ingelbrecht et al., 1999) or direct organogenesis (Gambley et al., 1993), and

factors such as the design of the gene gun and the plasmid constructs used (Franks and Birch,

1991; Birch, 1997). Optimisation of the majority of these factors are described in the previous

chapter.

Once transgenic plants have been generated, the next step is to verify the presence of the

transgene. Several review articles have dealt with this issue (Potrykus, 1991; Futterer and

Potrykus, 1995; Birch, 1997) This analysis may be confounded by multiple gene copies and

silencing. Proof of transformation can best be shown by molecular techniques such as Southern

DNA hybridisation, and phenotypic expression of the introduced gene.

It was decided to use herbicide resistance as a model trait for assessing transformation

efficiencies in a genetic engineering programme. The advantages of using herbicide resistance

are that the trait is conferred by a single gene and assessment of the phenotype is simple. The

pat gene, driven by the maize ubiquitin promoter, confers resistance to glufosinate ammonium

(the active ingredient of herbicides such as Basta, Ignite and Buster), and was an ideal choice

for use as a transgene since the plasmid construct was made available for research and

development by Aventis, France.
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In this study it was postulated that the pat herbicide resistance transgene would allow efficient

tracking of transgene expression in sugarcane. In addition, estimates of transformation

efficiency could be made on the basis of both phenotypic and genotypic evaluations. NC031 0

was chosen as the recipient cultivar because it responded well in in vitro culture, and it was

also the cultivar transformed by Gallo-Meagher and Irvine (1996). Further, it was hypothesised

that the overall efficiency with which South African sugarcane cultivar NC0310 could be

transformed would be within the range reported elsewhere (1- 20 transgenic plants per

bombardment reported by Falco et al. (2000) and Bower et al. (1996)).

The aims were as follows: to calculate transformation efficiency; to establish PCR conditions

for early detection of the presence of the introduced pat (herbicide resistance) and nptJJ

(selectable marker) genes in putative transgenic plants; to determine pat gene integration

patterns in the genome and transcriptional expression of the gene; and to characterise

phenotypic expression of the pat gene in hardened-off plants in the glasshouse.

4.2 MATERIALS AND METHODS

4.2.1 Plasmid constructs

Plasmid pUbiAck (Aventis, France) contains the synthetic herbicide resistance gene, pat,

which confers resistance to glufosinate ammonium, under the control of the maize ubiquitin

promoter (Figure 4.1). Plasmid pEmuKN (D Last, Australia) contains the nptII gene lined

behind the Emu promoter (Figure 4.2). Plasmids were maintained and generated in E. coli

JMI09.

4.2.2 Plasmid purification and assessment of concentration and purity

Plasmid DNA was purified using the Nucleobond AXI00 kit (Macherey-Nagel, Germany).

The concentration was assessed as described in 3.2.5.
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Hind III

Figure 4.1 Plasmid map and restriction analysis ofpUbiAck.
A. pUbiAck contains the pat gene which confers resistance to the herbicide Buster, driven by the maize ubiquitin

promoter. The ampicillin resistance gene and Agrobacterium nopaline synthase terminator gene were
incorporated in the construct.

B. Restriction enzyme HindIIllinearises pUbiAck, and Pstï restricts it three times (resulting in fragments 2905,
1990 and 585 bp in size), as shown in lanes 2 and 3, respectively. Lane I: undigested plasmid. Lane 4:
molecular weight marker (Lambda DNA restricted with EcoRi and HindII!). The gel is stained with ethidium
bromide and bands are visualised under UV light.

NdeI I

BamRI792

pEmuKN

5645bp

intron I BamRI1372

Emu promoter

EooRI 2572

Figure 4.2 Plasmid map and restriction analysis ofpEmuKN.
A. pEmuKN contains the nptIl selectable marker gene which confers resistance to the aminoglycoside

antibiotics, and is driven by the Emu monocot specific promoter (Last et al., 1991) and maize Adhl intron 1.
B. Restriction enzyme EcoRJ linearises pEmuKN (partial digest seen in lane 2) and BamHI restricts it 3 times

(resulting in fragments of 5164, 560 and 481 bp in size, as seen in lane 3). Lane 1 shows unresticted
pEmuKN. Lane 4 is a molecular weight marker (Lambda DNA restricted with EcoRi and Hind Il!). The gel is
stained with ethidium bromide and bands are visualised under UV light.

4.2.3 Sequence determination of the pat gene

The pat gene was sequenced (Sanger dideoxy-mediated chain termination method (Sanger et

al., 1977)) and a partial sequence was obtained using the T7 and T3 primers. This sequence

was compared with GenBank non-redundant protein database using the BLASTX algorithm
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(Altschul et aI., 1990). Significant homology was found to the phosphinothricin

acetyltransferase gene (E=l.3 X 10-21). The full-length sequence was used to generate specific

primers for PCR (Figure 4.3) (Primer Detective software (palo Alto, CA».

5'GTCGACATGTCTCCGGAGAGGAGACCAGTTGAGATTAGGCCAGCTACAGCAGCTGATATGGCCG
CGGTTTGTGATATCGTTAACCATTACATTGAGACGTCTACAGTGAACTTTAGGACAGAGCCACAAAC
ACCACAAGAGTGGATTGATGATCTAGAGAGGTTGCAAGATAGATACCCTTGGTTGGTTGCTGAGGTT
GAGGGTGTTGTGGCTGGTATTGCTTACGATGGGCCCTGGAAGGCTAGGAACGCTTACGATTGGACAG
TTGAGAGTACTGTTTACGTGTCACATAGGCATCAAAGGTTGGGCCTAGGATCCACATTGTACACACA
TTTGCTTAAGTCTATGGAGGCGCAAGGTTTTAAGTCTGTGGTTGCTGTTATAGGCCTTCCAAACGATC
CATCTGTTAGGTTGCATGAGGCTTTGGGATACACAGCCGCGGGTACATTGCGCGCAGCTGGATACAA
GCATGGTGGATGGCATGATGTTGGTTTTTGGCAAAGGGATTTTGAGTTGCCAGCTCCTCCAAGGCC
AGTTAGGCCAGTTACCCAGATCTGAGTCGAC3'

Figure4.3Fullnucleotidesequenceofthepat gene.A partial sequencewasdeterminedusingTIandT3 (reverse)
primers,and wascomparedtothededucedaminoacidsequencedatabasebyBLAST X. Thefull-lengthpat gene
sequence(564bp)isshownaboveand thedesignofspecific PCR primersisindicatedinred.

4.2.4 Micro~projectile bombardment

Microprojectile was carried out as described in 3.2.7. For the generation of stable

transformante, twe plasmids, one containing the pat herbicide resistance gene and the other the

nptII selectable marker, were co-bombarded into cells. The total concentration of DNA used to

coat the tungsten particles was 5 ug (2.5 !lg of each plasmid).

4.2.5 Selection and regeneration of transformed plants

Bombarded embryogenic callus was allowed to recover on MS3 (3.2.1) for four days prior to

transferring to selection medium containing geneticin (45mg/I). Callus was subcultured

fortnightly for 12 weeks on selection medium. At various stages of the subculturing process,

small callus pieces were removed and stained (overnight, in the dark) with tetrazolium red

(2,3,5 triphenyltetrazolium choride; Sigma (0.8% in 0.05 M sodium phosphate buffer» to

determine viability (Purvis et ai., 1964). Transgenic calli were transferred to a light/dark

photoperiod on regeneration medium (plus 0.5 mg/l kinetin) with 45 mg/l geneticin 12 weeks

after bombardment (3.2.11) or when they were approximately 0.5 cm2 in size.
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4.2.6 Plantlet DNA extraction for PCR analysis

DNA was extracted from leaf tissue of young plantlets usmg a cetyl triethylammonium

bromide (CTAB) extraction buffer (50 mM Tris pH8; 10 mM EDTA; 1% (w/v) CTAB; 0.7 M

NaCl) and a small-scale procedure modified from Draper and Scott (1988). Leaf tissue (50-100

mg) was frozen in liquid nitrogen and crushed with a pestle prior to the addition of 2X CTAB

extraction buffer (500 ul). Samples were incubated at 55°C for 30 min. Chloroform (300 ul)

was added to the extract before being centrifuged at room temperature (5 min at 12 000 rpm).

The aqueous phase was transferred to a clean microfuge tube, isopropanol was added (400 ul)

and tubes were centrifuged (10 min at 12000 rpm). DNA pellets were washed with 70% (v/v)

ethanol, air-dried, and resuspended in TE (50 ul; 10 mM Tris; 1 mM EDTA, pH8). Assessment

of DNA purity and quantity was carried out according to methods presented in 3.2.5

4.2.7 PCR for nptIl and pat genes

A 430 bp portion of the pat gene was amplified using the primer pair 5' -AAC ATC ATG CCA

TCC ATG C-3' (22 mer) and 5'GAG ACC AGT TGA GAT TAG GC-3' (20 mer). The 15 ul

reaction mixture was composed of the following (final amounts /concentrations): DNA

template (40 ng), MgCh (4 mM), dNTP (0.2 mM), BSA (0.1 mg/ml), primer (0.2 JlM of each),

DNA polymerase Stoffel fragment (1 U; Perkin Elmer) and Stoffel PCR buffer (IX).

Amplification conditions consisted of 2 initial cycles (94°C for 3 min; 60°C for 2 min; 72°C

for 2 min) followed by 30 cycles (denaturation: 94°C for 2 min; annealing: 60°C for 2 min;

elongation: 72°C for 3 min) in a thermal cycler (Hybaid, OmniGene). A final extension step

was performed at 72°C for 7 min. PCR products were analysed on a 1% (w/v) agarose gel and

visualised by staining with ethidium bromide.

An 800 bp portion of the nptIl gene (sequence anlaysis performed on ABI Prism 310 Genetic

Analyser (Applied Biosystems, Foster City, CA)) was PCR ampified using the primer pair 5'-

AGA GGC TAT TCG GCT ATG AC-3' (20 mer) and 5'-CCA TGA TAT TCG GCA AGC

AG-3' (20 mer) (primers designed using Primer Detective software, Linetech, Palo Alto, CA).

A 33 ul cocktail consisting of DNA (50 ng), MgCh (1.5 mM), dNTPs (0.2 mM), primer (0.2

JlM of each), AmpliTaq Gold (2.5 U per reaction; Applied Biosystems) and AmpliTaq Gold

PCR buffer (1X) were used to set up each reaction. Amplification conditions consisted of a

'hot start' of 12 min at 92°C, followed by the same PCR protocol as for the pat gene.
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4.2.8 Southern analysis

DNA was extracted from immature leaf rolls of young plantlets according to Dellaporta et al.

(1985). Purified DNA (10 ug) for each sample was restricted with HindIII (Roche Molecular

Biochemical, SA; 3 U/flg DNA), spermidine (4 mM) and restriction enzyme buffer B (Roche

Molecular Biochemicals; l x) in a volume of 400 ul, Samples were digested at 37°C overnight.

Contaminating RNA was removed by the addition of RNAse (1 ul; 20 U/mg) and incubated at

37°C for 30 mins. The restriction digests were phenol-cleaned by the addition of an equal

volume of phenol:chloroform:isoamyl alcohol (25:24:1). After centrifugation (12 000 rpm for

5 mins), the restricted products were precipitated by the addition of 1/20 of the volume ofNaCI

(5 M) and 2.5 x the volume of absolute ethanol. Samples were incubated at -80°C for 30 mins

and centrifuged at 12 000 rpm for 45 min at 4°C. After aspiration of the ethanol, the DNA

pellet was dried (Speed Vae, Savant) and then solubilised in TE buffer (15 ul).

Samples were electrophoresed in a I % (w/v) agarose gel and transferred to Hybond N+

membrane (Amersham, England) using a standard downward capillary blotting assembly with

NaOH (O.4M). Membranes were UV cross-linked (1 200 J; Hoefer, San Francisco). The

membrane was prehybridised at 65°C for at least 4 h in buffer (125 ul/cm'') containing 2 x

SSPE (NaCI (0.36 M), sodium phosphate (0.02 M), EDTA (0.002 M), pH 7.7), sheared,

denatured salmon sperm DNA (0.1 mg/ml), 1 x Denhardt's solution and SDS (0.1% (v/v)).

Hybridisation was carried out at 65"C overnight in the same buffer, containing the PCR

generated 430 bp pat gene probe, radioactively labeled with [a_32p] dCTP (6 000 Ci/mmol;

Amersham) using a random primer labeling kit (Megaprime DNA labeling system;

Amersham).

After hybdrisation, blots were washed rapidly in 2 x SSPE plus SDS (0.1 % (v/v)) at room

temperature, followed by one wash for 15 min in 1 x SSPE plus SDS (0.1% (v/v)) at 65°C and

one wash for 10 min in 0.1 x SSPE plus SDS (0.1 % (v/v)) at 65°C. Hybridising bands were

detected by five days' exposure to autoradiography film (Hyperfilm MP; Amersham).

4.2.9 RT-peR

Total RNA was extracted from leaf tissue (l00 mg) using the SV total RNA isolation kit

(Promega). The reverse transcription PCR (RT-PCR) reactions were carried out using the Titan

one-tube RT-PCR system (Roche, SA) and the pat gene primers described in 4.2.3. Products

were analysed by gel electrophoresis. To monitor genomic DNA contamination, a control
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reaction for each sample was run using the extracted RNA as the template for a PCR reaction.

4.2.10 Phenotypic analysis by glasshouse spraying

Sugarcane plants which had been hardened-off four months previously were sprayed with

Buster® herbicide (4 l/ha; active ingredient: 200 mg/l glufosinate ammonium; Aventis,

France). A dose of 4 I/ha was chosen as it was lethal for untransformed control plants. The

herbicide was applied using a hydraulically operated knapsack fitted with a Teejet nozzle

(1100) spraying at a pressure of 100 kPa. Plants were rated for their susceptibility three weeks

after spraying.

The transformation efficiency was calculated as the number of independent herbicide resistant

lines per bombardment (± SE).

4.3 RESULTS

4.3.1 Selection and regeneration of callus bombarded with the pat herbicide resistance

gene

Plasmids pUbiAck, containing the pat herbicide resistance gene under the maize ubiquitin

promoter, and pEmuKN, encoding the Emu promoter driving the nptIJ selectable marker gene

were cobombarded in to NC031 0 callus. Callus was transferred to selection medium containing

the selection antibiotic, geneticin, four days after bombardment and callus growth was

monitored visually over the next 12 weeks. Small, white outgrowths were visible after 6-8

weeks (Figure 4.4A), which by 12 weeks were clearly embryogenic in nature (Figure 4.4B). By

comparison, calli that were untransformed showed signs of necrosis after 2-4 weeks, and by 10

weeks were black. Although some calli did not tum black on the selection medium, they did

not produce any visible new growth, took on a shiny appearance and did not regenerate. These

calli were stained with the vital stain, tetrazolium red, to determine whether they were alive.

Calli which did not show signs of necrosis, but which did not increase in size during the 12

week period, did not take up the stain, indicating that the cells were dead, whereas calli which

had increased in size and were therefore viable, stained red in colour (Figure 4.4C).
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Figure 4.4 Calli and plantlets at different stages of selection and regeneration.
A. Type 3 calli, six weeks after bombardment. Calli were placed on selection medium (MS3 plus 45 mg/I 0418)

4 days after bombardment, and were subcultured every two weeks. The arrows indicate small white
outgrowths from otherwise necrotic calli. These outgrowths, which are transformed and able to grow on
genetic in-containing medium, form within six weeks of culture under selection pressure. Secondary embryos
will be formed 12 weeks after transfer to selection medium and will eventually give rise to transgenic plants
when transferred to regeneration medium.

B. Bombarded sugarcane calli, 12 weeks after DNA delivery. Note the black calli which are non-transfomed (n),
the cream-coloured calli which have showed no growth (ng), and the fast-growing transformed (t)
embryogenic calli.

C. Bombarded calli that were subcultured on selection medium for a 12 week period. The tetrazolium red-
stained calli are viable, whereas the calli that had not undergone any visible growth and that excluded the
stain were dead.

D. Regeneration of transgenic plants. Bombarded calli were transferred to regeneration medium (MS with 0.5
mg/l kinetin) after 12 weeks. The transgenic calli which were highly nodular and embryogenic in nature,
turned green within two weeks, and plantJets were visible four weeks after placement in a light/dark
photoperiod.

E. Sugarcane plantJet in a Magenta jar. Plantlets were transferred to Magenta jars (1/2 strength MS and sucrose
(5 g/I), and were hardened off once plants reached the top of the jar and the roots were well established.

After 12 weeks on selection medium, viable calli were transferred to regeneration medium

(containing kinetin and geneticin). Greening of the calli occurred within two weeks of transfer

to regeneration medium, and plantlets emerged after 2-4 weeks (Figure 4.4D). Plantlets were

transferred to Magentajars once the production of roots was observed (Figure 4.4E).

Stellenbosch University http://scholar.sun.ac.za



78

From a total of 200 bombardments of NC031 0 callus, seven plants regenerated on selection

medium. These bombardments were carried out on 14 independent occasions or 'sittings', with

10 or 20 bombardments carried out per sitting. Regenerated plants were named numerically

according to the sitting and bombardment they originated from. Each principal number

designates an independent bombardment sitting (e.g. 1, 22 and 51). The number following the

decimal point indicates the particular bombardment event in that sitting (e.g. 1.4 or 22.2),

whilst a letter after this number refers to different lines from the same bombardment event (e.g.

1.7a, 1.7b and 1.7c).

4.3.2 Detection of the pat and nptll genes in stable transformants

A rapid molecular technique was necessary for establishing the presence of the introduced

genes in regenerated plants surviving the selection procedure. PCR is a widely used, reliable

technique for detection of specific DNA sequences, and was used for the detection of both the

pat and nptIl genes in young plants in Magenta jars prior to hardening-off in the glasshouse.

The presence or absence of both the pat and nptll genes in leaf tissue was determined by PCR

analysis and the results are shown in Figures 4.5A and 4.5B, respectively. Table 4.1

summarises the PCR results. Three plants from bombardment event 1.7 were regenerated and it

was expected that that these would be identical, but until Southern analysis could confirm this,

lines were designated 1.7a, 1.7b and 1.7c. One line (51.3) contained neither gene, despite being

able to survive and regenerate on geneticin-containing medium, and is considered to be an

escape'.

One line (l.4) did not contain the pat gene, although the nptll gene could be amplified (Table

4.1). This explains why it could grow on the selection medium. Co-transformation of the

selectable marker gene with an unselected gene on a separate plasmid, occurred in five of the

seven regenerated plants (71%), indicating that most antibiotic-resistant cells also contain the

construct encoding the pat gene.

Table 4.1 Summary of PCR results for seven NCo3! 0 plants regenerated on selection medium. Plantlets were
regenerated on geneticin-containing medium !2 weeks after being bombarded with pUbiAck and pEmuKN. (+
represents a pat or nptll PCR amplicon; - indicates no PCR amplification)

Litle number..........._----_._----_._. __ .__ .._ ..__ .__ _._._-------_._--_._--_._ __ .__ .- ..-------_ .._-_.__ .- _--._-_._ .

Gene 1.4 1.7a 1.7b 1.7c 22.1 22.2 5 I.3
pat + + + + +
ti tlI + + +* + + +

*result obtained in separate experiment
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Figure 4.5 PCR amplification of pat and nptll genes from genomic DNA of plants regenerated under selection
after cobombardment with the pUbiAck and pEmuKN plasmid constructs. DNA was extracted from leaves of
plantlets in Magenta jars. PCR products were analysed by agarose gel electrophoresis and visualised by ethidium
bromide staining.
A. Amplification of the pat gene shown by the presence of a 430 bp band in lines 22.1,22.2, 1.7a, 1.7b, 1.7c and

in the positive control pUbiAck. No bands were observed in the no template control and untransformed
NC0310 negative control or in lines 51.3 and 1.4. M is a molecular weight marker (Lambda DNA restricted
with EcoRl and Hind II!).

B. The nptll amplicon is 800 bp in size and was successfully PCR-amplified in lines 1.4, 1.7a, 1.7c, 22.1, 22.2
and in the positive control, pEmuKN. No amplification occurred in line 51.3 and in the untransformed
NC03 10sample. M is the molecular weight marker as described above.

4.3.3 Genomic integration patterns

In order to assess copy number and patterns of integration of the transgene, Southern blot

analysis of restricted genomic DNA was carried out on the five lines that had been shown by

PCR to contain the pat gene. Genomic DNA was digested with HindIII and hybridised with a

PCR generated portion (430 bp) of the pat gene. As HindIII cuts only once within pUbiAck

(outside the coding region), the copy number of the pat gene can be estimated by scoring the

number of hybridising bands on the Southern blot. All bands were scored once, irrespective of

size and intensity. The hybridisation patterns of the transgenic lines appear in Figure 4.6. Line

22.1 has a single copy of the pat gene and 22.2 has nine copies of the gene. Lines 1.7a, 1.7b

and 1.7c have identical banding patterns and a copy number of three. This is not surprising, as

they originated from the same bombardment event, and probably from a single transformed

cell.

4.3.4 Transcriptional expression of the pat transgene

Total RNA was extracted from leaves of transform ants to determine whether they were capable

of transcribing the pat gene to produce mRNA. RNA was reverse transcribed and the
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resultant cDNA was PCR amplified using the protocol developed for detection of the pat gene.

Figure 4.7 shows agarose analysis of the amplification products after conducting the RT-PCR

reaction. The presence of a band in samples 22.2, 1.7a, 1.7b and 1.7c indicates that pat

transcripts are being produced. As it is likely that 1.7a, band care identical lines, they will be

considered as such, and further reference to them will be as 1.7. Although pat DNA had

integrated in the genome of line 22.1, it did not produce pat gene transcripts.

22.1 22.2 C 1.7a 1.7c 1.4 1.7b 22.2

Figure 4.6 Southern blot analysis of genomic DNA from transgenic sugarcane plants, hybridised with a PCR-
generated 430 bp radioactively labeled fragment of the pat gene. AIO ug sample of total DNA restricted with
HindIII, which cuts once within pUbiAck. The gel blot of HindlII-restricted genomic DNAshows the following
lines: 22.1,22.2, 1.7a, 1.7c and 1.4. Untransformed NCo310 is in lane C. Hybridisation of line 1.7b was carried out
on a separate blot, and line 22.2 was included for comparative purposes.

U
"0
<II U8 <II100 -.s oS,.:.::
'" Q.y= 8<C':I
100 .Q

<II ._- - M C':I y -.Q
:; = M M "": r-; r-; r-; 0;:;;>:;;:;;> M M - - - - = Q.

Figure 4.7 Gel electrophoresis of the RT-PCR products obtained with the Titan-one tube PCR system and pat
specific primers. Lanes M: molecular weight markers. (Marker on left is Lambda DNA restricted with EcoRl and
HindIII; marker on right is pBR322 restricted with HaeIII). Lanes preceding each numbered lane are RNA
samples that were subjected to PCR to confirm that there was no contaminating DNA. The arrow indicates the pat
gene amplicon, 430 bp in size.
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4.3.5 Phenotypic expression of herbicide resistance

Phenotypic expression of the pat herbicide resistance gene was tested in all plants that

regenerated on selection medium, by herbicide application in the glasshouse. To clearly

distinguish between herbicide-resistant and untransformed plants, Buster at a rate of 4 l/ha was

used. Herbicide applied at 4 l/ha had no effect on resistant transgenic plants, but killed

untransformed plants after three weeks. Untransformed control plants displayed phytotoxic

symptoms one week after spraying. Yellowing of the leaves and large brown necrotic areas

were observed (Figure 4.8A). By the third week, the plants were brown and necrotic and no

further growth was observed (Figure 4.8B). Lines 22.2 and 1.7 were resistant and did not

display any phytotoxic symptoms when sprayed with the herbicide (Figure 4.8B). However,

line 22.1 died after herbicide application. In this genotype the presence of the pat gene could be

detected by PCR and Southern blot analyses, but RT-PCR indicated that no transcription was

taking place.

Figure 4.8 Phenotypic assessment of herbicide resistance on four-month old sugarcane plants in the glasshouse.
Buster was sprayed onto plants at a rate of 4 l/ha.
A. Mild phytotoxic symptoms (yellowing of the leaves) were observed after one week, which became more

severe after three weeks (browning and necrotic patches, as shown) on susceptible plants.
B. Untransformed plants and line 22.1 died after herbicide application (situated on the right diagonal of

speedling tray; arrow at top). No damage was observed on plants from line 22.2 or 1.7 (situated on the left
diagonal of the speedling tray; arrow at base). Damage was assessed three weeks after herbicide application.

Based on visual observations, the growth characteristics of transgenic plants in the glasshouse

appeared to be similar to untransformed plants. Tillering and ratooning capabilities in pots

appeared normal and there was no evidence of somaclonal variation.
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According to phenotypic analysis, which showed that two lines from 200 bombardments were

herbicide resistant, the transformation frequency is 1% (1 transformed plant per 100

bombardments (± 0.01)).

4.4 DISCUSSION

In this chapter it was demonstrated that transgenic plants resistant to the herbicide Buster could

be produced, albeit at a low frequency of 1%. A summary of the molecular and phenotypic

analysis for the seven regenerated plants is presented in Table 4.2. The presence of both pal

and nptIl genes could be detected at an early stage of plant development by PCR analysis and

Southern blot hybridisation showed that copy number varied between one and nine. Line 22.1

contained the pat gene, but no transcription was observed, suggesting that some form of gene

silencing was occurring.

Table 4.2 Summary of the phenotypic and molecular analysis of the seven plants regenerated on selection
medium. - represents a negative response, while + indicates the presence of the transcript.

Line no. PCR RT-PCR Southern
nptll pat pat pat

Untransformed control Susceptible
1.4 + Susceptible

1.7 (3 plants) + + + + Resistant
22.1 + + + Susceptible
22.2 + + + + Resistant
51.3 Susceptible

4.4.1 Efficiency of transformation

Based on phenotypic analysis of expression, the transformation efficiency is low (l% or 0.01

plants per bombardment) which compared to the 20 transgenic plants per bombardment

reported by Bower et al. (1996), is inefficient. The difference in efficiencies may be related to

different cultivars used in the studies. However, in a paper where the identical cultivar,

NC0310 was used, the transformation efficiency reported was 1.5 plants per bombardment

(Gallo-Meagher and Irvine, 1996), over 100 times higher than that obtained in this study.

indicating that there is the potential to generate higher numbers of transgenic plants.

One reason for the low transformation efficiency in this study may be that conditions which

were optimised for transient expression, may not necessarily be the same as required for

integrative expression. This lack of correlation between the two gene expression systems has
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been the focus of recent papers dealing with wheat (Iser et al., 2000) and tobacco (Tian el al.,

2000). Another reason may be related to the fact that most bombardment sittings, where 10-20

bombardments are carried out, yielded no plants. All of the transgenic plants came from two

sittings, numbers one and 22. This may be due to the fact that callus is initiated from material

which is field-grown and may therefore be variable and perhaps show seasonal effects. In

addition, Sanford et al. (1992) reported that of all parameters tested in bombardment,

microprojectile coating was one of the most important sources of variation affecting biolistic

efficiency. His laboratory reported fluctuations in transformation efficiency from 1

microcentrifuge tube to the next, from day to day and month to month that could not be

explained. It was suggested that the low transformation rates obtained in summer were related

to humidity.

Low transformation efficiencies similar to that found in this study, have been reported in crops

such as wheat (Gopalakrishnan et al., 2000) and barley (Koprek et al., 1996; Cho el al .. 1997.

1998). A factor which may lead to an improvement in transformation efficiencies is a reduction

in length of culture times. In barley, the success of transformation has been limited by poor

regeneration frequency (cultured barley tissues lose regenerative capacity during the time

frame required to regenerate transgenic plants) and a high incidence of both albinism

(Bregitzer et al., 1995; Jiang et al., 1998; Lemaux et al., 1999) and chimaerism (Ritala et al.,

1994). The idea that a reduction in culture time may result in increased regeneration and

potentially higher transformation rates in sugarcane will be furthered in Chapter 5.

4.4.2 Preliminary indication of the presence of the introduced gene

Molecular analysis of plants regenerated on selection medium was carried out at an early stage

by PCR analysis of both co-bombarded genes. Although PCR is not routinely used as ti

definitive test of the success of transformation, it is useful as a preliminary assessment of the

presence of a specific transgene. The presence of both pat and nptII gene amplicons in five

putative transgenic plants was observed (Figure 4.5 and Table 4.1). Generally, analysis of a

novel gene by PCR alone is insufficient evidence to support integrative transformation.

Although although isolated papers report PCR results (Gambley et al., 1993; Enriques-

Obregon et al., 1998), this method is not as informative as a Southern blot.

4.4.3 Co-bombardment frequency

peR was useful in determining the co-bombardment frequency. Transformed NC031 0 plants
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containing both the pat and nptIl genes were verified by peR analysis (Figure 4.5 and Table

4.1), and this showed that 71% of the regenerated plants contained both genes. This is less than

the co-transformation rate of 94% reported by Bower el al. (1996), but indicates that the

majority of antibiotic resistant cells also contain the gene of interest.

4.4.4 Integration patterns and copy number of transgenic lines

Additional information from PeR-positive lines regarding integration patterns and copy

numbers was obtained by Southern analysis (Figure 4.6). Most lines that contained the pat

gene were found to contain several copies of the novel gene. Multiple copies of the introduced

gene is a phenomenon which has been observed in sugarcane previously (Bower et al., 1996;

Gallo-Meagher and Irvine, 1996; Falco et al., 2000), and is not uncommon for transgenic

plants derived from particle bombardment (Somers et al., 1992; Weeks et al., 1993). Lines

1.7a, 1.7b and 1.7c, which arose from a single bombardment, each contained three copies of

the pat gene (Figure 4.6). The identical banding patterns displayed by these lines confirms that

they arose from the same transformation event. Lines 22.1 and 22.2 contained one and nine

gene copies, respectively. These findings are similar to what has previously been reported in

transgenic sugarcane. Bower el al. (1996) reported an average number of five gene insertions.

4.4.5 Transcriptional expression of the pat gene and gene silencing

RT-peR was carried out to see whether transcription of the pat gene was taking place (Figure

4.7). Positive results were obtained for lines 1.7 and 22.2. However, no transcript was present

in line 22.1, suggesting that the gene is being silenced, or that the promoter is truncated. This

observation was confirmed by phenotypic evaluation where 22.1 was susceptible when sprayed

with Buster herbicide, while 22.2 and 1.7 were resistant (Figure 4.8). The negative phenotype

of line 22.1 supports the hypothesis that the introduced gene is being silenced.

Silencing appears to be unpredictable, because 22.1, which contains one copy of the pat gene,

was silenced, while 22.2, which contains nine copies was not. Silencing may be influenced by

other factors such as position effect (Matzke and Matzke, 1990) and promoter homology

(Finnegan and McElroy, 1994; Al-Kaff el al., 2000). In sugarcane, Hansom el al. (1999) found

that promoter homology, and not copy number, had the largest effect on gene silencing. All

promoters that were tested, even those isolated from sugarcane, caused silencing in a

proportion of transgenic plants, indicating the importance of work directed to the retention of

promoter activity.
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4.5 CONCLUSIONS

The use of the pat herbicide resistance trait allowed efficient tracking of the transgene in

genetically modified sugarcane plants by molecular and phenotypic analyses. As this

transformation protocol resulted in a transformation efficiency an order of magnitude lower

than previously reported results. it was decided to investigate the possibility of producing

transgenic plants via a novel regeneration route, which would result in reduced in vitro culture

times. In addition, the effect of using a lower selection pressure was investigated. These

modifications are discussed in Chapter 5.
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CHAPTERS

TOW ARDS A NOVEL APPROACH FOR THE PRODUCTION OF TRANSGENIC

SUGARCANE USING DIRECT MORPHOGENESIS

5.1 INTRODUCTION

Aside from varying efficiencies In gene transfer, the use of embryogenic callus as target

material for sugarcane bombardment has other limitations. Establishing, developing and

maintaining callus cultures is labour intensive and the recovery of plants ready for transfer to

the glasshouse may take as long as 36 weeks (Bower et al., 1996; Birch, 1997; Snyman et al.,

2000, 2001). A combination of long culture periods and the high levels of auxin required for

callus induction and maintenance could significantly increase the risk of somaclonal variation,

and morphological abnormalities have recently been observed in field-grown sugarcane plants

in Australia (Grof, 2001; Grof and Campbell, 2001). To minimise the time spent generating

embryogenic callus, one approach would be to employ a faster route of morphogenesis from

leaf discs. There are several reports of sugarcane plants being micropropagated directly from

leaf discs without an intervening callus stage, either via organogenesis (Irvine and Benda,

1985, 1987; Grisham and Bourg, 1989; Gambley et al., 1993, 1994) or embryogenesis (Aftab

and Iqbal, 1999; Snyman ef al., 2000, 2001).

One of the long-term aims of genetic engineering programmes is to reduce the tissue culture

component to minimise the effects of somaclonal variation and to increase throughput (Birch,

1997). Examples of where this approach has been successful are oat (Gless et al., 1998) and

orchard grass (Denchev el al., 1997), where leaf base segments have been used for

bombardment. Shoot apical meristems have been used as target material in sugarcane

(Gambley et al., 1993) and maize (Lowe et al., 1995). However, the utilisation of organised

tissues as target cells frequently leads to plants with chimaeric expression of foreign genes

(Gambley et al., 1994; Lowe et al., 1995; Bommineni and Jahaur, 1997; Denchev et al., 1997).

This drawback may be overcome by placing partially transformed material back in to culture

on selection medium for subsequent recovery of transformed sectors (Fromm et al., 1990).

A combination of the use of leaf material as target material and regeneration via direct somatic

embryogenesis has recently been reported for the production of transformed orchardgrass

(Denchev et al., 1997). Regeneration via direct embryogenesis from leaf tissue has been

observed in sugarcane (Aftab and Iqbal, 1999). Consequently, it was decided to investigate
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direct morphogenesis as a means of producing transgenic plants from immature leaf material

more rapidly, and with a potentially reduced risk of somaclonal variants.

It was hypothesised that 1) a direct route of morphogenesis could be established by

manipulating auxin levels, and 2) the bombardment of leaf roll discs at the start of the process

would reduce the overall time spent in culture and result in a more rapid production of

transgenic plants. The first aim of this study was to develop a protocol for direct somatic

embryogenesis and regeneration. Once this had been established, the second aim was to

compare the efficiency of transformation using two target materials, namely embryogenic

callus (which would be regenerated via indirect somatic embryogenesis) and leaf rolls discs

pre-cultured for a few days prior to bombardment. Two regeneration routes from bombarded

leaf discs were compared, i.e. direct and indirect embryogenesis.

The model transgene system chosen for the experimental work involved the pal and nptll

genes, encoding herbicide and antibiotic resistance, respectively, both driven by the maize

ubiquitin promoter. In order to make a comparison of genotype response, three commercially

grown sugarcane cultivars, N12, N19 and NC0376, were used as recipient genotypes. As the

transformation efficiency in this study has been low (Chapter 4), it was decided to reduce the

selection pressure in an attempt to improve regenerative capacity of bombarded material.

Although it was recognised that this might lead to a higher proportion of escapes (Fromm et

al., 1990), the concentration of geneticin incorporated in the medium was decreased from 45 to

15 rng/l, as 75% of cells are inhibited at the latter concentration (3.3.7).

5.2 MATERIALS AND METHODS

5.2.1 Plasmid constructs: purification and verification

Plasmid pUbiAck (Aventis, France) which contains the pat synthetic herbicide resistance gene

was described previously (4.2.1). Plasmid pUbiKN (E Mirkov, Texas, USA) contains the nptll

gene cloned behind the ubiquitin promoter (Figure 5.1). Plasmids were maintained and

generated in E. coli JM109. Plasmid DNA was purified using the Nucleobond AX100 kit

(Macherey-Nagel, Germany). Concentration was assessed as described in 3.2.5.
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Figure 5.1 Plasmid map and restriction digest ofpUbiKN.
A. Plasmid map showing restriction sites of plasmid pUbiKN
B. Gel photo showing restriction analysis of pUbiKN. Lane 1: molecular weight marker; lane 2: undigested

pUbiKN with supercoiled, concatenated DNA; lane 3: pUbiKN restricted with EcaRI, yielding 2 fragments, 3
900 and 1 700 bp in size; lane 4: linearised pUbiKN with HindIll (5 600 bp).

5.2.2 Preparation of plant material

Immature leaf roll was removed from the apex of sugarcane stalks of field grown cultivars

N12, N19 and NC0376. After surface sterilisation with ethanol (70%; w/w) as described in

3.2.1, the outermost mature leaves were aseptically removed and the immature leaf roll was

sliced transversely into discs approximately 1.5 mm thick. Typically, 14 discs from each leaf

roll were placed on to two Petri dishes containing commercially prepared MS basal salts and

vitamins (Murashige and Skoog, 1962) (Highveld Biological, SA) supplemented with casein

hydrolysate (1 gil), sucrose (30 gil), 2,4-D (0.15-3 mg/l) and agargel (Sigma; 5 gil), pH 5.8.

Cultures were maintained in the dark at 26° C.

5.2.3 Microscopy

Leaf roll discs from direct somatic embryo production experiments were sampled after two and

four weeks, respectively, in culture and were fixed in formalin-acetic-alcohol (FAA) by

vacuum infiltration, dehydrated in a butanol-ethanol alcohol series and embedded in Paraplast

wax (Lancer, Ireland). Sections were cut at 5-10 urn on a rotary microtome (AO 820,

American Optical, NY, USA), stained with safranin-fast green and mounted with DPX

(Unilab, Saarchem, SA) (Purvis et al., 1964). In addition, stereomicroscopy was used to

observe and photograph leaf roll discs at several stages of somatic embryo production and

plantlet regeneration.
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5.2.4 Microprojectile bombardment

Two target materials were used for bombardment: leaf discs pre-cultured on MS medium for

10-14 days, and eight to 12 week old embryogenic calli produced on MS3 (3.2.1). The target

material was cobombarded with plasmids pUbiAck and pUbiKN, containing the pat and nptIl

genes respectively, using the protocol described in 3.2.7.

5.2.5 Selection procedure and regeneration of plants

Following bombardment, explants were cultured in the dark for four days on the same medium

used for initial culture, before being placed on a medium containing genetic in (G418) (15 mg/l

active ingredient; Roche, South Africa) with fortnightly subculture intervals. Leaf discs

undergoing direct embryogenesis were transferred to regeneration medium (RM; MS without

2,4-D, plus kinetin (0.5 rng/l) after six to eight weeks. Leafs discs and embryogenic callus

undergoing indirect embryogenesis were maintained on selection medium for 12 weeks, after

which they were transferred to regeneration medium and were cultured in a 16 h (light)/8h

(dark) photoperiod at 35 urn m" s'. All cultures were subcultured fortnightly.

Plantlets with 2 cm high shoots were transferred to half strength MS, sucrose (5 gil) and

geneticin (15 mg/l) in Magenta jars (Sigma, USA) until a well developed root system was

observed and shoots were 10 cm in length. Hardening off was carried out in the glasshouse

(3.2.12).

5.2.6 Plantlet DNA extraction and PCR analysis

DNA was extracted from leaf tissue of young plantlets (two to three months after transfer to the

glasshouse) using a small-scale cetyl triethylammonium bromide (CTAB) extraction procedure

and PCR amplified as described in 4.2.5 and 4.2.7, respectively. As a result of both faint and

multiple bands commonly being observed in the PCR reactions where Stoffel polymerase was

used, conventional Taq polymerase (Promega, USA) or AmpliTaq Gold (Applied Biosystems)

was used.

5.2.7 RT-PCR

RT-PCR was carried out using leaf roll material from tillers of plants aged three to six months

old, as described in 4.2.9.
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5.2.8 Southern blots

Genomic DNA was extracted from leaf rolls of tillers from plants that were planted in 25 I

drums and that were six to 12 months old. The DNA was extracted and the Southern blot

protocol was followed as laid out in 4.2.8.

5.2.9 Glasshouse spraying

Plants which were three to four months old were sprayed with Buster (4 lIha) as described in

4.2.10.

5.3 RESULTS

5.3.1 Establishment of the direct embryogenic pathway of morphogenesis

5.3.1.1 Optimisation of2A-D concentration for direct somatic embryo formation

Preliminary studies (results not shown) had shown that a reduction in 2,4-D concentration (to

levels below 1 mg!l) resulted in the production of somatic embryos directly from leaf discs.

Plantlets could be regenerated from these embryos in six to eight weeks. In order to determine

which concentration of 2,4-D best supported regeneration via direct somatic embryogenesis,

leaf roll discs were placed on MS medium containing 0.15, 0.3, 0.6, 1.2 and 3 mg!l 2,4-D. The

effect of cultivar was also investigated: a comparison was made between N12, N19 and

NC0376. The type of growth, amount of callus and numbers of plants regenerated were

recorded. Neither embryo nor plant production was influenced by the distance of the leaf disc

from the apical meristem (results not shown). Leaf discs were cultured in the dark for eight

weeks after which time callus production was rated on a scale of 1 (negligible production of

callus) to 5 (explant covered with callus) for each concentration of 2,4-D. Explants were

transferred to RM in a light!dark photoperiod and numbers of plants per immature leaf roll

were determined. Data was analysed statistically by ANOV A. The ratings are summarised in

Table 5.1. Substantial callus formation was observed on the cut surfaces of explants cultured at

1.2 and 3 mg!l 2,4-D, for all cultivars. Leaf discs cultured on 0.6 mg!l 2,4-D produced a small

amount of callus that rapidly became white. nodular and highly embryogenic. The lower 2,4-D

concentrations of 0.15 and 0.3 mg!l resulted in the formation of somatic embryos directly on

the leaf disc with no callus development. However, a high proportion of these discs were

unresponsive: 71 and 57% on 0.15 and 0.3 mg!l 2,4-D, respectively, and became necrotic

within eight weeks. Plantlet regeneration efficiencies were therefore compared to determine

whether this concentration range would be viable in a transformation programme.
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Table 5.1 A comparison of the relative amounts of embryogenic callus produced on leaf discs at a range of 2,4-0
concentrations, for all cultivars. Leaf discs were rated for callus production using a scale of I (negligible amounts
of callus produced) to 5 (entire explant covered with embryogenic callus). The percentage of leaf discs which did
not respond in culture and which became necrotic were compared after eight weeks in culture.

2,4-D % Relativeamounts of Appearance of leaf discs (after eight weeks)
concentration unresponsive embryogeniccallus

(mg/l) leaf discs production (rated1-5)
0.15 71.4 1 A few somatic embryos formed directly on disc

0.3 57.1 Somatic embryos formed on approximately half
the disc

0.6 48.5 2 Initially small amounts of callus produced,
which rapidly became highly embryogenic

1.2 14.3 5 Entire explant covered in callus, with large
areas comprising Type 3 callus

3 0 5 Entire explant covered with pre-embryogenic
callus, with small areas of Type 3 callus

The numbers of plantlets that regenerated on different concentrations of 2,4-0 were compared

for the three cultivars used and are presented in Figure 5.2. Plant numbers regenerated per

cultivar and at each 2,4-D concentration were analysed (ANOVA (SED=15.97)). The only

difference in cultivar response was observed at 1.2 mg/l 2,4-D, where NCo376 regenerated

significantly fewer plants than N12 and N19.

"IIit 120..-...
Q) 1000.
S ti)
Q) (.) 80_ ti)- ._c"C
nI_ 60
__
0.0- ...0- 40
ti)

nl... ..!
Q) 20.c
E
::l 0Z

0.15 0.3 0.6 1.2 3

Concentration of 2,4-0 (mgII)

I.N12 .N19 DNCo376I

Figure 5.2 Relative efficiency of regeneration of cultivars N12, N19 and NC0376 on a range of 2,4-0
concentrations. Leaf discs were cultured on 2,4-0-containing medium for eight weeks (with fortnightly
subculturing), followed by a further eight weeks on regeneration medium (containing 0.5 mg/I kinetin, without
2,4-0), after which fmal plantlet regeneration numbers were established. Values presented are means ± SE, where
n=9-15. Bars labeled with different alphabetical letters indicate significant differences (ANOVA SED=15.97).
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As the generation of somatic embryos and plantlets directly from leaf discs occurred at a

slightly higher level at 0.3 mg/l 2,4-D than at 0.15 mg/l, the former concentration was used in

subsequent transformation experiments.

5.3.1.2 Regeneration via direct somatic embryogenesis

Direct somatic embryo formation from leaf roll discs has previously been observed on media

containing 0.3 (Snyman et al., 2000, 2001) and 2 mg/l 2,4-D (Aftab and Iqbal, 1999). In the

first report, plant regeneration was observed after as little as six weeks in culture. The rapid

regeneration and short time in culture make this route of morphogenesis attractive for use in a

transformation programme. However, it was seen as important to investigate the morphogenic

process. To this end, microscopic examination was carried out on N12 leaf discs cultured on

MS medium containing 0.3 mg/l 2,4-D (MSO.3) after two and four weeks in culture in order to

1) assess the time-frame during which somatic embryos were produced on leaf discs, and 2)

determine at which stage leaf roll discs should be bombarded. Microscopic examination of

wax-embedded two week-old leaf disc sections revealed the presence of semi-organised

outgrowths on the cut surface of the discs (Figure 5.3A and B), which by three to four weeks

had a defined cellular structure and consisted of somatic embryos at the heart stage of

development (Figure 5.4A), and appeared white, nodular and clearly embryonic (Figure 5.4B).

Embryo germination and shoot regeneration were visible as early as two weeks after transfer to

regeneration medium, usually at or near the cut surface of the outer leaves (Figure 5.5).

Figure 5.3 Leaf disc showing embryoid outgrowths two weeks after initiation. Leaf discs from cultivar NI2 were
cultured on MS medium containing 0.3 mg/I 2,4-D for two weeks prior to wax-embedding.
A. Longitudinal, radial section of wax-embedded leaf disc showing embryoid outgrowths arising directly from

the explant (100 X).
B. Appearance of semi-organised, globular embryoids on a leaf disc as seen under a stereomicroscope (6.4 X).

Arrows indicate the presence of the pro-embryos on the cut surface of the leaf disc.
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Figure 5.4 Immature leaf roll discs showing direct formation of somatic embryos after four weeks of culture on
MS medium containing 0.3 mg/12,4-D.
A. Microscopic examination of wax-embedded longitudinal leaf section showing heart-shaped embryo emerging

directly from leaf disc after four weeks in culture (40 X).
B. Somatic embryo development directly on leaf disc (6.4 X).

Figure 5.5 Plantlets regenerating directly from somatic embryos on leaf roll disc on regeneration medium (0.5
mg/I kinetin, without 2,4-D) after a total of 10 weeks in culture. Leaf discs from cultivar NI2 were cultured on
MS medium with 0.3 mg/l 2,4-D for six weeks prior to placement on regeneration medium.

Based on the observation that embryoids consisting of only a few cell layers were visible in

wax-embedded sections after two weeks of culture, as opposed to somatic embryos at the heart

stage after four weeks in culture, it was decided to culture leaf discs directed towards direct

somatic embryogenesis for 10-14 days on MSO.3 prior to bombardment. A one week culture

period was found necessary to eliminate microbially contaminated discs (results not shown).

For this reason, it would not be practical to bombard leaf discs earlier than seven days.

Similarly, leaf discs to be used for the production of plantlets via indirect embryogenesis were
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cultured on MS medium with 3mg/12,4-D (MS3) for 10-14 days prior to bombardment.

5.3.1.3 Relative time scale and efficiency of regeneration via direct and indirect regeneration

The production of sugarcane plants via indirect embryogenesis from callus from the time of

initiation to hardening-off normally takes 16-24 weeks (Ho and Vasil, 1983; Lee, 1987;

Guiderdoni and Demarly, 1988). A comparison was therefore made of the relative times and

efficiencies with which somatic embryos are produced and plants are regenerated, using the

conventional indirect callus-based procedure and the novel approach of direct somatic

embryogenesis. For the direct regeneration route, leaf discs were cultured on MSO.3 for a

period of four weeks, until somatic embryos had formed, and then transferred to regeneration

medium. Plantlets could be observed as early as six weeks after culture initiation. A

comparison of time frames for plantlet production in the different routes is summarised In

Table 5.2. Although plantlet regeneration efficiencies via indirect embryogenesis are six times

higher than via direct embryogenesis, the culturing time is two to three times longer, and the

exposure to high levels of auxin may be problematic in terms of somaclonal variation.

Table 5.2 Comparative times and efficiencies to regenerate plants via direct and indirect embryogenesis .

Time taken to form somatic embryos (weeks)
Time taken to regenerate plants ready for

hardening-off (weeks)
Total time spent in culture (weeks)

Total number of plants regenerated per leaf roll

.. .._.__ __._.. li_~g~".!!.'-(J.!if!_nTO'!!__e_______ _ .. _. _
Indirect embryogenesis Direct embryogenesis

8-12 2-4
8-12 4-6

16-24
82 ± 13.7

6-10
13.6 ± 3.2

5.3.2 Comparison of transformation efficiency using different target materials and

regeneration routes

5.3.2.1 Comparison of regeneration efficiencies from different target materials and

regeneration routes on selection medium after bombardment. for three cultivars

Plant regeneration via direct morphogenesis has the potential to reduce the time taken to

regenerate a plant by three times compared to indirect embryogenesis. The use of leaf discs as

target material, followed by direct embryogenesis, was compared to the more conventionally

used embryogenic callus-based procedure in terms of regeneration efficiency after

bombardment and selection. A third approach was compared, that of bombarding leaf discs

followed by the conventional indirect morphogenic route for the production of plants. As the

use of embryogenic callus as a target for microprojectile bombardment necessitates an initial
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culturing phase of 12 weeks, the use of leaf discs as target material (followed by indirect

morphogenesis), would substantially reduce the culture time in the transformation procedure.

Both bombarded leaf discs and embryogeneic calli were placed on selection medium

containing 15 mg/l geneticin four days after bombardment.

As it is desirable to have a transformation protocol that is independent of cultivar, comparative

regeneration efficiencies for cultivars N12, N19 and NC0376 were assessed. The numbers of

bombardments and plants regenerated per cultivar for the three regeneration routes are given in

Table 5.3. Although N12 regenerated via direct embryogenesis and NC0376 regenerated from

bombarded leaf discs via indirect embryogenesis, resulted in the most plants per bombardment

(50 per 100 bombardments), no cultivar consistently performed better than any other across the

three regeneration routes.

Table 5.3 Comparative numbers of bombardments and plants regenerated on selection at 15 mg/I geneticin for
three cultivars. Three regeneration approaches were compared: I) indirect morphogenesis from bombarded
embryogenic callus, 2) indirect embryogenesis from bombarded leaf roll discs and 3) direct somatic
embryogenesis from bombarded leaf roll discs. Mean values (± SE) followed by the same letter are not
statistically different at P=0.05.

Regeneration approach No. bombardments per No. plants surviving A verage no. plants
(target material) cultivar selection and which were regenerated per J 00

hardened-off bombardments ± SE
Indirect (callus)

NI2 82 I ± I a
NI9 144 II 7±2b

NC0376 118 lO 8±2b
Indirect (leaf disc)

NI2 64 17 27 ± 6 c
NI9 46 5 10±4 c

NC0376 10 5 50 ± 16 d
Direct (leaf disc)

Nl2 54 30 55 ± 6 d
Nl9 46 I 2±2a

NC0376 10 0 0

5.3.2.2 Relative time scale for production of transgenic plants via three approaches

A comparison of the overall time it takes to produce a transgenic plant through the three

approaches was compared. This comparison is summarised in a flow diagram (Figure 5.6). In

the direct route, leaf disc explants used for the production of transformants were pre-cultured

for one to two weeks on MSO.3, bombarded, and then cultured on the same medium but

containing the selection antibiotic geneticin. Under these conditions, embryo formation and

maturation (5.3.1.2) was faster than from callus and occurred directly on the discs four to eight
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weeks after bombardment. Plantlets were established on the selection medium eight to 12

weeks after placement on regeneration medium, after which plantlets were transferred to the

greenhouse.

Explants: immature leaf roll discs

3 mg/l 2,4-D 3 mg/!2,4-D 0.3 mg/! 2,4-D
8-12 weeks 1.5-2 weeks 1.5-2 weeks

D D •Embryogenic callus Leaf Leaf

Gene delivery by particle bombardment
4 day recovery

I Growth of transformed cells under selection I
3 mg/!2,4-D 3 mg/!2,4-D 0.3 mg/!2,4-D
8-12 weeks 8-12 weeks 4-8 weeks

D D •Embryogenic Embryogenic Direct embryo
callus callus formation

Plant regeneration and rooting under selection
8-12 weeks; nil 2,4-D

Figure 5.6 Relative time taken to produce transgenic sugarcane via direct and indirect morphogenic routes.

Total time in culture
24-36 weeks

Indirect
morphogenesis

18-26 weeks
Indirect

morphogenesis

14-22 weeks

Direct
morphogenesis

Leaf discs that were cultured on MS3 for one to two weeks prior to bombardment, formed

callus over the next eight to 12 weeks on MS3, and plantlet regeneration was observed during

the following eight to 12 weeks.

In contrast, leaf discs exposed to MS3 developed embryogenic callus suitable for bombardment

eight to 12 weeks after culture initiation. Bombarded calli were then cultured on selection

medium for a further eight to 12 weeks for embryo formation and maturation. Plants were

produced four to six weeks later. A further four to six weeks were necessary to produce plants

ready for hardening off, bringing the total to 24-36 weeks required for the production of a
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transgenic plant, which is the same time-frame reported by Birch (1997).

In summary, the direct route of morphogenesis resulted in plantlet production in a shorter time

(13-22 weeks) than the indirect route when leaf discs were bombarded (18-26 weeks) and when

callus was bombarded (24-36 weeks). Furthermore, the time lapse from when plants were first

observed in culture to when the last ones emerged was nine weeks in the direct, and eight to 12

weeks in the indirect route. This indicates that the process of embryogenesis and embryo

germination were asynchronous.

5.3.2.3 Comparative transformation efficiencies measured by specific PCR amplification of the

pat gene: direct versus indirect morphogenesis

A preliminary assessment of transformation efficiency of sugarcane plants regenerated directly

and indirectly via somatic embryogenesis was performed using specific amplification of the pat

gene. PCR analysis was carried out on DNA from young plants, extracted from leaf material.

The replacement of Stoffel polymerase with Taq polymerase is a modification that resulted in

improved visualisation of bands (less smearing and a reduction in the presence of faint and

double bands) and the comparative results are shown in Figure 5.7.

~ ~- -= ~ = ~ë.. ~ ë.. ~
S - N ~ ~ N S ~~ f<'Ï z - f<'Ï ~ :ëN 0 - - N ~ N 0 - N ~ -N N ~ :E ;:J 00 ~ U \4:Ï N N ~ :E 00 ~ u ;:J:E 0 ,.., :E ,.., 0

N ~ C ~ N c.. N ~ ~ ;;... N ~ ~ N N ~ ~ c c..

Taq polymerase Stoffel

Figure 5.7 peR amplification of the pat herbicide resistance gene from genomic DNA of young plants
regenerated after cobombardment with pUbiAck and pUbiKN plasmids. DNA was extracted using the C'TAB
protocol from two to three month old glasshouse-grown plants. The pat amplicon was successfully peR-amplified
using both Taq and Stoffel polymerases. When using Taq, the peR protocol was shortened and the 15 III reaction
mixture comprised the following: DNA template (40 ng), Mgelz (1.5 mM), dNTP (0.2 mM), primer (0.2 11Mof
each), DNA Taq polymerase (Promega; 1 U per reaction) and buffer (IX). Amplification conditions consisted of
denaturation at 94°e for 2 min, followed by 30 cycles (denaturation: 94°e for 1 min; annealing: 600e for 1 min;
elongation: noe for 2 min) and a final extension step of noe for 5 min in a thermal cycler (GeneAmp 9700,
Applied 8iosystems). The molecular weight size markers are designated M (Lambda DNA digested with EcoRI
and HindIII to give a size ladder of 564-21 226 bp). When the Stoffel fragment polymerase was used in the peR
amplification reactions, both smearing (in samples 22.2, 3Kl.l and 382) as well as faint and multiple bands (382)
were observed.
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PCR analysis (using Tag polymerase) for plants derived from the three treatments are

presented in Table 5.4. When regeneration occurred via the indirect route, regardless of

whether callus or leaf discs were bombarded, only 18-27 % of the plants contained the pat

gene. This indicates that over 70% of the plants are escapes and do not contain the pat gene.

When leaf discs were bombarded and plants regenerated via direct embryogenesis, half (45%)

of the plants contained the pat amplicon. The high proportion of escapes in all routes is likely

to be due to the low concentration of geneticin (15 mg/l) in the selection medium that allows

untransformed plants to regenerate. The higher percentage of potentially transformed plants via

the direct route may be due to a more efficient regeneration procedure.

Table 5.4 peR detection of the pat gene in plants regenerated using three approaches for the production of
transgenic sugarcane plants. Specific peR amplification was carried out using Taq polymerase on DNA extracted
from leaf material (from two to three month old plants) using the eTAB method.

Regeneration approach (target material)

Total no. bombardments
Indirect (callus)

344
Indirect (leaj discs) Direct (leaj discs)

120 110

Total no. plants hardened-
off

Regeneration frequency (no.
plants regenerated per 100

bombardments) ± SE

22 27 31

6±3 23 ± 4 28 ± 5

% pat +ve 27 18.5 45

Lines containing pat
amplicon

X20, 2G 11.2,
2G11.3,2G12.2,
2M3.2,3K1.1

2J9.5,2Z9.1,
2Z9.2,3F6.1,

3H2.1

2E3.4, 2E3.13, 2E7.2, 2E8, 2E9,
2E11, 2E12, 214, 2S2.3, 2S4,

2S12,3B7,3E8,3E10

5.3.2.3 Phenotypic analysis

Plants in the glasshouse (three to four months old) were sprayed with Buster (4 lIha) in order to

confirm phenotypic expression of the pat gene. The results are summarised in Table 5.5 and

the visual difference in the responses of sensitive and resistant plants is shown in Figure 5.8.

Only a relatively small proportion of the plants displayed complete resistance to the herbicide

(19, Il and 18 % of the plants regenerated via direct and indirect (leaf disc and callus)

morphogenesis, respectively. The majority of plants regenerated via all three routes showed

severe phytotoxic symptoms and died as a result of being sprayed, confirming the PCR results

which indicated a high level of escapes. This is likely because of the low levels of genetic in

employed during selection.
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Table 5.5 Summary of phenotypic expression of the pat gene as measured by resistance to Buster (411ha)
application in the glasshouse. Plants were three to four months old when sprayed with herbicide and phytotoxic
effects were assessed after three weeks.

Regeneration
route

No. plants
sprayed

% lines showing the following response

Resistant lines Susceptible
(plants killed)

54.9

Recovery lines*

Direct 31 19.3
(2E3.4, 2E3.13, 2E8,
2E11,3B7,3EI0)

25.8
(2E7.2, 2E9, 2E12, 214,
2S2.3, 2S4,2S12, 3E8)

Indirect
(leaf disc)

27 11.1
(2Z9.1, 3F6.1, 3H2.1)

81.5 7.4
(2J9.5,2Z9.2)

Indirect
(callus)

22 18.2
(X20, 2GI2.2, 2M3.2,

3K1.1)

72.7 9.1
(2G 11.2, 2G 11.3)

*plants which displayed the recovery phenotype showed phytotoxic symptoms on those leaves sprayed with
herbicide, but after three weeks new leaves emerged and were asymptomatic. Untransformed plants died.

Figure 5.8 Speedling trays with plants that had been sprayed with herbicide one month previously. Buster (4 l/ha)
was applied to three-month old plants. Plants on right and left are resistant to the herbicide, while plants in centre
were susceptible and died.

A phenotypic response termed 'recovery' was observed in 26% of direct route-derived plants

and in smaller proportions of indirect route plants (7 and 9% from bombarded leaf discs and

callus, respectively) after herbicide application. These plants displayed phytotoxic symptoms

after herbicide application, but unlike untransformed control plants, did not die, but recovered

and the new emerging leaves were asymptomatic.
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5.3.2.4 Molecular characterisation of resistant and 'recovery' plants by Southern blot analysis

Plants which were resistant to the herbicide and those displaying the recovery phenotype were

characterised on a molecular level by Southern blot analysis to determine gene copy number

and integration profiles. It was postulated that those plants displaying the recovery phenotype

were expressing the pat gene at low levels, possibly because of a low copy number. The

Southern blots for plants regenerated via the three different routes were probed with the pat

and nptJI genes and are presented in Figure 5.9. Pat gene copy numbers ranged from three to

Il. Three clones (2GI2.2 and 3Kl.I (bombarded callus) and 2Z9.1 (bombarded leaf disc

regenerated via the indirect route», showed identical pat gene integration profiles, although

they were from three independent bombardment events. There is some evidence in the

literature to suggest that foreign DNA integrates in the same place in genomic DNA (Kohli et

al., 1998; Linacero et al., 2000; Kumar and Fladung, 2001), and it appears as though this may

be occurring here.

None of the phenotypically resistant plants derived from the direct route, or any of the plants

displaying the recovery phenotype, regardless of the regeneration route, hybridised to the pat

gene probe. Because these plants all contained the pat amplicon when PCR was carried out,

Southern analysis was repeated using double the DNA concentration Twenty micrograms of

DNA was digested and blotted, and a separate Southern blot with unrestricted DNA was

prepared as well. However, no signal was observed in either autoradiograph (results not

shown), suggesting that the pat gene was below detectable levels or had been lost. In addition,

no evidence of pat gene transcripts was observed when RT-PCR was carried out (results not

shown).

Membranes were stripped and reprobed usmg labeled nptII (Figure 5.9B). All of the

transformants that contained the pat gene, also contained the cobombarded nptII gene.

Transformation efficiencies for the indirect approach were 1.2 and 2.5%, from bombarded

callus and leaf discs, respectively.

5.3.3 Investigations into the incidence of chimaerism

Although a proportion (45%) of the plants regenerated via direct embryogenesis showed the

resistant or recovery phenotype when sprayed in the glasshouse, none contained the pat gene

when analysed by Southern blots. Similarly, two lines regenerated via indirect embryogenesis

from both bombarded leaf discs and embryogenic callus that displayed the recovery phenotype,
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showed no evidence of stable pat gene integration. It is hypothesised, therefore, that these

plants were chimaeric for the pat gene. This would account for the ability to detect the pat gene

by peR in young plants and the resistant/recovery phenotype when three to four-month old

plants were sprayed with the herbicide.

5000
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f"'! '"1 ('1 -IC ('1 .~ -IC.... ri ('1 -IC ~ ~ ('1 -IC f"'! -IC -IC.... .... .... ~ 0'1 .... ....
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021200

5000
4200

21200

Figure 5.9 Southern blot analysis of genomic DNA from sugarcane plants regenerated on selection medium via
direct and indirect morphogenesis. Lanes represent phenotypically resistant plants (unmarked) and plants which
displayed the recovery phenotype after herbicide application (marked with *). None of the recovery plants showed
hybridisation to the pat gene probe.
A. Blots were probed with a 430 bp PCR-generated pat gene fragment. DNA samples from plants produced via

three regeneration routes are as follows: direct (leaf disc): 2E3.4, 2E3.13, 2E8, 2Ell, 387, 3EJO, 2S12*,
2E7.2*, 214*, 2S3.2*, 3E8*; indirect (leaf disc): 2J9.5*, 2Z9.1, 2Z9.2*, 3F6.1, 3H2.1; indirect (callus):
X20, 2G 11.2*, 2G 11.3*, 2G 12.2, 2M3.2, 3K1.1.

B. Blots were probed with an 800 bp PCR-generated nptll fragment. The blot presented in Figure 5.8A was
stripped and reprobed with nptIl. M is a molecular weight marker (Lambda DNA restricted with EcoRl and
Hindi/I).
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It is postulated that as the plants matured, the small transformed sector of cells was diluted out

in the primary tiller, and subsequent tillers did not contain any transformed cells, explaining

why the mature plants did not appear to contain the herbicide resistance gene. Pending the

outcome of the investigation into the chimaeric status of plants derived from the direct route,

no further investigation was carried out on plants derived via indirect embryogenesis.

5.3.3.1 Verification of the chimaeric status of plants

Transgenic plants can be routinely recovered from chimaeric plants by placing the plants in

culture again (Fromm et al., 1990; Lowe et al.. 1995). In an attempt to recover fully

transformed plants from putative transgenic sectors of mature plants regenerated via direct

embryogenesis, the following two experiments were carried out:

• Firstly, stem sections (setts) were cut from stalks of mature plants. These were planted out

and allowed to germinate. Young, three-month old plants were sprayed with Buster (4

l/ha). Line X20, a resistant line regenerated via indirect embryogenesis from bombarded

callus, was used as a positive control in each case. When plants were re-sprayed with

herbicide, none except those from line X20 survived.

• Secondly, leaf roll discs from plants regenerated via direct embryogenesis were removed

from mature plants and placed on culture medium containing geneticin (45 mg/l). None of

the material survived in culture, except the positive control (X20), which formed callus and

regenerated plants.

This indicates that mature plants derived from the direct route do not contain the pat gene. It is

likely that the transformed cells present in young chimaeric plants have been diluted out and

are below detectable levels.

5.3.3.2 The effects of a more stringent selection regime and bombarding leaf discs at an earlier

stage

It is likely that factors such as the low stringency selection regime, and time of DNA delivery

could have allowed the growth of chimaeric plants. In an attempt to address both these issues,

leaf discs intended for regeneration via direct somatic embryogenesis after bombardment were

cultured on MSO.3 with increased levels of genetic in (45 mg/l) and were bombarded at an

earlier stage. A bombardment time-course assay using cultivar NI2 was carried out to see

whether bombardment of discs at an earlier stage, day three or six after initiation, affected the

success of transformation when regeneration occurred via direct embryogenesis. The numbers

of plants regenerated from leaf discs bombarded at four different times were compared and are

shown in Table 5.6. Selection on higher levels of genetic in reduces the regeneration
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capacity, as the number of plantlets dropped to a third of the amount regenerated on 15 mg/l

geneticin. No response was observed from leaf discs bombarded three days after culture

initiation, suggesting that cells targeted at this early stage are not receptive to DNA uptake.

When leaf discs were bombarded on days six and 10 post-initiation, 8.3 and 6.6 plants

regenerated per 100 bombardments, respectively. The highest number of regenerated plants

was observed when 14-day old leaf discs were bombarded, and a regeneration efficiency of

18% was observed. Although bombardment of leaf discs at this age yielded the most plants,

these plants needed to be characterised for the incidence of chimaerism. Plants were evaluated

by PCR, Southern blots and phenotypically, by spraying with Buster.

Table 5.6 A comparison of regeneration efficiency from leaf discs bombarded at day three, six, 10 and 14 after
placement in culture. Mean numbers of plants regenerated per 100 bombardments are shown and are followed by
SE (n=60 bombardments). Following bombardment, leaf discs were cultured on MS medium containing 0.3 mg/l
2,4-D with geneticin (45 mg/l) for 6-8 weeks before transfer to regeneration medium for a further six to eight
weeks.

Number of days in culture prior to
bombardment

3

Total number of plants Regeneration efficiency (%)
_____r..f!gt!'!f!_ratl!cJ. ........----

o
5
4
II

o
6
10
14

8.3 ± 3.6
6.6 ± 3.2
18 ± 5

Only one plant, regenerated from a leaf disc bombarded on day 14 after placement on MSO.3,

line 4E 14.12, was resistant when sprayed with herbicide. The pat gene amplicon was detected

after PCR (with AmpliTaq Gold DNA polymerase) (Figure 5.10A) and transcription of the

gene was shown by the production of the pat transcript in a RT-PCR (Figure 5.10B). Southern

blotting showed that four copies of the gene were present in 4E14.12. However, the

hybridisation was only visible when 20 ug of genomic DNA was used (Figure 5.10C). A

transformation efficiency of 1.7% was calculated for the direct route.

5.4 DISCUSSION

Because of the low transformation efficiency reported in the previous chapter when

embryogenic callus was bombarded, this chapter focused on the following:

• Development of a tissue culture protocol for direct somatic embryogenesis from leaf discs,

• Use of leaf discs as target material for bombardment,

• Reduction of selection pressure from 45 to 15 mg/l genetic in, and
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• Comparison of regeneration and transformation efficiencies VIa direct and indirect

embryogenesis.

M-...t-~~ =-...t-<~

Figure 5.10 Molecular analysis of a single line regenerated via direct embryogenesis on selection medium
containing geneticin (45 mg/I). Line 4E14.12 arose from leaf discs bombarded at day 14 after placement on
MSO.3.
A. PCR amplification of the pat gene from genomic DNA. No amplification of line 4E14.12 was possible using

the regular source ofTaq polymerase enzyme (described in 5.3.2.2), so AmpliTaq Gold polymerase (Applied
Biosystems) was used, and amplification was observed in lines 4EI4.12, 22.2 and plasmid pUbiAck. The 50
J.lI reaction mixture consisted of the following: DNA template (100-150 ng), MgCIz (1.5 mM), dNTP (0.2
mM), primer (0.2 J.lM),AmpliTaq Gold DNA polymerase (2.5 U per reaction) and buffer (IX). Amplification
conditions were as described in Figure 5.7, but a 'hot start' of 94°C for 8 mins was included.

B. Gel electrophoresis of RT-PCR products (Titan one tube system) obtained with pat specific primers. The lane
preceding line 4E14.12 is the RNA that was used as a template for PCR to confirm that there was no
contaminating DNA. No transcript was observed in line 4A14.1 O.

C. Southern blot analysis of line 4E14.12. The radioactively labeled pat gene fragment was used to probe 20 ug
of genomic DNA restricted with HindII!. Line 22.2 (5 ug DNA) was included for comparative purposes.

5.4.1 The route of direct somatic embryogenesis in sugarcane tissue culture

The regeneration of plants directly from organised tissue (apical meristems, axillary buds and

leaf tissue) has been widely used in micropropagation systems as it is rapid, and reduces the
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potential for somaclonal variation (George, 1993). Although the production of somatic

embryos directly from leaf material has been reported in sugarcane previously (Aftab and

Iqbal, 1999), the morphogenic process had not been well described or documented. The work

carried out in this study therefore offers a more detailed characterisation of the process of

direct somatic embryo production from leaf roll discs in terms of auxin dependency, culture

times and the potential to reduce somaclonal variation.

5.4.1.1 Auxin dependency

The only other report on direct somatic embryo production from leaf material in sugarcane

utilised the auxin, 2,4-D, at lower levels than that required for callus initiation (Aftab and

Iqbal, 1999). Because it appeared as though direct somatic embryo production was triggered by

low auxin levels, a comparison of a range of 2,4-D concentrations was carried out in this study,

and it was shown that embryos could be produced directly on sugarcane leaf discs on MS

medium containing 0.3 mg/l 2,4-D, 10 times less than the concentration required for

embryogenic callus initiation (Table 5.1).

Similarly, low concentrations of the synthetic auxins, 2,4-D and dicamba, have been used to

initiate direct formation of embryos on organised plant tissue in millet (Vikrant and Rashid,

2001), orchardgrass (Denchev et al., 1997) and Arabidopsis (Gaj, 2001). In orchid, however,

leaves were not responsive when cultured on 2,4-D, and only produced adventitious embryos

when cultured on medium containing a cytokinin, thidiazuron (Chen et al.. 1999). As

thidiazuron has recently been found to stimulate shoot formation from callus in sugarcane

(Gallo-Meagher et al., 2000; Chengalrayan and Gallo-Meagher, 2001), the response of

immature sugarcane leaf roll discs to this growth hormone in a direct regeneration system may

be investigated in the future.

5.4.1.2 Reduction of time in culture between initiation and plant regeneration

Regeneration of sugarcane plants via direct somatic embryogenesis can be observed in culture

from as early as six weeks after culture initiation (Table 5.2). From microscopy, it is apparent

that the process of embryogenesis is initiated early, with semi-organised or globular stage

sugarcane embryoids visible by two weeks (Figure 5.3), and embryo development to the heart-

shaped stage visible by four weeks (Figure 5.4). If leaf discs are placed on regeneration

medium at that stage, plantlets can be observed as early as six weeks after placement of discs

on culture medium (Figure 5.5). Similar time frames for the production of plants via direct
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embryogenesis have been reported in orchard grass (Conger et al., 1983) and millet (Vikrant

and Rashid, 2001). By comparison, the formation of somatic embryos via indirect

embryogenesis in sugarcane requires higher levels of 2,4-0 and takes longer (Chen et al.,

1988; Ho and Vasil, 1983).

5.4.1.3 Potential to reduce somaclonal variation

The detection of subtle genetic variation at the phenotypic and DNA sequence levels (Zhang et

al., 1999; Linacero et al., 2000; Bouman and De Klerk, 2001) has dispelled the view that

micropropagated plants, even from somatic embryogenesis, retain complete genetic fidelity.

Somaclonal variation has been reported in sugarcane at both a molecular level (Harrison et al.,

2001; Arencibia et al., 1999; Sala et al., 1999; Harrison et al., 2001) and morphologically

(Grof. 2001: Grof and Campbell, 2001). Somaclonal variation has been reported in several

cereal crops, and has been attributed to the tissue culture process in rice (Arencibia et al., 1998)

and rye (Linaccero et al., 2000), and more specifically, the length of time in culture in barley

(Zhang et al., 1999).

As the nature and extent of genomic change has not been assessed in plants derived from direct

embryogenesis, this could form part of future work to determine whether somaclonal variation

can be avoided/minimised by employing this route of morphogenesis.

5.4.2 The direct route in a transformation programme

5.4.2.1 Potential cost benefit

Regeneration via direct embryogenesis can offer advantages such as high throughput, reduced

labour requirement and potential reduction in phenotypic 'off-types'. Various components of

this route were compared to the more conventionally used indirect embryogenic route with a

view to using the direct route in a transformation programme. Labour and medium costs were

calculated to produce a transgenic plant via each route, and the results are presented in Table

5.7. The route with the most efficient regeneration capacity and shortest time frame for the

production of transgenic plants, is that of direct embryogenesis from bombarded leaf discs.

Consequently it is the most cost-effective route for the production of transgenic plants. The

bombardment of leaf discs followed by regeneration via indirect embryogenesis also appears to

be an effective approach to reduce overall time spent in culture. However, even if the overall

transformation efficiency via direct embryogenesis is lower and therefore less cost effective

than the indirect routes, the approach resulting in the least amount of genetic variation in the
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transformants would be the more advantageous route to use.

Table 5.7 A comparison of factors affecting the production of transgenic sugarcane via direct and indirect
morphogenesis.

________________ ___:_/:..::nd::.:'~·re::::c:..::t.::m.:::o:.:._rpr..;/:.:.:IO::;:gt..::e:.::n..:::es:::is::__ -=D:_:i.:....:re:.::c.:_1.:_:,m=orphogenesis
Target material Embryogenic callus leaf roll discs leaf roll discs

2,4-D (mg/l)

No. of subcultures

Time taken to generate plant (weeks)

Labour input required to generate

transgenic plant (min/plant)

Amount of medium required to

generate transgenic plant (ml/plant)

Comparative cost ratio of producing I

transgenic plant

3 3

15 12

24-36 18-26

22.6 21.1

290 268

2.4 1.5

0.3

10

13-22

19.6

241

5.4.2.2 Incidence and implications of chimaerism

Although it was probable that the high level of untransformed plants observed in this study,

regardless of the regeneration route, may have been due to a low stringency selection

procedure, a more complex picture was emerging for plants regenerated via direct

embryogenesis. 55% of these plants were susceptible to Buster, and a further 26% of plants

that were sprayed showed mild phytotoxic symptoms and then recovered, suggesting initially

that this may have been due to a low gene copy number or poor gene expression. However, no

signal could be detected on a Southern blot from genomic DNA extracted from mature plants

(Figure 5.9), despite the observation of a pat gene amplicon in half of the plants when they

were younger (3-4 months old) (Figure 5.7 and Table 5.4). These observations led to the

proposal that the 14 phenotypically resistant/recovery plants regenerated via direct

embryogenesis from bombarded leaf discs were chimaeric, as were four plants regenerated via

indirect embryogenesis from bombarded leaf discs and embryogenic callus. This would explain

the ability to detect a peR signal and phenotypic expression in immature chimaeric plants, and

the absence of the pat gene in Southern blots conducted when the plants were mature, as the

pat gene had by that stage been diluted out and was below detectable levels.

Initially it was thought that chimaerism in direct route-derived plants may be due to the

reduced selection pressure and rapid regeneration potential. However, even once the selection
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pressure had been increased to 45 mg!l geneticin and discs were bombarded at an earlier stage

(Table 5.6), only one plant was transformed. For this plant, a Southern blot result could only be

obtained when 20 ug of genomic ONA was loaded on the gel (Figure 5.1OC). To determine

whether this is a result of chimaerism or low copy gene number would require further analysis.

It appears as though solving the chimaeric problem is a more complex issue.

The production of transgenic plants by direct morphogenesis is novel in the Poaceae and was

first reported in orchardgrass (Oenchev et al., 1997). Here, leaf segments were bombarded and

a high transformation efficiency of 16% was observed. A relatively high level of escapes

(54%) and chimaeras (30%) were observed, as determined by GUS histochemical staining. The

authors postulated that chimaeras arose if cells were transformed after the first cell division. An

additional problem with this approach may be the lack of synchrony with regard to cell

division and embryo initiation (Fromm et al., 1990).

The production of transgenic chimaeric plants in sugarcane has been reported before, also in an

attempt to reduce the tissue culture component of the transformation process (Gambley et al.,

1993, 1994). These plants were produced when sugarcane meristems were bombarded with the

GUS reporter gene (Gambley et al., 1993, 1994). The pattern of gene expression was that of

blue streaks running up the leaf and was consistent with observations made in soybean plants,

where embryonic axes had been bombarded (Christou, 1995). It was suggested that the GUS

activity was as a result of a single transformed cell in the meristem which underwent periclinal

cell division.

Although chimaeras may prove to be a problem for the expression of agronomically important

genes, it is posssible to recover fully transformed plants by placing chimaeric plants in to

culture again (Raemakers et al., 1995; Fromm et al., 1990) or by using axillary bud culture

(Lowe et al., 1995; Zhong et al., 1996). Although both techniques were used in this study,

neither allowed the recovery of transgenic plants. Had these manipulations been carried out at

an earlier stage, perhaps they could have been more effective in recovering transgenic plants.

However, the time spent having to retrieve transgenic plants from chimaeras in this way would

negate the advantages of the short time frarne offered by direct embryogenic plant production.

The importance of a stringent selection pressure has been emphasised previously (Fromm et

al., 1990), as too Iowa pressure results in escapes and chimaeras and cross protection or
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'rescuing' of untransformed cells by transformed ones (Park et al .. 1998). It is now apparent

that the most effective concentration of the selection agent must be determined empirically for

each type of explant, and as this was not carried out for leaf discs in this study, this will form

part of future optimisation of the bombardment of leaf discs, followed by direct

morphogenesis.

5.4.2.3 Future work required to optimise the transformation protocol

Because leaf discs have potential to be used as targets for gene delivery, future work will

concentrate on two aspects:

• Investigating the timing of gene delivery and the time at which bombarded leaf discs

should be placed on selection medium for regeneration by direct embryogenesis, perhaps

by using a visible reporter gene, such as GFP, to track transformed cells and somatic

embryos, and,

• Determining a more efficient selection regime for leaf discs, whether regenerating by direct

or indirect embryogenesis. Discs may have to be thinner or even cut up into smaller

sections in order to expose pre-embryogenic cells or developing embryos to selection

medium.

5.5 CONCLUSIONS

A regeneration protocol via direct somatic embryogenesis from leaf discs was developed. This

was found to occur optimally on MS medium with 0.3 mg/l 2,4-0, and plants could be

regenerated in six to 10weeks. A novel approach for the production of transgenic plants

involved the use of leaf discs as target material for microprojectile bombardment. The

regeneration of transgenic plants can be obtained in half the amount of time compared with the

conventional embryogenic callus approach if regeneration proceeds via direct embryogenesis,

and a saving of eight to 12 weeks is obtained when bombarded leaf discs regenerate via

indirect embryogenesis. Refinement of the approach is necessary in order to eliminate

chimaerism, possibly with the establishment of a new selection kill curve for leaf discs.
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CHAPTER6

STABILITY OF GENE EXPRESSION AND AGRONOMIC PERFORMANCE OF A

TRANSGENIC HERBICIDE-RESIST ANT SUGARCANE LINE

6.1 INTRODUCTION

The development of herbicide resistance in crop plants using genetic engineering was one of

the first applications of this technology to a commercially important objective (Mullineaux,

1992; Tsaftaris, 1996; Freyssinet and Cole, 1999). In genetically modified sugarcane,

resistance to PPT via the bar (Gallo-Meagher and Irvine, 1996; Enriquez-Obregon et al., 1998;

Falco et al., 2000) and pat (Snyman et al., 1998) genes has been reported. Although

commercial application of herbicide resistant crop plants in the field have been reported in

tobacco and potato (de Greef et al., 1989), sugarbeet (Buckmann et al., 2000) and rice (Jiang et

al., 2000), little published information is available on the agronomic performance of herbicide

resistant sugarcane.

Transgene stability in vegetatively propagated monocotyledonous plants has not been well

documented, but studies in transgenic sugarcane to date have indicated that expression of a

herbicide resistance gene was stable over two to three vegetative propagation cycles or ratoons

(Gallo-Meagher and Irvine, 1996; Snyman et al., 1998). However, in tall fescue, four to five

rounds of vegetative propagation were necessary to select stable transformants (Bettany et al.,

1998).

In addition to stable gene expression, another aspect of importance is the stability of the plant

genome as a whole which should be unaffected by the transformation process. The frequency

of genomic change has been measured in transgenic rice (Jiang et al., 2000; Labra et al., 2001),

barley (Bregitzer et al., 1998b; Choi et al., 2000a), oat (Choi et al, 2000b) and sugarcane

(Arencibia et al., 1999, 2000; Sala et al., 1999). Differences were observed in both
•

morphological traits and field performance, and these can be attributed to either somaclonal

variation or the effect of the transformation process, e.g. gene inactivation by positional effects.

Acceptance of transgenic crops for commercialisation is only possible if it can be demonstrated

that the introduced foreign gene is expressed in a plant that retains its agronomic

characteristics. In this chapter the effect of the expression of the pat herbicide resistance gene

on the agronomic potential of sugarcane was investigated. The aims, using line 22.2 as the
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model transformed plant, were 1) to establish the stability of the gene over several ratoons and

herbicide sensitivity at different application rates in a preliminary trial and 2) to compare

morphological and agronomic characteristics of transformed and untransformed NC0310

grown in the field in a large-scale field trial. In 2), parameters such as stalk morphology,

susceptibility to pests and diseases and yields were compared. In addition, the efficacy of the

herbicide Buster in a weed control programme was compared to hand-weeding and the

conventionally used cocktail of pre- and post-emergence herbicides (currently used by small-

scale and large commercial sectors of the sugar-growing industry, respectively) in an attempt to

asses the economic viability of herbicide resistant sugarcane.

6.2 TRIAL DESIGN

The field experiments were carried out at the South African Sugar Association in Mount

Edgecombe, KwaZulu Natal (29° 42'S and 31002'E) under natural rainfall conditions (1 045

mm per annum).

6.2.1 Preliminary field trial to assess herbicide sensitivity and resistance stability

A small-scale field trial was carried out to establish herbicide sensitivity of line 22.2 and to

determine the stability of the resistance gene over several rounds of vegetative propagation.

Transformed (line 22.2) and untransformed NC0310 lines were germinated in polystyrene

seedling trays and transplanted into 7 x 18 m rows, separated by concrete strips (0.5 m wide).

Plants were approximately three months old when planted in the field. Supplementary

irrigation was provided. Once the plants had tillered, Buster (active ingredient: glufosinate

ammonium 200 gil; Aventis) was applied to the foliage in approximately 200 I waterlha using a

lever-operated knapsack fitted with a 110° Teejet nozzle. Rates from 1 to 7 l/ha commercial

preparation were used, and these were applied at increments of 1 liter per row. Damage was

assessed three weeks after application. The plant crop was cut back after six months and

allowed to ratoon. The two subsequent ratoons each received a single application of Buster at 7

l/ha after four months, resulting in one of the rows of transgenic cane having received a total of

21 l/ha from plant to second ratoon.

Material for a large-scale field trial to assess characteristics such as stalk morphology and pest

and disease ratings, as well as yield data of transgenic plants, was obtained from bulking-up

plots.
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6.2.2 Large-scale field trial to compare both morphological and yield characteristics of

herbicide resistant sugarcane in four weed control programmes

A large-scale field trial was conducted to compare line 22.2 with untransformed NC0310,

using four different weed control treatments, in terms of:

• stalk morphology (height, diameter, population density) and fibre content,

• response to diseases smut and SCMV and the insect pest. eldana, and

• yield (both cane biomass and sucrose production).

The trial was planted with stalk sections (setts) of line 22.2, obtained from bulking plots when

the sugarcane was 12 months old. During the field preparation, grass seeds (Panieum

maximum, Sorghum bicolor and Rottboel/ia eonehinehinensis) were introduced into the soil to

increase weed pressure to the level normally found under industry conditions. Stalk sections

were dipped in Panoctine fungicide (1% (vlv); active ingredient: guazatine 400 gil; Rhone-

Poulene Agrichem, SA) before planting. Fertiliser (N (160 kg/ha), P (52 kg/ha) and K (160

kg/ha)) was applied in the planting furrows and as a top-dressing along the rows. The trial had

a randomised block design with split plots, each with six rows, 7.5 m in length and spaced at

1.2 m (Appendix 2). Transformed and untransformed sugarcane in the following four weed

control treatments were compared and each was replicated eight times:

1. Repeated Buster application (Tl)

Buster (5 l/ha) was applied to sugarcane once weed emergence was complete. Three

applications in the plant crop and two in the first ratoon were necessary to keep weeds under

control.

2. Pre-emergence herbicides, followed by repeated Buster application (T2)

The plant crop was treated with a pre-emergence herbicide 'cocktail' comprising Visor (2 l/ha;

active ingredient: thiazopyr 240 gil; Rohm and Haas), Harness (1.5 l/ha; active ingredient:

acetochlor 900 gil; Monsanto) and Diuron 800 SC (2.5 l/ha; active ingredient: diuron 800 gil;

Sanachem) followed by two Buster (5 l/ha) applications. The first ratoon was hand-weeded

once using eight labour units (1 labour unit= 1 labourer/day/ha) before receiving Har-i-cane (2

l/ha; active ingredient: acetochlor 960 gil; Monsanto) and Diuron 800 SC (2.5 l/ha). One

Buster application (5 l/ha) was necessary in the first ratoon.

3. Conventional weed control programme (T3)

The plant crop received a pre-emergence application of Visor (2 l/ha), Harness (1.5 l/ha) and
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Diuron 800 SC (2.5 lIha), followed by a post-emergence application of MCPA (3 lIha; 400g

active ingredient/I; Sanachem), Gesapax (411ha; 500 g ametryn/l; Syngenta) and ReverseallO

(adjuvant; 0,5% (v/v». The plant crop was hand-weeded using four labour units. The rataan

crop was hand-weeded with eight labour units and then sprayed with Har-i-cane (2 lIha) and

Diuron 800 SC (2.5 l/ha). Finally, weeds were removed by hand-weeding with eight labour

units two months later.

4. Hand-weeding (T4)

Five operations using hand-hoes and a total of 78 labour units were required in order to keep

weeds under control in the plant crop. Three hand-weeding operations were necessary in the

first rataan crop (total of 34 labour units).

For the above four treatments, records were kept of labour use per hectare, operational times

and amounts of herbicide used. Herbicides were applied as described in 6.2.1. The number of

stalks was counted in two rows (7.5 m with 1.2 m spacing) in each plot to give an estimate of

stalk population density per hectare. Stalk height (measured from base to visible dewlap) and

diameter (measured at the centre of the stalk) were recorded in each of 20 stalks per plot. The

incidence of smut (causal agent Ustilago scitaminea) and SCMV (sugarcane mosaic virus) was

determined by field inspection carried out when the rataan crop was 10 months old, directly

prior to harvest. Similarly, an eldana survey was conducted to record damage by the borer

Eldana saccharina (Walker; Lepidoptera: Pyralidae) by recording % internodes bored in each

of 25 stalks per plot, sampled from harvested material. These surveys were carried out by

SASEX inspection teams from Pathology and Entomology departments, respectively. The trial

was harvested when the plant crop was 12.5 months old and the rataan 10 months of age. The

cane was cut by hand, weighed and sampled for direct analysis of sucrose and fibre

(Anonymous, 1985) at the SASEX mill room. The estimated recoverable crystal (ERC) %

cane, used to calculate the RV (recoverable value) payment system, was calculated according

to the following formula:

ERC=a*S-b*N-c*F (where S=sucrose % cane, N=non-sucrose % cane, F=fibre % cane, a=

losses other than molasses and bagasse (value of 0.978), b=losses in molasses (0.539), c=losses

in bagasse, which is dependant on the fibre content (0.019) (Anonymous, 2000b».

Data were subjected to analysis of variance (ANOV A) to determine the effect of the four weed

control treatments on phenotypic characteristics. pest and disease resistance and yields of
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transgenic and untransformed cane.

6.3 RESULTS

6.3.1 Stability of pat gene expression over multiple ratoons and rates of Buster application

in the field

Having established that a rate of 4 l/ha Buster was lethal to untransformed plants in the

glasshouse (4.2.10), a small-scale field trial was conducted using transgenic line 22.2 to

determine whether this rate was sufficient to kill untransformed plants in the field. Buster was

applied to transformed and untransformed cane planted in seven rows at 1 litre/ha increments.

Transgenic plants showed no signs of damage after application of rates as high as 7 l/ha

(Figure 6.1A). Untransformed cane plants displayed phytotoxic symptoms at all rates tested

(Figure 6.1 B), but damage was extreme above rates of 4 l/ha and plants died after application

of 5 l/ha and above. Having established that line 22.2 was resistant to up to 7 I/ha Buster in the

plant crop, and untransformed plants died at rates of 5 I/ha and above, it was decided to use the

latter rate in the large-scale field trial.

Buster was applied to two subsequent crops at a rate of 7 l/ha, so that the transgenic cane to

which 7 l/ha Buster was applied in the plant crop, received a total dose of 21 l/ha of Buster.

This repeated application of the herbicide in successive rataan crops, with no phytotoxic

symptoms, indicates that the introduced gene is stable and expressed over successive crops.

Such stability has been reported in sugarcane previously (Gallo-Meagher and Irvine, 1996).

6.3.2 Large-scale field trial to determine agronomic performance of transgenic cane

under four weed control programmes

Preliminary assessment of line 22.2 indicated that the pat herbicide resistance gene was stably

expressed over two ratoons (6.3.1), and no gross phenotypic abnormalities were apparent.

However, the agronomic field performance of the line under field conditions needed to be

established in terms of stalk characteristics, as these might impact on yield. In addition, the

effects of selected pests and diseases were established and a yield comparison was done.

Sucrose yields were measured under four weed control programmes to establish which

treatment was the most viable economically.
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t t
Figure 6.1 Phytotoxic damage to untransformed sugarcane when sprayed with Buster.
A. Transgenic and untransformed sugarcane plants two months after Buster application. Buster was applied in I

liter increments to seven rows of plant cane. The untransformed cane (indicated with arrows) displayed
phytotoxic symptoms at all the rates applied. Symptoms were severe above 4 lIha and at rates above 5 lIha,
the herbicide was lethal.

B. Transgenic and untransformed plants three weeks after Buster application. Phytoxic symptoms were
expressed by untransformed cane (arrows) at all the rates tested. Transgenic cane displayed no symptoms at
any rate applied.

6.3.2.1 A comparison of stalk parameters for transformed and untransformed sugarcane in each

weed treatment

Early studies on sugarcane somaclonal variation reported changes in sucrose content (Liu,

1990), gross morphology (Heinz and Mee, 1969, 1977) and isoenzyme profiles (Larkin and

Scowcroft, 1981). More recently, in an attempt to determine field performance of sugarcane

genetically modified with a B. thuringiensis transgene, stalk diameter and number of stalks per

stool were found not to be significantly different when compared to conventionally propagated

and untransformed in vitro-derived material (Arencibia et al., 1999, 2000; Sala et al., 1999).

There was, however a significant increase in stalk height in the transformed plants. In this

study, stalk height, diameter and population measurements were compared for line 22.2 and

conventionally propagated NC0310 sugarcane in the first ratoon in four weed control

treatments. Data from the first ratoon as opposed to that from plant cane was used as a basis for

comparison. This was due to the findings reported by Bailey and Bechet (1989), where growth

characteristics of conventionally propagated sugarcane setts were compared to tissue culture

(callus )-derived plantlets. Their results suggested that the latter compared favourably to

conventional sugarcane in the first ratoon. In this study, comparisons of mid-stalk diameter,

height, population density per hectare and fibre content for first ratoon plants are summarised

in Figures 6.2A, 6.2B, 6.2C and 6.2D, respectively. As untransformed cane treated with Buster
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in treatment one died during the plant crop, no measurements could be taken from these plots

in the ratoon crop.

Sugarcane stalk diameters can vary widely, depending on the cultivar and on growing

conditions (van Dillewijn, 1952). In this study, untransformed cane had thicker stalks than

transformed cane in all treatments, but these differences were not significant (Figure 4A)

(ANOVA SED=0.57; LSD (0.05)=l.17). In addition, there were no significant differences in

stalk diameter between any of the weed control treatments (ANOVA SED=0.59; LSD

(0.05)=1.25).

Sugarcane stalk heights were measured when the first ratoon was harvested. Results are

presented in Figure 6.2B. Stalk height ranged from 185.6-204.5 cm and there were no

significant differences between untransformed and transformed cane in treatments T2, T3 and

T4 (ANOV A SED=4.63; LSD (0.05)=9.6). The shortest stalks (186-190 cm) were observed in

T4, where weeds were removed by hand-hoeing. It is possible that mechanical damage to the

roots caused by hoeing stunted the growth of the cane.

The number of stalks per hectare were counted to compare the population of stalks, which may

influence yield. The results are summarised in Figure 6.2C. The treatment that included Buster

(T2) was the only treatment where significant differences in stalk population between

transformed and untransformed sugarcane was observed. This is because the untransformed

cane is susceptible to Buster and some stalks did not survive the herbicide application.

The fibre content of sugarcane was determined at harvest in order to compare transformed and

untransformed sugarcane. These results are presented in Figure 6.2D. When results were

analysed statistically, no significant differences in fibre content were observed (ANOV A

SED=0.22; LSD (0.5)=0.46), although transformed cane in T3 and T4 contained more fibre

than the untransformed plants from the same treatment.

6.3.2.2 The effect of pests and diseases on transgenic sugarcane

Varying levels of smut resistance have been observed in previous field studies carried out on

tissue culture-derived (Bailey and Bechet, 1989) and transgenic (Arencibia et al., 2000)

sugarcane. In addition, cultivar NC031 0 is susceptible to both smut and SCMV (Bailey, 1979).

Therefore, an assessment of resistance to major pests and diseases was undertaken to compare
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responses of transgenic and untransformed sugarcane in the four weed control treatments in

this study. The ratings were carried out by an inspection team from the SASEX Plant

Pathology Department directly prior to harvesting of the first ratoon crop, and the proportion of

plants showing symptoms of smut and SCMV are presented in Figure 6.3. Although 1.4 - 5.1%

plants were infected with smut (Figure 6.3A) and 1.3 - 5.9% with mosaic (Figure 6.3C), there

were no significant differences between the ratings of transformed and untransformed cane in

any of the treatments for both smut (ANOV A SED=I.67; LSD (0.05)=3.44) (Figure 6.3B) and

mosaic (ANOVA SED=I.74; LSD (0.05)=3.59) (Figure 6.30).
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Figure 6.2 A comparison of morphological stalk characteristics and fibre content. Measurements were taken when
the crop was harvested at the age of 10 months. Treatments T1-T4 are as follows: Tl-Buster only, T2-pre-
emergence and Buster application, T3-conventional weed control programme, T4-hand-hoeing. Standard errors
are shown by vertical lines above the bars (n=8).
A. Stalk diameter measurements for transformed and untransformed cane in four weed control treatments.

Measurements (mm) were taken around the centre of stalks.
B. A comparison of stalk heights ofratoon transgenic and untransformed sugarcane at harvest.
C. Stalk population comparison between untransformed and transformed sugarcane prior to harvesting the ratoon

crop. Bars with different alphabetical letter are significantly different from others (ANOV A SED=3995; LSD
(0.05) =8246).

D. Fibre content (fibre is the insoluble portion of a sugarcane stalk and is expressed as a percentage of the fresh
mass of the stalk; fibre % cane) in transformed and untransformed sugarcane in the four weed control
treatments.
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Similarly, the inspection team from the Entomology Department assessed ratoon cane for

damage by the stalk-boring insect, eldana, in order to see whether there was a difference in

response of transformed and untransformed sugarcane between the four weed control

treatments. Percentage internodes damaged by eldana are summarised in Figure 6.4. When

weed control treatments were compared to each other (ANOVA SED=0.86; LSD (0.05)=1.83),

stalks in hand weeded plots (T4) had significantly more internodes bored, 7.8%, compared to

4.6%, 5.4% and 4.4% for Tl, T2 and T3, respectively. Hand-hoeing may stress sugarcane by

disturbing or damaging roots, which can cause the plants to be more susceptible to eldana

(Leslie, personal communication). Stress has been found to increase the incidence of diseases

in sugarcane (Bailey, 1979). In untransformed cane in treatments T2 and T4, a greater

proportion of internodes were bored when compared to the untransformed cane. Although there

are no statistical differences in % internodes bored between transformed and untransformed

cane for each treatment (ANOVA SED=1.3; LSD (0.05)=2.7), the transformed samples had

less internode damage than the untransformed samples.

It is thought that an increase in fibre content of sugarcane may deter eldana from feeding on the

plant (Leslie, personal communication). However, the differences in eldana susceptibility

cannot be accounted for by 'hardness' of the cane, as there were no significant differences in

fibre content (Figure 6.2D).

6.3.2.3 Yield comparisons for transformed and untransformed sugarcane in each weed control

treatment

A comparison was made of transformed and untransformed cane yields in order to determine

whether the growth and therefore yield capacity of the plants was affected by the

transformation process. In addition, four different weed control treatments were compared to

see whether Buster compared favourably with other weed control methods. Yields of sugarcane

can be measured in terms of the stalk fresh mass of the crop at harvest (cane Mg /ha), sucrose

yield (estimated recoverable sucrose (ERC) Mg/ha) derived from the fresh mass and sucrose

content, or by cane quality (expressed as the proportion of sucrose per plant (ERC % cane».

Results are shown in Table 6.1. Itwas expected that T3 untransformed would yield well, as this

is a treatment that is widely used in the South African sugar growing industry. Treatments in

which both high cane biomass and cane quality were observed are T3 untransformed and T2

transgenic cane. In T2, the untransformed cane yielded poorly due to the phytotoxicity of

multiple Buster applications. In T3 and T4 where Buster was omitted, transformed cane
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yielded less than the untransformed equivalent. This indicates that conventionally propagated

sugarcane is at a competitive advantage in the field when compared to in vitro-derived,

transgenic plants.
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Figure 6.3 Incidence of smut and SCMV on transformed and untransformed sugarcane in four weed control
treatments.
A. Typical smut whip on an infected plant (photo courtesy of Sharon MacFarlane).
B. Differences in % stalks infected with smut. Smut inspections were carried out by the SASEX Pathology

inspection team at harvest, when the ratoon crop was 10 months old. Vertical lines above bars indicate SE
(n=8).

C. Sugarcane plant infected with SCMV. Note the pale green streaks, indicative of infection with SCMV (photo
courtesy of Sharon MacFarlane).

D. Incidence of stalks infected with SCMV. Observations were carried out by the Plant Pathology inspection
team directly prior to harvesting, when the ratoon crop was 10 months old. Vertical lines above bars are SE
(n=8).
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Figure 6.4 Damage caused to sugarcane stalks by the eldana stalk borer.
A. Eldana larva boring in a sugarcane stalk internode (photo courtesy of Graham Leslie).
B. A comparison of internodes bored by eldana in transformed and untransformed sugarcane. Eldana damage

was assessed when the ratoon was 10 months old, directly prior to harvesting. Vertical lines above bars
represent SE (n=8). Different alphabetical letters represent statistical differences (ANOVA SED=I.3; LSD
(0.05)=2.71 ).

Untransformed cane in Tl died because it was susceptible to Buster. Weed control in Tl plots

was not as effective as in T2, where pre-emergence herbicides were employed in combination

with Buster. T2 untransformed cane yielded significantly less than T2 transformed cane,

indicating the sensitivity of untransformed cane to Buster. Although the use of a single

herbicide is unlikely to be used commercially in a large-scale operation, this treatment may

have an application as a 'chemical' hoe to replace the conventionally used hand-hoeing in

small-scale growing operations. Cane yields in T4 transformed were the lowest obtained in the

trial, suggesting that transformed cane does not respond well to hand weeding.

When comparing treatments on the basis of sucrose yield, the only treatments with

significantly higher yields are T2 transformed and T3 untransformed. This suggests that the

weed control in these two cases is successful, and also that the in vitro culture- and

transformation-derived plants are not compromised in terms of yield potential. There were no

significant differences in cane quality between any of the treatments. Because the two highest

yielding treatments, T2 transformed and T3 untransformed, showed no significant differences

in yield, the economic advantage of using transformed sugarcane was investigated.
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Table 6.1 A comparison of sugarcane biomass (cane Mg /ha), sucrose yields (ERS Mg/ha) and cane quality (ERS
% cane) for the four weed control treatments in transformed and untransformed cane in the ratoon crop. Means are
of eight replicates and are followed by different alphabetical letters if differences are significant (ANOV A).

Weed control treatment for Category Cane mass Sucrose yield Cane quality
l~t!_f!_~l!_l!_'!___ _ _ _ .__.. (~g(l_'a) _(~~r;Hglf'(J) (~~f:_ __~c;f!_'!_e)
TI (Buster) Untransformed 0 0 0

Transformed 59.8 ab
T2 (cocktail plus Buster) Untransformed

Transformed
Untransformed
Transformed
Untransformed

56.3 a
68 b
67.5 b
60.1 ab
60.5 ab

T3 (conventional)

T4 (hand-hoeing)
Transformed 53.9 a

ANOV A comparison of category means
SED 1.8
LSD (0.05) 3.8
ANOVA comparison of treatment means
SED 3.72
LSD (0.05) 7.93

8.2 a 13.8
7.7 a 13.6
9.5 be 13.9
9.7 c 14.3
8.3 ab 13.9
8.2 a 13.6
7.4 a 13.7

0.31 0.21
0.65 0.44

0.62 0.37
1.32 0.79

6.3.2.4 A comparison of weed control costs for four different treatments

In order for the cultivation of transgenic sugarcane to be commercially viable. there should be

a financial advantage to the growers. Although yields do not differ significantly between T2

transgenic and T3 untransformed cane, the profit margin will be determined by the pricing of

the herbicide to which resistance has been genetically engineered. A costing exercise was done

using three different herbicide prices of RI50/l, R60/1 and R30/1. The return per Rand spent on

weed control was calculated where the value of the crop (calculated on the price of R865/Mg

sucrose) and the cost of weed control were taken into account. The return per Rand spent on

weed control of the two Buster treatments (Tl and T2) were compared to T3 untransformed (a

conventional weed control programme adopted by large-scale commercial growers) and T4

untransformed (weed control programme currently adopted by the majority of small-scale

growers). Results are presented in Table 6.2. As it is unlikely that a single herbicide would be

used to control weeds in large commercial fields due to the potential development of resistance

to a single product, treatment T2 is likely to be used as a means of 'chemical hoeing' by smalI-

scale growers. This was therefore compared to conventional hand-hoeing costs in T4

untransformed. In this scenario, even if the herbicide to which resistance has been engineered

in sugarcane is relatively high (R 150/1), there will be no loss in income to the growers.

However, if the herbicide is priced at R60 or R30, the return to the growers can be increased by

2.3 and 4.2 times, respectively.

The return per Rand spent on weed control for transgenic cane in T2 ranges from 3.8-8.6,

depending on the price of the herbicide to which resistance has been conferred. As the return
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per Rand spent on conventional herbicides is 7.1, and this return is only comparable in T2 at a

cost of R30/l, careful consideration will need to be given to the pricing of herbicides to which

resistance is genetically engineered if transgenic plants are to be a commercially attractive

option to growers.

Table 6.2 A comparison of the return per Rand spent on weed control. Transgenic sugarcane in TI and T2 was
considered, and untransformed sugarcane in T3 (treated with the conventional pre-and post-emergent herbicide
cocktail) and T4 (hand weeded). Sucrose value calculations were done by multiplying sucrose yield by sucrose
price (R865/Mg (200 I season)).

Treatment Sucrose value Total weed control Return per Rand spent on weed control if cost of herbicide
(Rllw) costs (RIIw2 to which resistance has been engineered is as 1011ows:

R150/1 R60/1 R30/l
TI trans 7093 1618 4.4 10.3 18.3
T2 trans 8218 2 182 3.8 6.6 8.6

T3 untrans 8391 1004 7.1 7.1 7.1
T4 untrans 6401 1496 4.3 4.3 4.3

6.4 DISCUSSION

This research assesses a range of agronomic characteristics in transgenic sugarcane and the

stability of the transgene over multiple ratoons. Use was made of a small-scale field trial to

assess the rate of Buster that was toxic to transgenic cane in the field and to establish the

stability of the pat gene over three rounds of vegetative propagation. The model study

investigated whether tissue culture involving indirect embryogenesis influenced morphological

parameters such as stalk height, diameter and stalk population, pest and disease resistance

ratings and yield characteristics of untransformed and transformed cane in four weed control

treatments. Cane and sucrose yields were compared for the different treatments to determine

whether transgenic sugarcane would be as competitive as that grown commercially.

6.4.1 Transgene stability

A small-scale field trial, carried out over two ratoons, was sprayed with concentrations of

Buster ranging from 1-7 l/ha and showed that the herbicide resistance gene was stably

expressed over three rounds of vegetative propagation at all the concentrations tested (Figure

6.1). This was confirmed by the absence of phytotoxic symptoms to Buster in transformed

plants. In contrast, the untransformed plants showed phytotoxic symptoms at all the

concentrations tested, but they were severe at concentrations of 4 l/ha (Figure 6.1) and above 5

l/ha, plants died. The stability of a herbicide-resistance transgene in sugarcane over multiple

ratoons has been previously reported (Gallo-Meagher and Irvine, 1996).
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Stable inheritance of a transgene in field trials has been reported in transgenic crops such as

barley (Horvath et al., 2001) and rice (Jiang et al., 2000). However, the importance of thorough

screening of transgenic plants that are propagated vegetatively was stressed in a paper on

transgenic tall fescue (Bettany et al., 1998). It was suggested that stable transgene expression

was only observed after three to four rounds of vegetative propagation and that environmental

effects could account for a loss of gene expression in some tillers in the plant.

Occasionally transgenic plants fail to express a protein product as a result of silencing (Covey

and Al-Kaff, 2000; Fagard and Vaucheret, 2000; lyer et al .. 2000). In addition to complete

silencing of transgenes, variation in expression levels among transformants is believed to be

due to the transgene integrating at different chromosomal locations (Topping et al., 1991). This

variation in expression has been observed in rice (Chareonpornwattana et al., 1999; Kohli et

al., 1999), sugarcane (Galle-Meagher and Irvine, 1996) and tobacco (Mannerlof and Tenning,

1997). Only one line was tested in this study, and perhaps not all transformants would perform

as well agronomically.

6.4.2 Phenotypic differences between herbicide-resistant and untransformed sugarcane

Parameters such as stalk height, thickness, population and susceptibility to a stalk borer,

eldana, as well as incidence of smut and SCMV diseases were compared for transformed and

untransformed cane in 4 weed control treatments. There was little variation in morphological

parameters such as stalk diameter (Figure 6.2A). stalk height (Figure 6.2B) or in disease ratings

to smut or SCMV (Figure 6.3) infection. A parameter which showed statistical differences was

that of stalk population, which was significantly lower in T2 untransformed (Figure 6.2C). This

response is due to tiller mortality because of the susceptibility of the untransformed cane to

Buster.

Transformed and untransformed cane differed in their response to eldana damage (Figure 6.4),

where significantly less internode damage was observed in T2 transgenic sugarcane. Although

it was thought that the altered resistance to eldana may have been due to an increase in fibre,

the insoluble portion of dry matter measured when sugarcane is harvested, there were no

differences in fibre content when transformed and untransformed treatments were compared

(Figure 6.2D). Changes in susceptibility to eldana between transformed and untransformed

cane may be attributed to somaclonal variation.
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Somaclonal variation has been observed in tissue culture-derived sugarcane plants and initial

expectations were that it would give rise to promising agronomic genotypes (Heinz and Mee,

1969; Liu, 1990). However, not all changes are favourable and careful screening needs to be

carried out to ensure that plants regenerated in vitro retain characteristics of parent plants. In a

study carried out on tissue culture-derived and conventionally propagated South African

cultivars NC031 O. NC0376 and N 12, disease susceptibility increased and double the number of

smut whips was observed in all propagated plants (Bailey and Bechet, 1989).

In addition to the effects of in vitro culture, somaclonal changes may be induced by collateral

gene damage as a result of the transformation process. This was demonstrated in Bt transgenic

sugarcane in Cuba, where a detailed comparison between morphological traits was made

between Bt transgenic cane, in vitro-derived untransformed cane and conventionally

propagated cane (Arencibia et al., 1999, 2000; Sala et al., 1999). Transgenic populations

presented the largest variance for two of five characteristics tested (stalk diameter, number per

stool, affected internodes, stalk height and % dead stalks) and showed significant heterogeneity

for the latter two variables, (Arencibia et al., 1999). The unintended effects of genetic

engineering in plants is the topic of a recently initiated assessment in Europe

(http://www.entransfood.com.RTDprojects/ GMCARE).

Although somaclonal changes appear to be negligible in this study, reports on transgenic barley

(Choi et al., 2000) and rice (Jiang et al., 2000) showed differences in transgenic plants which

can be attributed to somaclonal variation. One of the long-term aims in this type of work will

be to identify and reduce the stresses associated with tissue culture and transformation

processes, so that transgenic plants are, with the exception of the introduced trait,

phenotypically and genetically identical to parent plants.

6.4.3 Yield differences and economics

Yields are an important consideration in any commercial operation. Although the first paper

reporting on field performance in tobacco and potato was published in 1989 (de Greef et al.,

1989), there is very little published information on yields in transgenic crops. In this study,

sugarcane yield was compared using stalk fresh mass, sucrose mass and cane quality. The

highest mass of cane at harvest was observed in T3 untransformed cane and T2 transformed

cane (Table 6.1). In addition, the highest ERC % cane and ERC yields were observed in T3

untransformed, indicating that sugarcane treated with conventional weed control procedures
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has the highest yields. Because there are very few statistical differences in stalk morphology

between transformed and untransformed cane, differences in yield may be attributed to the

success of the weed control programme. As the conventional programme (T3) has been

optimised for use in weed control in sugarcane, superior weed control and yields can be

expected from this treatment. Sucrose yields and therefore monetary value is greatest from this

treatment.

The highest cane yield and second best sucrose yield were observed in T2 transformed cane,

indicating that transgenic sugarcane is competitive when compared to untransformed cane. In

addition, efficient weed control in the field is provided by the pre-emergent cocktail followed

by Buster treatment. Because herbicides that are not approved for weed control in sugarcane

are usually not as reasonably priced as those commonly used in the sugar industry, the

herbicide to which resistance has been genetically engineered has to be competitively priced at

R30/l or less, in present conditions (Table 6.2) in order for the weed control programme chosen

for transgenic cane to be competitive with the conventional programme.

In recent reports on other transgenic crop yields, Bt rice showed a five times increase in yield

when compared to a susceptible crop (Tu et al., 2000b). However, in rice resistant to bacterial

blight, there was no yield difference between transformed and untransformed controls (Tu et

al., 2000a). Transgenic barley showed lower yields and reduced height when field-tested

(Bregitzer et al., 1998b). However, when this line was cross-bred with another cultivar, the

yield increased (Horvath et al., 2001).

The highest return per Rand was calculated for Tl transformed cane when the herbicide to

which resistance had been engineered was priced at R30/1 (Table 6.2). However, it is unlikely

that a single herbicide would be used on large-scale commercial practice due to the greater

potential for the development of resistance when a single product is used. It is plausible that

small-scale growers would use a single herbicide as a means of 'chemical' hoeing. If so, the

return per Rand could be increased by three times when compared to that from hand-weeded,

untransformed cane.

6.5 CONCLUSIONS

Field-testing of herbicide resistant transgenic sugarcane line 22.2 showed that the pat gene was
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stably expressed over three rounds of vegetative propagation. Morphological and agronomic

characters of transgenic cane such as stalk height, diameter, population, fibre, disease

resistance and yield were not significantly different to untransformed sugarcane. The most

economical weed control treatment is dependant on the cost of the herbicide to which

resistance has been engineered, but at a cost of R30/1, the most cost effective weed control

treatments are those employing Buster and a conventional pre-emergence cocktail, and

employing chemical hoeing using Buster.
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CHAPTER 7

CONCLUDING REMARKS

Genetic transformation has enormous potential for producing novel and useful plants in most

crop species, but significant problems have arisen with the following:

• the development of reproducible, efficient transformation systems for commercial

germplasm (Lowe et al., 1995; Birch, 1997; Iser et al., 1999; Pastori et al., 2001),

• variation, where genotypically and phenotypically abnormal plants have been produced as a

result of the tissue culture process (somaclonal variation), or collateral gene damage

(Bregitzer et al., 1998b; Zhang et al., 1999; Choi et al., 2000a, 2000b), and

• transgene expression and stability (Register et al., 1994; Kumpatla et al., 1997, 1998;

Mannerlof and Tenning, 1997).

Initial reports of successful transformation in many of the cereals were highly dependent on the

use of particular cultivars, which are amenable to in vitro growth and subsequent regeneration

of fertile plants. In barley and wheat, the lack of culturing techniques to ensure long-term

regenerabi1ity of transformed tissue hindered progress in achieving transformation of

commercial germplasm until recently (Lemaux et al., 1999; Iser et al., 1999). In sugarcane,

genotypic differences in response to in vitro culture have been observed (Taylor et al., 1992b;

Snyman et al., 1996). A range of cultivars have been transformed, albeit at a range of

efficiencies (Bower et al., 1996; Gallo-Meagher and Irvine, 1996). The work carried out in this

study showed that several South African cultivars can be transformed, although the in vitro

response of each new cultivar may have to be examined and established prior to genetic

manipulation.

It has long been acknowledged that dedifferentiation of plant cells, which takes place when

cells go through a callus stage, can result in the production of somaclonal variants (Larkin and

Scowcroft, 1981). Prolonged periods in culture and the exposure to auxin in the growth

medium have been implicated in genetic and phenotypic variability (Larkin and Scowcroft,

1981; Irvine etai., 1991; Karp, 1995; Jain, 2001). One way in which the issue of soma clonal

variation can be addressed is by reducing the tissue culture component of the transformation

process Therefore, transformation protocols that reduce or preferably eliminate the tissue

culture phase should be considered to reduce the risk of in vitro-culture induced variation. In

this context, transformation protocols that are based on the utilisation of organised plant tissue
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such as shoot apices, axillary buds and leaf tissue as target material could be advantageous.

Bombardment of leaf base segments in oat (Gless et al., 1998), followed by embryogenic

callus production, reduced the length of time spent in culture. Transgenic plants could be

produced at a high efficiency, and did not show any evidence of somaclonal variation. The use

of shoot apices (Gambley et al., 1993, 1994; Christou, 1995; Lowe et al., 1995) for the

production of transgenic sugarcane, maize and soybean. respectively, resulted in the production

of chimaeric plants. Although fully transformed plants could be recovered by placing

chimaeric plants back in culture, this approach still required a fairly extensive culturing stage.

Transgenic orchardgrass plants were produced by a novel approach of bombardment of leaf

tissue, followed by the formation of, and subsequent regeneration from, somatic embryos,

directly on leaf material (Denchev et al., 1997). Although chimaeric plants were observed with

this route, a high transformation efficiency was reported. Furthermore, direct embryogenesis

has the advantages of being simple and rapid, and therefore has the potential to reduce

somaclonal variation. These sentiments have been echoed in several recent publications

reporting on the establishment of direct embryogenic pathways in sugarcane (Aftab and Iqbal,

1999), millet (Vikrant and Rashid, 2001), orchid (Chen et al., 1999), and even in a traditional

'model' plant system such as Arabidopsis (Gaj, 2001). It is expected that the advantages of

direct somatic embryogenesis will be applied to other plant species with a view to utilisation in

transformation programmes.

In this study, a novel alternate regeneration pathway for sugarcane was developed and

characterised. Direct somatic embryogenesis was achieved by reducing 2,4-0 levels to 1/10th

of that used for the induction of embryogenic callus. Although this pathway requires further

optimisation, it has the potential to reduce culture times, which would result in a rapid

throughput and a more cost effective method for the production of transgenic plants. Due to

reduced auxin levels and limited time in vitro, it also has the potential to reduce 'off-types'

which have been reported in several field trials with transgenic sugarcane lines (Grof, 2001;

Grof and Campbell, 2001).

One limitation of current methods of transformation is that insertions occur randomly and the

location of the insertion in the plant genome might not be optimal for gene expression. Another

problem is that the introduced DNA is often present in multiple, tandemly arrrayed copies
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(Kumar and Fladung, 2001). Having multiple copies of the gene can lead to gene inactivation

and genetic instability (Matzke and Matzke, 1995). However, neither tandem repeats nor

position effects are likely to explain variability in expression among progeny derived from the

same parent (Wan and Lemaux, 1994). Therefore the only definitive way in which to screen

large numbers of transformants is to monitor gene expression in the field. Literature dealing

with performance in the field of transgenic plants is limited. The field trial carried out in this

study was one of the most extensive reported for transgenic sugarcane, as it focused not only

on yield data, but also on resistance to pests and diseases. In addition the response to several

weed control programmes was determined. There was no evidence to suggest that somaclonal

variation was causing negative effects in the single line tested, but the outcomes may not be

applied to all lines. In particular, the economic exercise was valuable in terms of realising the

returns for the investment in genetic engineering.
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APPENDICES

Appendix 1

Plasmid maps for plasmids used for microprojectile bombardment in Chapter 3.

HindIII 1

EcoR13200

Pvul EcoRl 280

Pst 1 HindlIl 3500

Smal Xbal 2800
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EeoRl 10

pAetl-D Sstl 1825

amp Aetl
7950bp

BamH1 Smal 2360

Xba14525
Sstl4200

HindlII 400

EeoR17600 pAHC25

9881 bp
Pst! Xbal BamH1 2400

Pstl 7300

EeoRl HindllI 4500

HindlII 400

Pst! 7300

pAHC25

9881 bp
Pst! Xbal BamH1 2400

EeoR17600

Xbal Sall Pst! 6500

Sacl 4220
EeoRl HindlII 4500
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Appendix 2

TrialdesignforChapter6.

N ...

T3 T3 Tl Tl T4 T4 T2 T2
C 8 TG 7 C 6 TG 5 TG 4 C 3 C 2 TG 1

T2 T2 T4 T4 T3 T3 Tl Tl
TG 9 C 10 TG 11 C 12 C 12 TG 14 TG 15 C 16

Tl Tl T3 T3 T2 T2 T4 T4
C 24 TG 23 C 22 TG 21 C 20 TG 19 TG 18 C 17
T4 T4 T2 T2 Tl Tl T3 T3

TG 25 C 26 TG 27 C 28 TG 29 C 30 C 31 TG 32
Tl Tl T3 T3 T2 T2 T4 T4

TG 40 C 39 TG 38 C 37 TG 36 C 35 C 34 TG 33
T2 T2 T4 T4 Tl Tl T3 T3

C 41 TG 42 C 43 TG 44 C 45 TG 46 TG 47 C 48
T4 T4 T2 T2 T3 T3 Tl Tl

C 56 TG 55 C 54 TG 53 TG 52 C 51 C 50 TG 49
T3 T3 Tl Tl T4 T4 T2 T2

TG 57 C 58 TG 59 C 60 C 61 TG 62 TG 63 C 64

Treatments
Tl repeatedBusterapplication
T2 pre-emergenceplusBusterapplication
T3 conventionalherbicidecocktail
T 4 hand weeding

C (untransformedNCo31 0 plants)
TG (transgenicherbicideresistantNCo31 0 plants)
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