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Abstract of a thesis submitted in partial fulfilment of the requirements 

for the Degree of Doctor of Philosophy 

Analysis of critical components for Agrobacterium-mediated 

transformation of Rubus 

by 

Catherine Owens y de Novoa 

To progress towards stable integration of transgene(s) into any plant genome, a 

series of problems must be solved. When any part of a genetic transformation 

system is ineffective, the production of transgenic plants is not possible. Until the 

reasons for success or failure at each step are understood, the methods used for 

any particular plant species cannot be easily applied to other candidates for gene 

transfer. The efficiency of transformation is particularly important in woody species 

that are traditionally clonally propagated, because of the expected high frequencies 

of both somaclonal variants and low levels of expression of the transgene in 

transgenic lines produced. Therefore, the objectives of this thesis were to 

systematically reduce or eliminate barriers to the recovery of sufficient numbers of 

transgenic Rubus plants to develop a transformation system for Rubus crop 

genotypes. 

Using a stepwise approach, reliable regeneration and Agrobacterium systems were 

developed for commercially important Rubus crop genotypes. These systems were 

combined with improved cocultivation and selection protocols, but few putatively 

transformed Rubus plants regenerated. The barriers to the recovery of large 



numbers of putatively transformed plants were investigated. Computer image 

analysis was used to quantify results of the histochemical GUS assay, in a study of 

early gene transfer events. Stable expression of the GUS reporter transgene was 

demonstrated in cocultivated Rubus explants. The frequency of gene transfer 

events in Rubus explants was comparable to the frequency achieved in Nicotiana 

plumbaginifolia, used as a positive control and known to be highly amenable to 

genetic transformation. Stable expression of GUS was also demonstrated in Rubus 

callus lines that did not regenerate. The survival and regeneration of transformed 

Rubus cells were identified as the factors limiting efficiency in recovery of transgenic 

Rubus plants. A novel approach to selection for transformation was developed. It 

involved extension of the nurse culture concept, in combination with information on 

the sites of highest competency for both regeneration and transformation in Rubus 

leaf explants. Large numbers of Rubus regenerated shoots survived with the new 

selection protocol. However, not one of the 466 regenerated plants (from 580 

explants cocultivated) expressed GUS activity in leaves. Six regenerants remained 

green when rechallenged on medium containing kanamycin. Although molecular 

analyses proved the transgenic status of selected plants in the positive control 

species (N. plumbaginifo/ia), no transgenic Rubus plants were identified. The 

probability that some of the regenerants may have been chimeras of transformed 

and untransformed tissue is discussed. 

Many problems encountered in this investigation of a transformation system for 

Rubus, have been solved, and reasons for success or failure at each step at least 

partially understood. The findings presented in this thesis on transformation of 

Rubus are equally applicable to many species and genotypes that are recalcitrant to 

transformation, or very hard to transform, especially other woody species. 
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CHAPTER 1 

REVIEW OF THE LITERATURE 

1.1 THE GENUS RUBUS 

The genus Rubus, belonging to the Rosaceae family, is one of the most diverse plant 

genera containing many wild species as well as those which have been 

domesticated for fruit production (Jennings, 1988). The twelve subgenera proposed 

by Focke from 1910 to 1914 (see Jennings, 1988) include five subgenera of 

perennial herbaceous plants, with creeping stems or rootstocks, bearing annual erect 

flowering shoots. The remainder are composed of shrubs with stems which persist 

for at least two years. The members of this genus are found worldwide, from the 

tropics to above the Arctic Circle (Lawrence, 1986; Jennings, 1988). The two 

subgenera of major pomological interest are Idaeobatus (raspberries) and Eubatus 

(blackberries) . 

There are over 200 species of Idaeobatus, including red raspberries (Rubus idaeus) 

and the black raspberry (Rubus occidentalis). They are distinguished by the ability 

of mature fruits to separate from the receptacle .. The raspberry was first mentioned 

by Pliny in about 45 A.D. as the 'ida' fruits after the people of the Mount Ida area 

who gathered and ate them, while cultivation of red raspberries started nearly 400 

years ago (Jennings, 1988; Snir, 1988). This subgenus occurs on all five 

continents, being most diverse in temperate and subtropical regions of eastern Asia 

(Jennings, 1988). The subgenus Eubatus is extremely variable and complex, with 



species ranging from evergreen subtropicals to deciduous species adapted to 

northern Canada (for reviews see Jennings, 1988; and Hall, 1990). The fruits of 

this subgenus do not separate from the receptacle, so are picked intact. 
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The basic chromosome number in Rubus is x = 7, and species range from 2x to 12x 

(Lawrence, 1986; Jennings, 1988). Natural and artificial interspecific hybrids are 

common in Rubus (Lawrence, 1986)' with a number having achieved major 

economic importance. The Loganberry and Tayberry are two such hexaploid hybrids 

between octoploid blackberries from the Ursin; section of the subgenus Eubatus and 

raspberries of the subgenus Idaeobatus (Jennings, 1988). 

1.2 WORLD PRODUCTION OF RUBUS 

Raspberries and brambles are relatively small crops in the world fruit industry, but 

are a significant crop in some localities (Snir, 1988; Hall, 1990). For raspberries, the 

largest commercial plantings are found in Poland, Scotland, Yugoslavia, the states of 

Washington and Oregon in the USA, and in British Columbia in Canada. World 

production for 1993 was 286,759 tonnes (compared to 365,900 tonnes in 1988 

and 242,724 tonnes for the 1979-81 period; FAD Yearbooks, 1988, 1993). In 

1993,0.4% (ie. 1000 tonnes) of total world production was from New Zealand 

(FAD Yearbook, 1993). World production of blackberries is similarly modest. Larger 

production areas are in Oregon and California in the USA (18,000 tonnes), New 

Zealand (5,000 tonnes), Eastern Europe and Chile (Hall, 1990). World production is 

hard to estimate because many smaller producing areas sell direct to the public. 
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Fresh marketing of Rubus is limited because of the short shelf life and susceptibility 

to fruit rots in brambles (ie. blackberries, hybrid berries) and the added difficulty in 

maintaining fruit integrity in raspberries (Lewis et al., 1983; Hall, 1990). The bulk of 

fruit from larger production areas is frozen and shipped or used directly by 

processors. 

1.3 CURRENT GENOTYPES AND BREEDING OBJECTIVES FOR NEW ZEALAND 

The largest Rubus production areas in New Zealand are Nelson and Canterbury for 

red raspberries, while boysenberries are predominantly grown near Hastings in the 

North Island and near Nelson in the South Island. In these areas, the climate is mild 

and maritime without the extremes of temperature encountered in other major Rubus 

production areas worldwide. Temperature decline in autumn is slow, being a likely 

cause of poor dormancy initiation of some genotypes, while slowly rising spring 

temperatures mean that flowering occurs at lower temperatures than in other 

production areas (Hall & Brewer, 1989). 

In New Zealand, the Rubus fruit industry is based predominantly on the hybrid 

berries, Boysenberry and Young berry, and on 'Marcy' red raspberries. The 

primocane (autumn) fruiting 'Heritage' and floricane (summer) fruiting 'Skeena' and 

'Fairview' red raspberries are also grown, as are Smoothstem and Thornfree 

blackberries (Hall & Brewer, 1991). 'Marcy' red raspberry is predominant 

commercially because of its vigour, local adaptation, good bud break (ie. relatively 

low chilling requirement), rust resistance and high yields of up to 18 tonnelha 
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commercially. The disadvantages of this genotype are that it is susceptible to 

raspberry bushy dwarf virus (RBDV) infection, is soft fruited and crumbly and unable 

to be machine harvested, is very spiny, and is susceptible to budmoth (Hall & 

Brewer, 1989). 

The major pests and diseases of Rubus crops in New Zealand are budmoths 

(Heterocrossa adreptella on raspberries and Eutorna paulocosma on blackberries), 

fruit rot (Botrytis cinerea), and dryberry (downy mildew, Peronospora sparsa) mostly 

in boysenberries (Langford, 1989). Although there are a number of virus diseases in 

Rubus crops in other countries, the main aphid vector and many viruses are absent 

from New Zealand (Jones & Wood, 1979). However, raspberry bushy dwarf virus 

(RBDV), a pollen transmitted virus, is present. In New Zealand, it commonly causes 

yellow vein netting of lower leaves in spring and general leaf chlorosis of 'Marcy' 

and 'Lloyd George' red raspberries, and also boysenberries (Jennings, 1988). Many 

red raspberry cultivars are immune to RBDV, while other cultivars are highly tolerant 

or resistant to natural infection, although they are not generally grown in New 

Zealand (Jennings, 1988). 

The application of Bacillus thuringiensis (BT) toxin (or its production by genetically 

engineered cultivars incorporating this trait) may ·be useful against such minor pests 

as leafrollers, but strains tested to date are not effective against budmoths 

(Langford, 1989). Botrytis fruit rot resistance by means of tough skinned and firm 

textured fruit has been reported in some Rubus cultivars (see Jennings, 1988), but 

no such cultivars have demonstrated sufficient resistance to reduce the need for 

chemical controls in New Zealand (Langford, 1989). 
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Lewis et al. (1983) and Hall & Brewer, (1991) summarised the objectives of Rubus 

breeding programmes in New Zealand over the last 50 years. These objectives have 

been and still are 

• high yields with good fruit size, colour, and flavour, as well as good fruit 

integrity (cohesion of drupelets) in raspberries; 

• self-supporting canes with either a summer crop from annual canes, or 

enhancement of autumn cropping characteristics; 

• suitability to local warm temperate climatic conditions; 

• resistance to locally important pests and diseases, ie raspberry bushy dwarf 

virus (RBDV), budmoths and fruit rots; 

• thornlessness; 

• suitability for mechanical harvesting. 

1.4 BREEDING METHODS FOR WOODY PLANTS 

Dandekar et al. (1993) reviewed the breeding of woody crop species (perennial 

shrubs, vines and trees). They saw traditional sexual breeding methods limited by 

• the long generation time of woody species, hence repeated backcrossing 

programmes may take decades 

• "linkage drag", ie simultaneous selection· of undesirable alleles which are 

linked to the allele being selected for 

• sometimes, long juvenile periods 

• the traditional alternative to controlled sexual breeding programmes being 

random, ie chance selection of seedlings with desirable 

characteristics. 
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They saw novel genetic transformation approaches for these crops as offering 

important advantages of controlled specific changes to the genome through the 

addition of one or a few genes. The time limitation in transformation programmes is 

the regeneration time for production of transgenic plants from transformed cell(s). 

This is usually shorter than the generation time for woody species. Genetic 

transformation avoids linkage drag, the overall genome of superior cultivars used as 

subjects is modified only by the addition of new desirable allele(s), and genes from 

any source can be inserted, not just from close botanical relatives. 

Fraley et al. (1986), Gasser & Fraley (1989), Potrykus (1991) and Dandekar (1992) 

extensively reviewed plant transformation and its potential applications. Most 

successful gene transfer experiments have involved the use of Agrobacterium­

mediated gene transfer technologies. Transmission of genetic material by modified 

viruses, and direct physical introduction of DNA are also well developed for some 

plant species. They are particularly promising for plant species that are not readily 

infected by Agrobacterium (White, 1993). The use of plant DNA and RNA viruses 

as vectors offer theoretical advantages of simple rub inoculation, timed to achieve 

high levels of transgenic product when desirable in the crop plant. The simultaneous 

development of disease symptoms may interfere with the desired effect, and the 

viral vectors may be difficult to contain. Stable ·integration, even of DNA viruses, 

has not been observed. If this is desirable, then techniques to enable integration 

must be developed before viral vectors can be used for difficult-to-regenerate plants. 

Direct incorporation of DNA commonly involves plant cell protoplasts. In these 

direct transfer systems, the processes involved in the uptake and incorporation of 
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GUS assays were conducted on the 16 Rubus primordia that initiated but died 

before they regenerated into shoots (Table 6.1). Ten of the 16 necrotic primordia 

were GUS activel (Figure 6.2). 

Figure 6.2: GUS assays on necrotic primordia arising from Rubus leaf explants 

after cocultivation with LBA4404/pTMVGUS, then selection on 

medium containing 50 mg/I kanamycin. 

Regeneration of putatively transformed shoots 

The numbers of regenerated plants recovered from selection media are given in 

Table 6.1. In both species, t hese plants first appeared three weeks following 

cocultivation. For Rubus, explants were examined once a week from three to six 



weeks after the start of cocultivation, and regenerating shoots removed to fresh 

medium as they appeared. For Nicotiana, regenerating shoots were removed to 
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fresh medium only once, four weeks after cocultivation. GUS assays on leaves from 

each putatively transformed Rubus shoot (Figure 6.3a and b) showed that only one 

of the regenerants was expressing the p-glucuronidase transgene. Unfortunately, 

the single GUS-positive Rubus regenerant became contaminated with a fungus, and 

died. Attempts at eliminating this contaminant by culturing in the presence of the 

antifungal compound, miconazole (Tynan et a/., 1993) were unsuccessful. Shoot 

tips from the GUS-negative Rubus regenerants were transferred to media containing 

kanamycin at 50 mg/l to test for retention of kanamycin resistance. All had 

chlorotic young leaves after three weeks, indicating absence or lack of expression of 

the NPTII transgene. Leaves from the regenerated Nicotiana plants were assayed for 

p-glucuronidase activity and 15 of the 21 regenerants were clearly expressing the 

transgene (Figure 6.3c), though expression patterns and intensity varied widely 

between transformants. 

Sixteen calli developed on Rubus explants during selection for transformants. Ten of 

these callus lines expressed p-glucuronidase transgene activity (Figure 6.4) and still 

retained this expression after nine months. These calli showed intense blue staining 

within 20 minutes of being placed in the histochemical GUS assay reaction mixture. 

Although the callus lines slowly grew on media designed to promote shoot 

regeneration, only one shoot regenerated from all the selected lines. This originated 

from a GUS-negative line, seven months after initial selection. A GUS assay on 

leaves from this single regenerant was also negative. 



Figure 6.3: 
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GUS assays on leaves of Rubus (a and b) and Nicotiana (c) plants 

regenerated after cocultivation with LBA4404/pTMVGUS and 

selection on media containing kanamycin (at 50 mg/l and 150 mg/l 

respectively for the two species) 

For comparison, wild type 'Canby' red raspberry calli were also cultured on both 

media used in this effort to stimulate shoot regeneration. The first medium was O­

MS with the combination of growth regulators which gave high callus growth rates 

and moderate shoot regeneration in early experiments (Table 3.5, Chapter 3) (ie. 5 

pM SA and 5 pM NAA) and 100 mg/l cefotaxime. When wild type calli were 
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placed on this medium, 50% of the 30 calli had regenerated at least one shoot each 

after two months. The second medium tried was Q-MS with 50 pM TDZ and 50 

mgtl cefotaxime. This induced regeneration within two months for a further 73% of 

the 15 wild-type calli which had not regenerated on the first medium. Overall, 26 of 

the 30 wild type calli (87%) regenerated within four months. In contrast, none of 

the putatively transformed GUS-positive calli, and only one of six GUS-negative calli 

regenerated, even after nine months. 

Figure 6.4: GUS assays on Rubus calli growing after cocultivation with 

LBA4404tpTMVGUS and selection on media containing 50 mgtl 

kanamycin. Each callus is from a separate line; one callus showed 

no GUS activity, the other four pictured were all expressing the 

GUS transgene. 



111 

DISCUSSION 

Evidence for putative transformation from the experiments reported in this section 

came first from the GUS assays on explants ten days after initiation of cocultivation. 

Negative controls showed that there was no endogenous GUS activity in wild-type 

Rubus leaves. Assays on cocultivated leaves showed that the amount (visual 

assessment of the area of explants turning dark blue) of stable integration and 

expression of a transgene was comparable between Rubus and the easily 

transformed model plant, Nicotiana. Janssen & Gardner (1989) thoroughly 

investigated the onset of GUS expression following cocultivation of Petunia with 

Agrobacterium harbouring binary vectors with a similar GUS gene construct. When 

selection was imposed from day 2, they described a peak in GUS expression after 

one to two days due to transient expression. They showed a second peak in GUS 

expression, ten days after initiation of cocultivation. This was interpreted as cells 

with stable integration of the transgenes starting to divide under selection 

conditions. In the experiments reported in this section, the intensity of blue colour 

coupled with the time after cocultivation (with selection from day three) suggests 

that the GUS activity observed at ten days resulted from stable integration of the T­

DNA into the plant genomes. GUS activity was coupled with signs of cell division 

under selection conditions, supporting the conce'pt that GUS expression at ten days 

was the result of stable integration. 

Survival of some Rubus cell lines for three weeks on selection medium containing 50 

mg/I kanamycin with development of shoot primordia was the second indication that 

gene transfer may have occurred. Only ten Rubus plants regenerated from 190 



explants (200 original explants minus ten sacrificed for GUS assays at day ten). 

GUS assays showed that 10% of Rubus regenerated plants (and 71 % of the 

Nicotiana regenerants) were GUS-positive, three and a half months after 

regeneration (Figure 6.3, Table 6.1). 
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Sixteen Rubus shoot primordia died during selection. GUS assays performed at the 

end of the selection period were positive for 63% of these dead primordia (Figure 

6.2). Sixteen Rubus callus lines also survived selection, ten of which were 

unambiguously GUS-positive, remaining active nine months after initial selection. 

The comparison with wild type calli showed there was a dramatic depression in 

regeneration from calli developing on explants that had been cocultivated. Only one 

GUS negative callus line regenerated (ie 6% of the callus lines from cocultivated 

explants), compared to 87% of wild type callus lines that regenerated on identical 

media. Further molecular analyses of that single regenerant are presented in 

Chapter 9. 

In spite of using the optimised protocol for regeneration from 'Canby' red raspberry 

leaf explants developed in Chapters 3 and 4, and standardised Agrobacterium 

culture conditions, most Rubus regenerants (and some of the callus lines) did not 

express the GUS transgene. They may have: 

• been escapes through the selection protocol, 

• had protection through the relatively short selection period from transient 

expression of T-ONA that was not stably integrated (though unlikely 

as selection was delayed until day 7), 

• truncated inserts of the T-ONA (ie. have NPTII only), OR 
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• lost expression of inserted GUS gene(s) (eg. undergone methylation of the 

T-ONA). 

The same vector has been used to transform potatoes (Liew, 1995). She found that 

a number of the transgenic lines (confirmed by Southern analyses to have the 

complete T-ONA insert integrated) did not express GUS activity. She also had 

several lines with truncated insertions, so that the NPTII transgene was present and 

expressed, but the GUS gene was absent. To examine all possibilities for plant lines 

recovered from experiments reported in this and subsequent chapters, molecular 

analyses were necessary (Chapter 9). 

The recovery of putatively transgenic plants from explants of N. plumbaginifolia 

indicated that the vectors ahd cocultivation procedures were effective. The 

transgenes conferred kanamycin resistance and GUS activity over prolonged periods 

in these positive control plants, again supporting the suggestion that stable 

integration had occurred. For Rubus, the one GUS-active plant and ten GUS-active 

calli recovered, showed that the bacterial mediator and vector used were effective at 

transferring T-ONA to the 'Canby' red raspberry leaf explants used. Unfortunately, 

the one GUS-active plant died because of contamination of the culture. However, 

the callus lines were maintained for nine months, and continued to express 

transgene activity over this extended period indicating stable integration, as well as 

high expression levels (intense blue colour developing very rapidly - within 20 

minutes - during the histochemical assay for activity). 

Given the low rate of recovery of Rubus regenerants, it was considered essential to 

optimise each of the transformation protocols. Visual analyses of GUS assays on 
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explants indicated good frequency of gene transfer events with the mediator and 

vector used, but there was no accurate method available to record and compare 

these results statistically. It was considered possible that components of the first 

stage of pretreatments (liquid phase and colchicine) may have some effect on early 

gene transfer events. In Chapter 7, a method of reliably quantitating stable 

transformation indicated by histochemical GUS assays was developed. The method 

was used to determine whether components of the first stage of pretreatments were 

limiting the frequency of early gene transfer events in Rubus. 

The death of ten GUS-active Rubus primordia when challenged on kanamycin 

indicated that the selection protocol may have been too severe. Hassan et al (1993) 

selected for transformation in Rubus using only 10 mg/I kanamycin in the medium 

throughout the regeneration and rooting of regenerated plants. They recovered 50 

putative transformants, but molecular analyses showed that only two plants were in 

fact transformed with the remainder being false positives (escapes). In this thesis, 

the frequency of shoot regeneration from cocultivated Rubus explants was 

considerably lower than the expected frequency of escapes. In the presence of 50 

mgtl kanamycin, 10 shoots regenerated from 190 cocultivated explants (this 

chapter) compared to 10 shoots from only 25 explants for non-cocultivated explants 

(Table 5.3). The repeated handling of cocultivated explants, necessary for 

controlling growth of the bacterial mediator, and the presence of 100 mgtl 

cefotaxime from the end of the first week, may have contributed to this difference. 

It was observed that shoots regenerated in all experiments reported in this thesis 

arose principally and consistently from the cut petiole ends. It is possible that cells 

in this area escaped selection because they were not in direct contact with the 
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medium. Translocation of the selective agent to cells in that area would have to 

occur over the relatively long distance of the length of the petiole. Another 

possibility is that the laminae of the explants may have been producing and 

exporting some regeneration-enhancing compound(s) through the veins, leading to 

their accumulation at the petiole ends. A similar theory has been suggested by 

Janssen & Gardner (1989) in discussing the frequency of stable transformation 

occurring at vein and petiole ends in their experiments. These observations led to 

the experiments reported in Chapter 8, where a new selection protocol was 

developed. 



116 

CHAPTER 7 

EVALUATION OF GENE TRANSFER EVENTS IN COCULTIVATED RUBUS EXPLANTS 

USING COMPUTER IMAGE ANALYSIS OF GUS REPORTER GENE EXPRESSION 

Published in part in 1994 as: Computer image analysis to quantify and analyze 

stable transformation identified using the histochemical G US assay. Owens y de 

Novoa, C.M. & Coles, G. Plant Molecular Biology Reporter 12: 146-151. 

ABSTRACT 

An accurate protocol was developed to quantify histochemical GUS assay results, 

allowing the study and comparison of early gene transfer events. This protocol used 

computer image analysis, and offered the advantages of quantifying and statistically 

analysing results of the histochemical GUS assay, while still giving information on 

tissue or organ specific activity. Using this new protocol, transformation rates in 

Rubus were shown to be comparable to those achieved in Nicotiana plumbaginifolia, 

a plant well known to be readily transformed. There was high variability in 

responses between explants within each treatment. For Rubus, 15 replicate single 

measurements on leaf explants gave statistically reliable quantitative estimates when 

using image analysis to assess the histochemical expression of the GUS transgene. 

Explants from cultures pretreated to enhance subsequent shoot regeneration showed 

significantly more stable transformation compared to those from untreated cultures. 

The effects of principal components of the pretreatment used were then examined 

individually. Liquid culture gave a highly significant increase in the frequency of 

transformation events, while the presence of colchicine had no effect on 

transformation. Transformation occurred mainly at the cut petiole ends. 
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INTRODUCTION 

When the improved regeneration and cocultivation systems were used together in 

transformation experiments (Chapter 6), there was a low rate of recovery of Rubus 

regenerants expressing transgene(s). It was thought possible that the pretreatment 

of Rubus stock plants, used to enhance regeneration of shoots from the leaf 

explants taken from them, may have contributed to these results. The first 

pretreatment involved a three day liquid culture in medium containing 1 50 pM 

colchicine, then three weeks on solid medium containing a low level (1 pM) TDZ. 

The liquid phase in the first pretreatment was considered for its possible effects on 

transformation efficiency. Plant tissues grown in liquid culture have often been 

observed to undergo hyperhydricity (vitrification) (Debergh et al. (1992). 

Hyperhydric tissues are lower in dry weight and higher in water content than normal 

tissues. Hyperhydric leaf tissues have reduced thickness of cell walls and cuticles, 

and there are large intercellular spaces in the mesophyiliayer (Debergh et aI, 1992), 

which may be a significant factor affecting transformation efficiency. 

Colchicine is a commonly used drug for inhibition of microtubule (MT).:dependent 

processes in cells (Dustin, 1984). In higher plants, MTs are components of the 

mitotic spindle and other organelles involved in the regulation of cell division, 

polarity and differentiation during morphogenesis (Gunning & Hardham, 1982). 

Colchicine binds to tubulin, the major constituent protein of MTs, forming 

complexes which de polymerize or inhibit polymerization of MTs (Margolis & Wilson, 

1977; Margolis et aI, 1980; Bergen & Borisy, 1983, 1986; Farrell & Wilson, 1984). 

It was thought that colchicine, used in the first stage of pretreatment to enhance 
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shoot regeneration, may have also affec1l>d ·the transformation system being studied. 

The principal difference between the second stage of pretreatment and the 

regeneration medium used was the level of TDZ (1 pM in stage two, 10 pM for 

regeneration). This was considered to have minimal effects on gene transfer 

frequency and therefore was not investigated. To study the effects of pretreatment 

components on early gene transfer events, reliable quantitative assessment of 

reporter gene expression and statistical analysis of treatment effects was needed. 

The histochemical assay for p-glucuronidase (GUS) reporter gene activity has been 

used extensively in plant transformation studies since its initial development by 

Jefferson et al (1987). It offers an excellent system for monitoring gene transfer 

when establishing transformation systems in plants. After cocultivation of explants 

with Agrobacterium harbouring a co-integrate or binary vector containing the GUS 

gene, transfer and expression of this transgene can be followed by histochemical 

staining of plant tissues with colourless substrates. These substrates are modified 

by enzymes produced by transgenic plant cells expressing GUS activity giving a 

positive staining reaction. For example, when 5-bromo-4-chloro-3-indolyl 

glucuronide (X-Gluc) is provided as the substrate, an insoluble blue precipitate forms 

at the site(s) of enzyme activity; other substrates give other coloured products 

(Jefferson, 1987; Naleway, 1992). Blue areas of activity following X-gluc treatment 

have commonly been presented descriptively (Janssen & Gardner, 1989), with the 

number of "blue spots" (indicating individual transformation events) sometimes 

being recorded. Under favourable conditions the stably transformed areas also 

occur as zones (Janssen and Gardner, 1989). The fluorometric assay for GUS 

activity (Jefferson, 1987) enables quantification of GUS enzymatic activity. 
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However, complete explants must be macerated so the fluorescence readings are for 

both GUS expressing and non-expressing cells in the sample. Palmgren et al (1993) 

quantified histochemical assays by projecting images of leaf disks onto paper, then 

drawing around the complete explants and around the blue areas. These drawings 

were cut out, and the proportions of stained to unstained areas were calculated by 

weighing the drawings. This laborious process would be impractical for the analysis 

of large numbers of explants. 

In this chapter, the development of a more manageable computer image analysis 

protocol for quantification of histochemical GUS assays is described. This new 

protocol was then used in two experiments on the frequency of Agrobacterium­

mediated gene transfer to 'Canby' red raspberry. The first examined the effects of 

the standard regeneration-enhancing pretreatment versus no pretreatment on gene 

transfer, while the second experiment analysed the individual effects of the principal 

components of the first stage of the pretreatment on gene transfer. 

MATERIALS AND METHODS 

Plant material, Agrobacterium, cocultivation, and GUS assays 

were.. CD c.JhvQ-red 
Rubus idaeus cv Canby and Nicotiana plumbaginifolia Viv. leaf explant~with 

pTMVGUS in two strains of Agrobacterium tumefaciens, LBA4404 (Hoekema et al., 

1983) and AGLI (Lazo et al., 1991). The cocultivation conditions were identical to 

those described in Chapter 6, with cultures grown to optical densities (at 550 nm) of 

0.52 (.± 0.06). Explants were transferred to selection medium containing 50 mgll 
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kanamycin and 200 mgll cefotaxime, three days after cocultivation. Histochemical 

GUS assays (Jefferson, 1987) were conducted 10 days after co-cultivation at pH 

7.0. The reaction mixture contained 0.52 mg x-Glu in 50 mM NaP04 buffer, with 

0.3 ml reaction mixture per explant. Methanol (20%) was added to the reaction 

mixture to mask possible endogenous GUS-like activity (Kosugi et al., 1990). All 

explants were stored in EtOH, until the experiment was completed. As well as 

preserving the explants, this also enhanced contrast between blue reaction areas 

and background tissue by removing chlorophyll (through several changes of EtOH). 

To develop the quantification protocol, ten explants of each species were 

cocultivated with the vector in both strains of Agrobacterium. Three explants from 

each treatment were assayed then repeated measurements taken. 

The effects of regeneration-enhancing pretreatments on the frequency of gene 

transfers in Rubus was determined using the new protocol forraasurement of GUS 

activity. Expression of the GUS reporter gene was assessed via image analysis 
of. 

following Agrobacter;um cocultivation,Aexplants from stock cultures that were either; 

1. maintained on multiplication medium (OMS with, D.5- rngll' SA) ) 

or 

2. pretreated to enhance regeneration (liquid MS medium with 150 pM 

colchicine for 3 days, then solid MS medium with 1 pM TDZ for 3 

weeks). 

The percentage of explant area showing stable GUS activity was measured for all 

explants, with measurements repeated on the same preserved explants one week 

later. Treatment effects were then compared. 
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Another experiment compared the effects of each principal component in the first 

stage of pretreatment (ie. with or without colchicine, and liquid or solid culture in all 

combinations) on early transformation events. For the pretreatments, the vessels 

used were autoclaved 250 ml conical flasks capped with cotton wool and aluminium 

foil, for liquid cultures; and 1 25 ml ALMED ethylene-oxide-sterilised plastic tissue 

culture potties with snap on lids, for solid media. Five vessels were used for each 

pretreatment, each with five shoots. After three days in liquid medium, all shoots 

were transferred to solid MS medium containing 1 pM TDZ (the routine second stage 

of pretreatments). Three weeks later, the three youngest leaves per shoot were 

used as explants for cocultivation. Explants were grown on selection medium (50 

mg/l kanamycin and 200 mg/l cefotaxime) from day three, as information on stable 

rather than transient transformation was sought (Janssen & Gardner, 1989). GUS 

assays were performed on 1 5 explants per treatment, ten days after cocultivation as 

described above, and results quantified using the new protocol. The remaining 

explants were maintained on selection medium for three weeks, then transferred to 

kanamycin-free medium while regenerating shoots developed, and are discussed in 

Chapters 8 & 9. 

Image Analysis 

Image analysis was carried out using the VideoPro 32 package (Leading Edge Pty 

Ltd, Mark Oliphant Bldg, Laffer Drive, Science Park Adelaide, Bedford Park SA 5042 

Australia). This software, an extension of that used by Coles et al (1991), requires 

a personal computer using an 80386 or better processor, 4 Mbytes of RAM, and 

Windows® 3.1 operating software. Image capture was effected by a PeVon® 100 
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video grabber card (supplied by Leading Edge) and required a computer with a 

TsengLabs MegaEva® SuperVGA adaptor fitted with 1 Mbyte of memory. Both 

images and the program were controlled through the computer display. The system 

used here was based on an 80486DX processor running at 33MHz. Although not 

essential, the floating point coprocessor available in this system greatly increased 

the speed of some image analysis operations. 

Images were captured using a Panasonic® CL-700 colour surveillance camera, which 

contains a 1/2 inch (1.3 cm) CCD and is capable of supplying a Y IC separate (S­

Video) output to the video capture card. A Panasonic® CM-50 microscope Lens was 

used at its minimum magnification (xO.34). The automatic gain control on the 

camera was disabled and the lens stopped down to f16 to ensure maximum depth of 

field. Using a lightbox fitted with 72W of cool white fluorescent tubes for 

backlighting, the light intensity varied by less than 5% across the field, and the 

VideoPro 32 Software provided background correction to cope with this. 

Consistency of illumination was checked from one measurement occasion to another 

by measuring the optical density of the empty field, and adjusting the aperture 

setting to obtain a constant integrated optical density reading. . 

Each sample was mounted in ethanol on a microscope slide, placed in the field of 

view of the camera, and the image captured. The image was averaged to removed 

noise due to pixel jitter, then the contrast was enhanced by histogram equalisation, 

using a preprogrammed function. A binary overlay congruent with the explant in the 

image was produced by segmenting the image about an appropriately chosen 

luminance threshold, and the area of the overlay measured by the programme. The 
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threshold was then adjusted to produce an overlay congruent with the areas of 

stable GUS expression (dark blue) in the image. In the case of Nicotiana, this could 

be achieved by adjusting luminance only, but with Rubus, a limited region of the 

chrominance plane was selected to exclude dark areas which were not blue. Even 

so, the image overlay required further manual editing to exclude dense, non­

transformed areas such as the leaf mid-vein. Once the required overlay was 

produced, the areas selected were summed and the percentage of explant area that 

showed stable transformation was calculated. For explants larger than the screen, 

several image fields were measured and summed before the percentages were 

calculated. The VideoPro 32 package allowed some automation of this process, 

using a script file to step through the procedures described above, with appropriate 

pauses for operator input. 

Data analysis 

Image analysis estimated the percentage of explant surface area in which stable 

GUS activity was observed. Analyses of variance (ANOVAs) were performed using 

GenStat5. In developing the quantification protocol, the standard deviation 

appeared to be correlated with the means, so the data was transformed by taking 

the logarithms of the percentages. The back transformed means of the log 

transformed data are presented. Error mean squares (from ANOVA of data from the 

experiment on effects of regeneration-enhancing pretreatments) were used to 

establish the number of replicates and repeated readings necessary to obtain reliable 

results using the new histochemical GUS assay quantification system. 
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RESULTS 

Image analysis for quantification of histochemical G US assays 

Using an example of Nicotiana tissues, Figure 7.1 shows that the overlay produced 

by image processing (b ) is congruent with stable transformation zones (a). The 

percentages of GUS-positive to total explant area are shown in Table 7.1. The back 

transformed mean of the log transformed data showed that for all Rubus data 

combined, 2.9% of total explant area was GUS-positive (Table 7.1). The pooled 

multiplicative standard error was 11.7% for any individual value. The means of 

repeated readings for each explant ranged from 0.2% to 5.7% of explant area GUS­

positive for Rubus, and from 1.3% to 4.1 % for Nicotiana (Table 7.1). This indicated 

wide variation between explants from the same treatment in the level of GUS 

activity expressed. This was also readily apparent by visual observation of the 

assayed explants. The reproducibility of the protocol in measuring areas of stable 

transformation was examined by measuring the same three preserved explants for 

each plant species five times over three weeks. The image analysis conditions were 

independently configured on each occassion, as the analyzer had been in use for 

other projects between readings. The standard deviations for the data in Table 7.1 

show that the image analysis system developed here for quantification of 

histochemical GUS assay results was precise and repeatable. 



Figure 7.1: 

A 

B 

Congruity between explant (a) and the overlay produced in the 

image analysis system (b) for an example of a cocultivated 

Nicotiana explant. 

1----5 mm---t 
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Table 7.1: 

Replicate 

1 

2 

3 
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Reproducibility of image analysis for quantifying stable 

transformation detected by the histochemical GUS assay ten days 

after cocultivation. Rubus explants were cocultivated with 

LBA4404/pTMVGUS; Nicotiana explants were cocultivated with 

AGLl/pTMVGUS. Each replicate explant was measured five times 

over three weeks. 

Explant area (%) showing stable transformation 

Rubus Nicotiana 

Mean SE Mean SE 

2.8 0.26 1.3 0.19 

5.7 0.37 4.1 0.32 

0.2 0.04 1.9 0.17 

The responses of each plant to the bacterial background (LBA4404 or AGLI) were 

analysed and are presented in Table 7.2. Variance within treatments was high. 

This reflected real variation between explants in numbers of transformation events 

occurring, even within the same treatments. Nevertheless, there was a significant 

interaction between species and bacterial background. These results again 

demonstrated the necessity of matching bacterial mediators with the plant subject 

(Chapter 2). For Rubus, a background of LBA4404 gave larger areas of GUS 

expression, while with Nicotiana, AGLI was more effective. The amount of 

transgene expression in Rubus with the appropriate strain was equivalent to 

expression in Nicotiana, the readily-transformed positive control. 
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Table 7.2: Ouantification of GUS assay results to show the effects of 

Agrobacterium strain and plant species on stable GUS expression in 

cells of leaf explants ten days after cocultivation. Each figure is the 

mean of three explants. 

Explant area (%) showing stable transformation 

Background/vector 

LBA4404/pTMVGUS 

Agli/pTMVGUS 

Significance of contrasts 

species main effect 

strain main effect 

species vs strain interaction 

pooled SE (8df) 

Rubus Nicouana 

2.9 

0.3 

0.9 

2.6 

NS (P = 0.435) 

NS (P = 0.906) 

* (P = 0.041) 

2.28 

It was clear that image analysis thresholds must be chosen for each species, and 

possibly for each explant type. There was real variability in numbers of 

transformation events occurring even between explants in the same treatments. 

Therefore the number of replicates required to obtain statistically reliable results 

must be established for each species. Once procedures have been defined, these 

reliable quantitative results allow effective use of the histochemical assay of GUS 

expression to monitor gene transfer to plants. The precision of image analysis of 

histochemical GUS assays provided the opportunity for quantitative measurement, 

and subsequent statistical analysis of transformation responses, without forfeiting 

iriformation on tissue or organ-specific activity. 
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Effects of regeneration-enhancing pretreatments on gene transfer frequency 

The histochemical GUS assays conducted ten days after cocultivation of Rubus leaf 

explants, from normally maintained and from pretreated stock cultures, were 

quantified and are presented in Table 7.3. Log transformation of data was 

necessary as the standard deviations were positively correlated with the means. 

Analysis of variance showed a highly significant (P = 0.005) effect, with 

pretreatment enhancing the frequency of gene transfer. 

Table 7.3: The effect of pretreatment to enhance regeneration on gene transfer 

events in 'Canby' red raspberry leaf explants cocultivated with 

LBA4404/pTMVGUS. Percentages are the back transformed, pooled 

means of 25 explants per treatment measured twice, as there was no 

significant difference between readings. 

Percentage of explant area that was GUS-positive 

untreated 2.17% 

pretreated 4.48% 

Significance of contrasts 

pretreatment main effect •• (P = 0.005) 

In both pretreated and untreated explants, the principal area of GUS expression was 

at the cut petiole end. Pretreated explants were larger overall compared to those 

from normally maintained stock plants (as observed in Chapter 4). The difference in 

surface area of cut petiole ends between treatments was dramatic. The cut petiole 

ends were also principal sites for regeneration of shoots from pretreated 'Canby' red 
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raspberry leaf explants (Chapter 4). These observations suggest that gene transfer 

and shoot regeneration were occurring in the same area of Rubus explants, and 

suggest that neither of these two critical steps in the recovery of transformants was 

limiting transformation success. 

Determination of number of readings and number of replicates necessary 

Components of variation between readings and between explants, and comparative 

costs of each component were calculated to determine whether repeated readings 

increased the accuracy achieved. The number of readings needed for statistical 

accuracy was determined using the following equation from Snedecor & Cochran 

(1980) (section 21.10): 

n, = V C S2 .:p=..r 
2 

C,S p 

where n, = number of readings 

c, = cost of a reading cp = cost of an explant 

S2 
r = variance of readings S 2p = variance of explants 

The time cost of repeated readings and of increased numbers of replicates (ie 

explants) were estimated. For readings, it was known that approximately 30 

explants could be image analysed with data transferred to a spreadsheet, in one 

three hour session. The time required to set up and maintain additional replicates 

was estimated by summing the time taken for each step, for an experiment using 

225 explants. Regeneration studies (Chapter 4) and the results in Table 7.3 showed 

that stock plants must be pretreated for three and a half weeks to enhance 

subsequent shoot regeneration and transformation in 'Canby' red raspberry. 
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Assuming an experiment was designed to follow early gene transfer events (up to 

ten days after cocultivation began), the cost in time was calculated as one hour per 

ten ex plants over the course of pretreatments, cocultivation, maintenance and 

assaying for GUS activity. This was the same time per explant as it took to measure 

the percent blue explant area by image analysis (therefore c, = cp ). So for any total 

number of readings, the cost of repeated readings of a smaller number of explants 

was equal to the cost of single readings of a larger number of explants. The 

equation used to calculate the number of readings was simplified to: 

n, = V = 

The required components of variance were calculated from the analysis of variance 

(ANOVA) of log transformed percentages from Table 7.3, using standard theory. 

Let MS, = residual mean square of readings (=0.0019, Table 7.3) 

and MSpp = residual mean square of pretreatment. explant. stratum (=0.2886, Table 7.3). 

That is, the variance of readings (S2,) could be taken directly from the ANOVA of log 

transformed percentages, as the expected value of MS, = S2,. The variance of 

explants (S2 p) was calculated from mean squares, as follows. The residual mean 

square for the pretreatment.explant.stratum (MSpp) has an expected value of 

Therefore, if 

then, by substitution, 

MS, + 2 S2p. 

This can be rearranged as 

(MSpp - MS,)/2. 



So for the data in Table 7.3, the variance of explants was 

(0.2886 - 0.0019)/2 = 0.1434. 

The number of readings needed for statistical accuracy could then be calculated 

from the simplified equation, ;e. 

n, = 0.0019 
0.1434 

= 0.1151 
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Thus, components of variation were 0.1434 between explants within a treatment, 

and 0.0019 between the two readings for each explant. The real possible minimum 

number of readings is 1 and the calculated minimum necessary for accuracy was 

less than 1, so to achieve maximum accuracy for a given total cost, only one 

reading is necessary. This showed that the major component of variation was 

between explants. 

To establish the number of replicates necessary, confidence limits and antilogs were 

calculated for a range of practically feasible numbers of replicates. Confidence limits 

were then calculated using the equation 

CLS5% = 2J ~ 

and are presented in Table 7.4. 
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Table 7.4: Calculated 95% confidence limits for percentages of blue explant areas 

measured using image analysis, for a variable number of replicates (n). 

n 95% Confidence Limits antilog 

10 0.24 1.74 

15 0.20 1.57 

20 0.17 1.48 

25 0.151 1.42 

50 0.107 1.28 -
From this table, when 25 replicates were measured (as in Table 7.3) the 95% 

confidence limits of the percentages correspond to multiplication or division by a 

factor of 1.42. That is to say, the 95% CL corresponds to a 42% variation in the 

percent of explant area showing stable expression of the transgene. However, using 

the actual experiment as an example, there was a greater than two-fold difference 

between the two treatment means (Table 7.3). Therefore, in such a case, reliable 

data could have been achieved using only 1 5 or 20 replicates. 

Effects of components of pretreatments on gene transfer frequency 

When the effects of liquid or solid phase, and presence or absence of colchicine 

during the first stage of pretreatments were tested, GUS activity of 1 5 replicates per 

treatment was quantified (Table 7.5). Again, log transformations of data were 

necessary for analysis of variance. 
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Table 7.5: The effect of liquid or solid phase in the presence or absence of 

colchicine on gene transfer in 'Canby' red raspberry leaf explants 

cocultivated with LBA4404/pTMVGUS. Figures are the percent of 

explant area expressing GUS activity, for 15 explants per treatment. 

phase 

solid 

liquid 

Significance of contrasts 

phase main effect 

colchicine main effect 

phase vs colchicine interaction 

no colchicine 

1.09 

2.03 

colchicine 

0.68 

1.40 

** (P=O.003) 

NS (P=O.087) 

NS (P=O.806) 

Rubus leaf explants from stock plants grown in liquid culture for three days in the 

first stage of pretreatment had a highly significant increase in the numbers of gene 

transfer events compared to those from solid phase pretreatments. Some 

hyperhydricity of pretreated tissues was observed. The increase in gene transfer 

frequency may be a result of reduced thickness of plant cuticles and cell walls, 

thereby facilitating binding of Agrobacterium to the plant cells and subsequent 

transfer of T -DNA. The other hypothesis tested in this experiment was that 

colchicine may reduce transformation frequency. and therefore reduce the number of 

gene transfer events. There was no significant effect of colchicine on gene transfer 

frequency. There was no significant interaction between factors (Table 7.5). 

The overall mean percent of explant area showing GUS activity was lower (1.3%, 

Table 7.5) in the components of pretreatments experiment than for the pretreated 
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explants in the previous experiment (4.5%, Table 7.3). In this later experiment, one 

or two explants out of the 1 5 in each treatment (except liquid phase with 

colchicine), showed no expression of the transgene. This illustrates the variability 

between experiments, even when using the same plant material, the same 

Agrobacterium cultures, the same growing environment and the same operator. 

However, the reliability of the image analysis quantification data for comparisons 

within anyone experiment was confirmed. 

DISCUSSION 

The newly conceived application of computer image analysis for histochemical GUS 

assays was tested for precision, and proved to be a reliable method of quantifying 

these assay results. It was necessary to set appropriate thresholds for the plant 

species used, but individual measurements were consistent and repeatable. This 

protocol offered the advantages of quantifying and statistically analysing results of 

histochemical GUS assays, while still allowing assessment of tissue or organ specific 

activity. This development is important as an experimental tool for use in any 

studies on optimisation of efficiency of transformation events. 

Comparisons of Rubus and a readily-transformed control plant (Nicotiana 

plumbaginifolia) showed that the proportion of transformed cells in leaf explants 

were comparable when an effective background strain of Agrobacterium was used 

for each plant species. This showed that transgene transfer and expression was 

occurring in Rubus at a satisfactory rate. Most transgene expression was also 

observed to be at the cut ends of petioles in Rubus. Fortunately, this coincides with 



one of the areas of leaf explants that shows consistent regeneration of shoots in 

earlier experiments (Chapter 4). 
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High variability in numbers of cells expressing p-glucuronidase activity between 

individual explants within single treatments has been commonly observed (Janssen 

& Gardener, 1989; Dr. M.C. Christey, personal communication; Dr. A.J. Conner, 

personal communication) but seldom discussed. This biological variability led to an 

experiment to define the number of replicates needed when using image analysis to 

quantify histochemical GUS assays of Agrobacterium cocultivated leaf explants. 

Only one reading of each explant was necessary, but large numbers of replicates 

(15-25) were essential to determine differences between treatments and give 

statistically reliable results. Large numbers of replicates would also be necessary 

when recording casual observations of GUS activity to optimise transformation 

systems, but has only rarely been reported (De Bondt et al., 1994). This method for 

quantification has provided a means of accurately comparing treatment effects in 

this example, where the difference between treatment means was very large. More 

subtle differences would be harder to prove statistically, unless even higher numbers 

of replicates were measured. Another consideration for Rubus is the practicality of 

handling large numbers of explants during pretreatments and cocultivation. Block 

effects would have to be accounted for in more complex experimental designs, as 

the maximum number of explants that can be handled by one operator in one batch 

is approximately 200. 

Once the image analysis protocol had been verified, it was used to study the effects 

of stock plant pretreatments on early gene transfer events in 'Canby' red raspberry. 
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Pretreatments of stock plant cultures to enhance subsequent regeneration from leaf 

explants, also increased the number of gene transfer events. Examination of 

components of the first stage of pretreatment showed that the liquid phase for three 

days significantly increased the numbers of gene transfer events. This effect was 

possibly due to effects of liquid culture on plant cell walls, as some hyperhydricity 

was observed in pretreated shoots. The use of 1 50 JIM colchicine for three days 

had no effect on the frequency of gene transfer. Before colchicine could be omitted 

from pretreatments, its individual effect on plant regeneration remainsto be studied 

(Chapter 8). 

In general, considerable transformation occurred in all of these treatments with 

'Canby' red raspberry using pTMVGUS in a LBA4404 background; the proportion of 

transformed cells in leaf explants were comparable to that achieved in the positive 

control of Nicotiana leaf explants. This shows that the choices of vector and 

background were appropriate, and that the cocultivation procedures were 

successful. Therefore these results suggested that the selection and/or growth of 

transformed cells and plants remain the limiting factors in achieving high rates of 

recovery of transgenic Rubus lines. The next chapter describes a novel approach to 

selection for transformation events in recalcitrant species, where regeneration of 

transgenic cells is limiting the recovery of transgenic plants. 



CHAPTER 8 

A NEW APPROACH TO SELECTION TO IMPROVE THE RATE OF RECOVERY OF 

TRANSFORMED RUBUS PLANTS 

ABSTRACT 
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In an effort to improve regeneration of transformed Rubus cells, a method for 

selection was developed involving direct application of the selective agent to those 

parts of the explants most likely to be transformed and regenerate. The presence of 

the laminae on leaf explants improved regeneration rates from petiole ends both for 

wild type and for cocultivated selected explants. The new selection protocol 

involved the application of 0.2pg kanamycin in 2 pi liquid regeneration medium to 

only the cut petiole ends of entire leaf explants. Regeneration rates from 

cocultivated leaf explants using this selection protocol were greater (66 regenerated 

plants from 150 explants) than in previous experiments where kanamycin had been 

incorporated in the medium (ten regenerated plants from 200 explants). The new 

selection protocol was used to examine the individual effects of components of the 

first stage of regeneration-enhancing pretreatments on regeneration rates. There 

was no significant difference between treatments in regeneration rates from petiole 

ends. A total of 334 regenerants arose from 240 explants in this experiment. 

Possible improvements to the regeneration-enhancing pretreatments are discussed. 

In spite of high numbers of regenerants recovered, no GUS-positive regenerated 

plants were identified from these experiments. However, six regenerants remained 

green when challenged on kanamycin for three months. 



138 

INTRODUCTION 

Development of transgenic plants requires gene transfer, followed by regeneration of 

the same plant cell. The studies on regeneration of plants from Rubus leaf explants 

demonstrated that shoot regeneration occurred consistently with the most 

responsive genotype, and that a main site of regeneration was the cut end of 

petioles of the leaf explants (Chapter 4). The highest regeneration rate (developed 

independently from cocultivation procedures) was achieved with "Canby" red 

raspberry, with 54% of the leaf explants regenerating an average of 4.1 shoots 

each. This, protocol was considered productive enough to attempt transformation 

experiments. 

When the conventional cocultivation and selection procedures generally in use at the 

time were employed, no putative transformants were recovered. In Chapter 6, more 

cautious approaches to both control of Agrobacterium and selection of 

transformants were adopted, and these approaches were expected to yield 

reasonable numbers of transformed regenerants. Ten putative transformants were 

regenerated from 200 leaf explants. Only one of these Rubus regenerants was 

GUS-active, but it died from fungal contamination before molecular analyses could 

be conducted. The remaining nine GUS-negative regenerants failed to continue 

growth when rechallenged on kanamycin. Of the 16 callus lines that survived, ten 

were GUS-active, but only one GUS-negative line regenerated (Table 6.1). 

The question was whether low numbers of gene transfer events, or failure of 

transformed cell lines to regenerate, was the main cause limiting recovery of 
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acceptable numbers of putatively transgenic plants. If low gene transfer frequency 

was significant, then a number of avenues, such as the use of acetosyringone, could 

be investigated to increase the number of gene transfer events. If regeneration of 

transformed cell lines was important, then analyses of the individual effects of 

specific aspects of the regeneration, cocultivation and selection protocols should be 

examined. Low expression of transgenes, especially of NPTII in these experiments, 

could also have prevented any transgenic cell lines from surviving the selection 

process. The vector used in those experiments had a NOS promoter. Evidence from 

Chapter 2 showed good production of nopaline in tumours on Rubus following 

inoculation with no pia line-inducing strains of Agrobacterium. Limitation in 

expression due to a promoter effect was therefore not anticipated. 

The work reported in Chapter 7 proved that satisfactory rates of gene transfer 

(evidenced by histochemical GUS assays) occurred in leaf explants of 'Canby' red 

raspberry when a vector in an appropriate chromosomal background was used. The 

principal site for gene transfer was identified as the cut end of the petiole (Chapter 

7), which fortunately coincided with a main site of regeneration of shoots (Chapter 

4). It therefore appeared that although gene transfer occurred after cocultivation of 

'Canby' red raspberry leaf explants, transformed cells failed to survive selection 

and/or regenerate. Thus, survival and regeneration of transformed cells may be the 

major factor limiting the recovery of sufficient numbers of transgenic plants. 

In earlier chapters of this thesis, three aspects of the cocultivation, selection and 

then regeneration protocols were considered for possible effects on the numbers of 

transformed lines regenerating. These were: 



• the antibiotics used to control Agrobacterium after cocultivation, 

• the selective agent and the way it was used, and 

• the colchicine and medium phase components used in the first stage of 

pretreatments to enhance subsequent regeneration from leaf 

explants. 

Antibiotics to control the growth of Agrobacterium 
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Cefotaxime was used to control the growth of Agrobacterium following cocultivation 

in the initial transformation experiments. For the Rubus genotype used in these 

experiments, cefotaxime was less inhibitory to regeneration than all other 

Agrobacterium-controlling antobiotics tested (carbenicillin, ticarcillin and cefoxitin; 

Chapter 5). Graham et al. (1990) reported inhibition of regeneration for the Rubus 

genotypes they worked with, when carbenicillin was incorporated in the medium to 

control Agrobacterium. To overcome this problem, they dipped cocultivated Rubus 

explants in this antibiotic at two-day intervals until plantlets regenerated. Hassan et 

al. (1993) used 190 mg/I cefotaxime in their media from four days after 

cocultivation, and recovered 50 regenerants from 1 600 Rubus explants. In Chapter 

6, with the cautious use of cefotaxime (explants were dipped in 200 mg/I 

cefotaxime three days after cocultivation, then tfansferred to medium containing 

100 mg/I cefotaxime seven days after), few plants regenerated directly and only one 

callus line regenerated. The ability of wild type callus lines to regenerate in the 

presence of cefotaxime contrasted with the failure of putatively transformed callus 

lines to regenerate. Therefore, cefotaxime at that level did not appear to inhibit 

regeneration from wild type calli. 
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Selection protocol 

This evidence indicated that the second option, the selection protocol was a more 

likely cause of low regeneration in Rubus. The criteria for successful and effective 

selection protocols were discussed fully in Chapter 1. An appropriate selective 

agent will minimise escapes (reducing plant numbers handled), be rigourous enough 

to prevent chimeral plants developing, and not inhibit the regeneration of 

transformed cells. Kanamycin has been widely used for a range of plant species as 

an agent to select for NPTII transgene expression in transformation systems. Its 

popularity has been based on its availability, effectiveness at comparatively low 

concentrations and the clear, but not too severe response in susceptible plant 

tissues. In many plant species, transgenic kanamycin-resistant or tolerant cell lines 

regenerate readily from amongst dying susceptible cells, even when this antibiotic is 

present continuously in the culture medium (petunia, tobacco and tomato, Horsch et 

al. (1985); walnuts, Dandekar et al. (1988)). Kanamycin was used cautiously as a 

selective agent for Rubus transformation (described in Chapter 6). It was included in 

the medium at 50 mg/I from 7 to 28 days after cocultivation, rather than being 

continuously present throughout growth of regenerants. The delay of selective 

pressure until day seven was expected to allow several cell divisions in individual 

transformed cell lines, before the relatively brief exposure to the selective agent. 

Surviving regenerated plants were grown up then rechallenged with kanamycin. 

The manner in which kanamycin was used as a selective agent in Rubus 

transformation protocols was therefore reconsidered. Graham et al. (1990) did not 

use a selection step after cocultivation in their work with Rubus. They screened 



142 

regenerated plants for p-glucuronidase activity using the fluorometric assay. For this 

assay, an extract of ground plant tissue is incubated with the substrate (Jefferson, 

1987), so that any chimeral plants that arose in the absence of selection pressure 

could not be identified. The GUS gene Graham et al. (1990) used was expressed in 

Agrobacterium, so the GUS assay evidence alone was not definitive proof of 

integration of the transgene into the plant genome. These authors tested the 14 

GUS positive Rubus plants they recovered on medium containing 50 mgtl 

kanamycin, but did not say for how long, nor did they report whether all GUS 

positive plants remained green on that medium. They did no conclusive molecular 

analyses of the 14 putatively transformed plants; two red raspberries, seven 

blackberries, and five hybrid berries. 

Hassan et al. (1993) used the low level of 10 mgtl kanamycin in the media from 

three days after cocultivation until regenerated plants rooted, but the number of 

apparent escapes in their experiments w~ high. Only two of 50 putatively 

transformed plants were proved to be transgenic by Southern analysis. In earlier 

experiments reported here on regeneration from 'Canby' red raspberry leaf explants 

from stock plants pretreated to enhance regeneration, 10 mgtl kanamycin in the 

medium was too low for effective selection against wild type cell lines (Table 5.3, 

Chapter 5). 

Therefore, an alternative selection protocol was developed and tested for kanamycin 

in an effort to overcome possible inhibition of regeneration of transformed cells. The 

new protocol was based on evidence in this thesis identifying the cut end of the 

petiole of Rubus leaf explants as the tissue area most responsive to adventitious 
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shoot regeneration (Chapter 4), and the predominant area of stable transformation 

(evidenced by histochemical GUS assays, Chapter 7). The selective agent was 

applied directly to those parts of the explants most likely to be transformed and 

regenerate (ie. the cut ends of the petioles) as opposed to incorporating it in the 

medium. It was anticipated that the relatively large area of non-transformed cells on 

the leaf lamina, not exposed to the selective agent, would act in a "nurse" capacity, 

supporting the growth and division of transformed cells at the cut petiole surface. 

Nurse culture use in transformation systems immediately following cocultivation 

with Agrobacterium has been discussed by Horsch et al. (1985) and Burow et al. 

(1990). Nurse cultures, or cell feeder layers, are usually cell suspensions pi petted 

onto solid medium, and covered with a moist filter paper. The cocultivated explants 

of the transformation subject species are then placed on the filter paper. Nurse 

cultures may be the same species as the target species (jack pine nurse cells and 

protoplasts; Tautorus et al., 1990), or may be an unrelated species (tobacco nurse 

with cocultivated pea stem explants; Lulsdorf et al., 1991). The nurse tissues are 

thought to promote division and growth of the transformed plant cells, but may also 

help in vir gene induction (White, 1993). These two concepts of nurse cultures and 

the possible translocation of regeneration enhancing stimulants from leaf lamina, 

were combined in this new approach to selection for recalcitrant species such as 

Rubus. 
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A series of experiments was conducted to test the hypotheses that 

1 direct application of the selective agent to the most regenerative part of 

explants would improve the numbers of transformed cells regenerating; and 

2 regeneration rates from cut ends of petioles would be higher when laminae 

were attached. 

Two selective agents were used in developing the new protocol, kanamycin and 

phosphinothricin. Phosphinothricin was included because it is used as a contact 

herbicide and therefore poorly translocated in plants (Anon., undated), and was 

therefore assumed not to have a detrimental effect on the leaf lamina cells if applied 

to the cut petiole. It also had a dramatic and quick effect on wild type Rubus 

explants when incorporated into the culture medium (Table 5.3, Chapter 5). It 

therefore provided an opportunity to observe whether the selective agent flowed 

over the surface of explants, thereby causing unintentional tissue damage, when 
TQfeS 

directly applied. The regeneration)of shoots from cut ends of petioles detached from 

laminae were compared to regeneration rates from petiole ends of whole leaf 

explants, to test the nurse capacity hypothesis. 

Pretreatment effects 

The third aspect under consideration for possible limitation of the numbers of 

transformed cell lines regenerating was the pretreatments to enhance regeneration. 

The effects of individual components of these pretreatments on the numbers of gene 

transfer events following cocultivation were studied in Chapter 7. Their effects on 

regeneration rates had still to be determined. The new selection protocol developed 

high numbers of regenerants. Therefore, it was employed to evaluate the effects of 
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those components of pretreatments on the numbers of putatively transgenic 'Canby' 

red raspberry plants recovered. Regeneration rates were recorded, and regenerants 

were tested for expression of both transgenes present on the T-ONA of the vector 

used. 

MATERIALS AND METHODS 

Preliminary definition of the new selection protocol 

For direct application of the selective agent to a target site, there were two aspects 

that had to be considered. Firstly, the concentration of selective agent in the 

volume applied had to be effective. Secondly, the volume applied had to be large 

enough to cover the target cells, but small enough to prevent runoff. All Rubus leaf 

explants had undergone the standard pretreatments to enhance regeneration (see 

Chapter 4). Selective agents were filter sterilised and applied in liquid regeneration 

medium to petiole ends of whole leaf explants. 

Toxic levels of kanamycin and phosphinothricin were established in preliminary 

experiments, then the volume necessary for application of the selective agent 

directly to the petiole ends was determined. When volumes of 3 pi or more were 

applied, the droplets ran straight down the petioles, so smaller volumes were tested. 

By applying 1 or 2 pi, the droplets apparently covered the cut end and did not run 

down the petiole too quickly. These volumes of the appropriate level of each 

selective agent were applied, with 25 explants per treatment. Toxicity effects at the 

petiole end and over the rest of the explants were noted after 14 days. 



Regeneration of shoots from petiole ends was recorded seven weeks after 

application of the selective agents. 

Effect of presence of the laminae on regeneration from petiole ends 
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The regeneration capacity of wild-type Rubus cells in the target areas of petioles in 

the absence of laminae was compared to regeneration from petioles of intact leaf 

explants (as used in previous experiments). All explants were from pretreated stock 

plants. The explants were not cocultivated but were dipped in sterile LB broth and 

handled as for cocultivated explants. All explants were dipped in 200 mg/l 

cefotaxime after three days and transferred to fresh regeneration medium. The 

dipping in cefotaxime was repeated seven days after mock cocultivation, and all 

explants were then placed on fresh regeneration medium with the addition of 100 

mg/I cefotaxime. 

Kanamycin was applied in liquid regeneration medium at 0, 0.05 or 0.1 pg/pl, with 

2 pi applied per petiole end on detached petiole segments and complete leaves. 

Complete leaf explants were placed abaxial surface up on the regeneration medium, 

and petiole segments were placed on their sides. Both ends of petiole segments 

were treated with kanamycin. All petiole segments were one cm long so that there 

was an untreated zone in the middle of each segment. The numbers of shoots that 

had regenerated from petiole ends of all explants were recorded seven weeks after 

application of selective agents. 
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Cocultivation and selection 

To test the newly defined selection protocol, detached petiole segments and 

complete leaf explants were cocultivated with LBA4404/pTMVGUS at an OD550 of 

0.42 with cocultivation procedures identical to those used in Chapter 6. The growth 

of Agrobacterium was effectively controlled, and there was a predominance of green 

healthy explants. Kanamycin was applied at 0.05 or 0.1 pg/pl, with 2 pi applied per 

petiole end at seven days. After four weeks, all explants were transferred to fresh 

regeneration medium. From six to eight weeks, regenerating shoots were 

transferred to elongation medium (OMS with 0.3 mg/I BA and 100 mg/I cefotaxime). 

The numbers of shoots regenerating six weeks after placing explants on 

regeneration medium were recorded. GUS assays were performed on basal leaves 

from each regenerated plant. Shoot tips from all regenerated plants were 

rechallenged by placing them on elongation medium containing 50 mg/I kanamycin 

for three 'mQrlfbs. Molecular analyses of regenerants are presented in Chapter 9. 

Individual effects of components of regeneration-enhancing on regeneration 

The direct application of 0.2 pg kanamycin as 2 pi of 0.1 pg/pl to petiole ends of 

leaf explants had been shown to: 

• suppress regeneration from wild type "Canby" red raspberry cells at the 

petiole ends, and 

• allow greater regeneration rates from cocultivated leaf explants compared to 

kanamycin incorporated in the medium. 

The new protocol was therefore used to examine the individual effects of 
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components of the first stage of the pretreatment to enhance regeneration from this 

Rubus genotype, following Agrobacterium cocultivation and selection for 

transformation. These variations were presence and absence of colchicine, and 

liquid versus solid phase medium, in all combinations. The explants were 

cocultivated with LBA4404/pTMVGUS (OD550 = 0.47). Sixty explants were 

cocultivated per treatment, and challenged with kanamycin seven days after the 

start of cocultivation, using the new selection protocol defined above. Regeneration 

of shoots from the petiole ends of explants was recorded seven weeks after the 

application of selective agents. Histochemical GUS assays (Jefferson, 1987) were 

performed on basal leaves from each regenerated plant. Shoot tips from all 

regenerated plants were rechallenged by placing them on elongation medium 

containing 50 mg/I kanamycin for three months. Molecular analyses of regenerants 

are presented in Chapter 9. 

Data analysis 

The regeneration results recorded in the experiments reported in this chapter were 

low frequency counts. Therefore, a generalised linear model was fitted assuming a 

Poisson distribution of errors (McCullagh & Neider, 1983). Genstat5 was used for 

the analyses. 
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RESULTS 

Preliminary definition of the new selection protocol 

When 1 pi of a 0.05 pg/pl phosphinothricin was applied to the cut petiole ends of 

leaf explants, the ends sene seed within 14 days. However the laminae of these 

explants remained green. When 2 pi of 0.05 pg/pl phosphinothricin was applied, 

the entire petiole was sometimes affected but laminae remained healthy for all but 

two out of 25 explants. In these cases, the petioles were thin and had bent down 

touching the laminae. In contrast, kanamycin caused chlorosis of petiole ends and 

suppressed regeneration rates, but all laminae remained green when using both 1 

and 2 pi volumes. Shoot regeneration from these explants six weeks after 

application of the lethal levels of each selective agent are presented in Table 8.1. 

These recordings showed that the greatest amount of kanamycin (0.1 pg applied as 

2 pi of 0.05 pg/pl) severely reduced, but did not totally inhibit, the regeneration of 

shoots from the petiole ends of 'Canby' red raspberry leaf explants. The interaction 

between presence or absence of kanamycin and volume applied was significant, 

with a far greater suppression of shoot regeneration by the higher volume when 

kanamycin was present. The effect of phosphinothricin was rapid and severe, 

making it unsuitable as a selective agent in this transformation system. Even so, a 

1 pi droplet of 0.05 pglpl phosphinothricin was insufficient to totally inhibit 

regeneration, suggesting that 1 pi was insufficient to cover the target area. 
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Table 8.1: Numbers of shoots per explant regenerating from petiole ends of 

wild type Rubus leaf explants following direct application of 

selective agents (figures are the mean of 25 replicate explants per 

treatment, .± SE). Regeneration was recorded seven weeks after 

application of the selective agents. 

Volume (PI) 

1 

2 

Control 

1.92.±0.3338 

1.72.±0.31S8 

Significance of contrasts 
volume main effect 
kanamycin main effect 
volume vs kanamycin interaction 

Kanamycin 

(0.05 pg/pl) 

0.72.±0.2048 

0.12 .±0.081 8 

NS 
** 

* 

Phosphinothricin 

(0.05 pg/pl) 

0.04 

0.00 

"analysis rastricted to these treatments only because of the lack of regeneration in the presence of phosphinothricin 

Effect of presence of the laminae on regeneration from wild type petiole ends 

Regeneration was recorded from each cut surface, ie. for both ends of each petiole 

segment and from the single surface of leaf explants. Comparing the kanamycin-

free controls established a very highly significant (P < 0.001) difference between 

shoot regeneration from complete leaves (2.32 shoots regenerated per cut surface) 

and detached petiole segments (0.22 shoots per cut surface). This established the 

"nurse effect" of the attached lamina for regeneration of shoots from cut petioles. 

There were very highly significant effects for both explant and kanamycin main 

effects and for the interaction. When kanamycin was applied, regeneration was 

severely inhibited from the petiole ends of all explants (Table 8.2). For petiole 
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segments, there was a decrease in regeneration with increasing levels of kanamycin, 

with no shoot regeneration at the highest application rate (0.2 pg/cut surface). For 

complete leaves, shoot regeneration was markedly reduced in the presence of 

kanamycin, however total inhibition was not achieved even at the highest 

application rate (0.2 pg/cut surface). 

Table 8.2: Regeneration from cut surfaces of petiole segments and leaf 

explants of non-cocultivated 'Canby' red raspberry, following direct 

application of kanamycin to petiole ends. Regeneration was 

recorded seven weeks after application of the selective agent. 

Amount of kanamycin applied number of cut total number mean number of 
in a 2 pi drop per cut surface surfaces of shoots shoots per cut 

(pg) surface ±SE 

A: petiole segments 

0 40 9 0.22±0.080 

0.1 40 5 0.12±0.046 

0.2 40 0 O.OO±O.OOO 

B: leaf explants 

0 25 58 2.32±0.329 

0.1 25 2 0.08 ±0.046 

0.2 25 3 0.12±0.057 

Significance of contrasts 

explant (petiole vs leaf in absence of kanamycin) *** 

explant (petiole vs leaf) *** 

kanamycin *** 

explant vs kanamycin interaction *** 
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Cocultivation and selection 

Regeneration of shoots from cocultivated petiole segments and leaf explants is 

presented in Table 8.3. With leaf explants, the principal regions where regeneration 

occurred were again the petiole ends, with some shoots along the mid rib and the 

line lightly scored across the mid rib, as described in Chapter 4. Scoring across the 

mid rib promoted regeneration at that site, and gave more wounded plant cells for 

Agrobacterium-mediated transformation in earlier experiments (Chapters 4 & 6). 

Scoring was used in cocultivation experiments reported in this chapter to allow 

direct comparisons of regeneration and transformation results from previous 

experiments, with results using the newly developed selection protocol. Because 

the selective agents were only applied to the petiole ends, shoots and calli from 

other parts of the Rubus explants were not counted. There was a highly significant 

effect of explant type, with leaf explants producing more shoots per cut surface 

than petioles. There was no significant effect of level of kanamycin, nor was there 

an interaction. A total of 16 shoots regenerated from the 80 cut surfaces of petiole 

segments (ie. 0.20 shoots per surface). For leaf explants, 116 shoots regenerated 

from 300 explants (ie. 0.39 shoots per surface). In comparison with the 

regeneration rates for wild type explants (Table 8.2), these rates were very high 

sugesting that the majority of the regenerated shoots are possibly transformed. 
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Table 8.3: Cocultivated explants: regeneration from cut surfaces of petiole 

segments and leaf explants of 'Canby' red raspberry, following 

direct application of kanamycin to petiole ends. Regeneration was 

recorded seven weeks after application of the selective agent. 

Amount of kanamycin applied number of cut total number 
in a 2 pi drop per cut surface surfaces of shoots 

(JIg) 

A: petiole segments 

0.1 

0.2 

B: leaf explants 

0.1 

0.2 

Significance of contrasts 

kanamycin 

explant 

kanamycin vs explant interaction 

40 

40 

150 

150 

10 

6 

50 

66 

mean number of 
shoots per cut 
surface .±SE 

0.25.±0.079 

0.15.±0.060 

0.33.±0.047 

0.45.±0.05S 

NS 

** 

NS 

Individual effects of components of regeneration-enhancing pretreatments on 

regeneration 

The components of the first stage of pretreatments of stock culture plants to 

enhance subsequent shoot regeneration from leaf explants were: 

• liquid or solid phase media, and 

• presence or absence of 150 pM colchicine, 

in all possible combinations. The effects of each component on gene transfer 

events were examined in Chapter 7. Using the new selection protocol, there were 
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no significant effects of these components of pretreatments on regeneration (Table 

8.4). 

Table 8.4: Individual effects of components of regeneration-enhancing 

pretreatments on the regeneration of shoots from petiole ends of 

cocultivated 'Canby' red raspberry leaf explants. Selection was by 

direct application of 0.2 pg kanamycin in a 2 pi drop to each petiole 

end. Regeneration was recorded seven weeks after application of 

the selective agent. 

pretreatment number of % area with stable total number mean number 
explants GUS expression 8 of shoots shoots per 

explant .±SE 

solid, no 60 1.09 77 1.28.±0.226 
colchicine 

solid, 60 0.68 82 1.37 .±0.235 
colchicine 

liquid, no 60 2.03 100 1.67.±0.259 
colchicine 

liquid, 60 1.40 75 1.25 .±O. 225 
colchicine 

Significance of contrasts 

phase (solid vs liquid) ** NS 

colchicine NS NS 

phase vs colchicine NS NS 

interaction 
"from chapter 7. Table 7.5 
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Initial characterisation of putative transformants 

In the experiments designed to develop the new selection protocol, 11 6 plants 

regenerated from cocultivated leaf explants and a further 1 6 regenerated from 

cocultivated petiole segments (Table 8.3). A further 334 plants regenerated from 

the components of pretreatments experiment (Table 8.4). Using data from wild type 

explants subjected to the same selection protocol (Table 8.2), the numbers of 

expected escapes were estimated as approximately five shoots from 80 petiole 

segments, and 60 shoots from 540 leaf explants. Therefore, from the total of 466 

shoots regenerated, approximately 400 are expected to be putatively transformed. 

Histochemical GUS assays on basal leaves of each of these 466 regenerated plants 

were all negative; there was no expression of the p-glucuronidase gene. Shoot tips 

from all regenerants were challenged on 50 mg/I kanamycin for 3 months. The new 

growth on shoot tips from six regenerated lines remained green, while the new 

growth was completely chlorotic for all of the 30 wild type shoot tips used as a 

control in that challenge. Molecular analyses of the regenerants are described and 

discussed in Chapter 9. 

DISCUSSION 

The suppression of shoot regeneration by kanamycin was demonstrated for cells in 

the zone within leaf explants targeted for selection pressure. For 'Canby' red 

raspberry leaf explants, 0.2 I1g kanamycin per explant, applied as 2111 of 0.1 119/111 

in liquid regeneration medium, severely reduced the regeneration of shoots from 

petiole ends. The interaction between kanamycin and volume applied was 
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significant, with far greater suppression of regeneration when more kanamycin was 

present. The effect of phosphinothricin was rapid and severe, making it unsuitable 

as a selective agent in this transformation system. Even so, 1 pi droplets of 0.05 

pg/pl phosphinothricin were insufficient to totally inhibit regeneration (Table 8.1). 

The higher volume was therefore chosen, as the one shoot that regenerated when 1 

pi of phosphinothricin was applied, indicated that 2 pi of solution was necessary to 

cover all target cells. As some regeneration occurred even at the higher level of 

kanamycin in this experiment (2 pi of 0.05 pg/pl), a higher total amount of 

kanamycin (2pl of 0.1 pg/pl) was used later with cocultivated explants. 

There was some evidence that a 2 pi droplet ran down the petiole of the leaf 

explants (placed abaxial surface up on the medium). Increasing the concentration 

and decreasing the volume applied was attempted with wild type leaf explants. 

Even with 0.5 pg kanamycin applied (in 1 pI) six shoots regenerated from 25 

explants, supporting the hypothesis that the target area was incompletely covered. 

It may be worth investigating the use of a compound such as glycerol to increase 

the viscosity of the droplet applied to each explant to ensure the selective agent 

remains on the target zone. Another possibility is dipping the petiole ends in a 

solution of the selective agent, air drying, then placing them on the regeneration 

medium. 

The improvement in numbers of shoots regenerating from cut surfaces of non­

cocultivated explants when the laminae were attached to petioles was very highly 

significant. For cocultivated explants under the higher level of directly applied 

selective agent, complete leaf explants again gave more shoots per cut surface than 
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detached petioles. Suitable complete leaf explants were also easier to obtain from 

stock culture plants than the long sturdy petiole segments necessary. Length was 

important in detached petiole segments to give a zone between the two cut surfaces 

of the segments that would not be under selection pressure. The regeneration 

results demonstrated the importance of maintaining the laminae to support the 

petiole tissues, presumably by transporting nutrients and other possible cell division 

stimulating substances. The concept of "feeding" target cells in cocultivated 

explants by using nurse cultures to promote the division and growth of the 

transformed plant cells, and to help possibly in vi, gene induction (White, 1993) is 

not new. Observations of the nurse effect of some parts of the cocultivated 

explants themselves on regeneration of shoots from other parts, has occassionally 

been reported. Janssen & Gardner (1989) discussed localized sites of 

transformation-competent cells in cocultivated petunia leaf discs. They observed 

that GUS reporter gene activity was often vein-associated and that it occurred 

predominantly at the basal petiolar end of leaf explants. They also noted that large 

leaf explants appeared to produce regions of expression more frequently than small 

leaf explants. They suggested export of "whatever stimulates T-DNA transfer" from 

the leaf (lamina) through the veins towards the petiole ends, as an explanation of 

their observations. Stamp et al. (1990) showed that the development of 

adventitious shoots from petiole ends of grape leaf explants depended on the 

presence of the lamina. Colby et al. (1991) conducted histological analyses of the 

development of adventitious shoots from grape leaf explants. In their study, 

vascular connections formed between adventitious shoots and the vascular bundles 

of the original explant. They suggested that if the supply of nutrients from the 

lamina is essential for shoot development, then the effects of early selection against 
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untransformed tissues in the explant could be detrimental to the development of 

transformed promeristems. The concepts of nurse cultures and translocation from 

leaf lamina were combined and extended in this thesis. The novel manner in which 

the selective agent was used with cocultivated Rubus leaf explants in this study, 

has produced a promising new approach to selection of transformants for 

recalcitrant species. 

The numbers of regenerants from cocultivated explants (Table 8.3) were similar to 

results from non-cocultivated controls without kanamycin selection, and were higher 

than from kanamycin-treated non-cocultivated explants (Table 8.2). This evidence 

suggested that at least some of the regenerants, from the parts of cocultivated 

explants that had been under selection pressure, may be transformed. Using the 

novel selection protocol developed here, numbers of regenerants were also very 

much higher than from explants in experiments in Chapter 6, where 50 mgtl 

kanamycin was included in the medium. Only ten plants regenerated in that 

experiment from 200 explants, compared to 11 6 regenerants from 300 leaf explants 

with the new selection protocol. With cocultivated explants and the new selection 

protocol, there were fewer shoots when the higher amount of kanamycin was 

applied (Table 8.3), so some regenerants from the lower kanamycin treatment at 

least may have been escapes. For leaf explants -at either level of kanamycin, more 

shoots regenerated than from non-cocultivated explants under selection pressure 

(Tables 8.2 and 8.3). Some shoots regenerated from the mid rib and scored line on 

the laminae of complete leaf explants. These shoots are not recorded in the data 

presented as they had not been under selection pressure. However, they may also 

be expected to have a nurse effect (over and above that by laminae) on regeneration 
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at the petiole cut end and may promote the appearance of additional escapes. 

Transformation efficiency in woody plants was reviewed by Dandekar et al. (1993). 

They high lighted the small population of cells competent for both regeneration and 

transformation for most woody plants, because of low transformation frequencies 

and low rates of regeneration. They suggested improving either aspect as a path to 

increasing numbers of transgenic plants. Host-strain interactions were investigated 

early in this thesis (Chapter 2)' and high transformation frequencies at cut surfaces 

were proved with a matched Agrobacterium-Rubus pair (Chapter 7). The control in 

Table 8.2 indicated the potential regeneration rate from leaf explants under current 

laboratory conditions and procedures. Assuming that: 

• regeneration arises from single cells at the cut surfaces, and 

• all cells at the cut surface are equally competent for both regeneration and 

transformation, 

then estimates of expected numbers of transformants could be calculated. The 

evidence of early gene transfer events with this material (Chapter 7) indicated that 

80-100% of cells at the cut surfaces of petioles on entire leaf explants showed 

stable expression of the transgene. Therefore, 80-100% of the 2.32 shoots per cut 

surface of leaf explants (Table 8.2) could be expected to be transformed. In the 

experiment in Table 8.3, 300 explants were cocultivated then selected with 

kanamycin. The expected number of putatively transgenic plants arising could be 

calculated as 556 to 696. From Table 8.2, the numbers of anticipated escapes can 

be estimated as 0.1 shoots per explant (30 shoots for 300 explants). In fact, a total 

of 116 shoots survived selection (Table 8.3). So the number of putatively 

transgenic plants was considerably greater than the predicted number of escapes, 
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assumptions made in these calculations must therefore be questioned. 

160 

To investigate the first assumption that regeneration arises from single cells in 

Rubus further, a detailed study of the regeneration process from these surfaces 

would have to be conducted. Sectioning of regenerating surfaces over time would 

identify the origin of shoot primordia. Such a study was conducted by Colby et al. 

(1991) on grapes. They identified the dramatic wound response at cut surfaces, 

asynchronous shoot meristem initiation, and the development of promeristems from 

two or more nearly simultaneous epidermal and subepidermal cell divisions as 

limitations to the recovery of uniformly transformed grape plants. Should primordia 

arise from multicellular origins in Rubus leaf explants, then the regeneration of 

chimeric shoots would be common. Some wild type cells in primordia of 

multicellular origin could survive selection pressure by virtue of cross-feeding 

protection from transformed cells around them. Given the relatively short exposure 

to the selective agent when the new selection protocol was applied, it is possible 

that chimeric shoots may survive. As these shoots developed, untransformed cells 

could gradually predominate in the absence of selection. Thus, shoots surviving 

selection may well have transformed cells in them, but the proportion of transformed 

cells could decrease as the shoots developed further. The regeneration of chimeric 

transformed shoots has been reported in grapes (Baribault et al., 1990). Selection 

against cell types within chimeric plants could be used to recover uniformly 

transgenic plants, as was reported by Vasil et al. (1992). Those authors eliminated 

untransformed cells from chimeric wheat shoots by using stepwise phosphinothricin 

selection (ie. sequential transfers to increasing concentrations of the selective 



161 

agent). Chimeras may be unstable in vitro (eg periclinal chimeras in grapes; Skene & 

Barlass, 1983), allowing an alternative screening procedure to produce uniformly 

untransformed plants. 

The second assumption was equal competence for regeneration and transformation. 

Competence for regeneration appears to be very low in Rubus. Hassan et al. (1993) 

counted the number of cells at the cut petiole ends of pretreated Rubus leaf 

explants; they counted 440 cells per surface. In the experiments on wild type 

pretreated explants without selection pressure reported in this chapter, only 2.32 

shoots regenerated per petiole end. Perhaps the few cells which were competent 

for regeneration were amongst the 0-20% of cells which were not competent for 

gene transfer. Colby et al. (1991 a) reported cellular differences in Agrobacterium 

susceptibility and regenerative capacity in leaf explants of grapes. They showed 

that transgene expressing cells occurred at cut surfaces, in vascular bundles, in 

inner cortical cells of the petioles, and on unwounded parts of the laminae. 

Adventitious shoot regeneration never occurred at these sites. Exogenous, 

multicellular promeristem initiation occurred in epidermal and subepidermal locations, 

where transgene expression was found less frequently. 

With Rubus, a considerable number of regenerants were recovered following 

cocultivation and selection using the new protocol. When these regenerants were 

assayed for histochemical p-glucuronidase activity, not one of the plants was 

observed to express transgene activity. Shoot tips from each regenerant were 

grown on kanamycin-containing medium for three months, with six plants surviving. 

The levels of stable GUS expression in the experiments reported in Chapter 7 
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Therefore, possible explanations for lack of GUS activity are: 
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• regeneration of cells with transient expression of the T -DNA genes allowing 

protection through the short period of selection, 

• chimeric shoots gradually becoming predominantly wild type (discussed 

above), 

• truncated insertion of T -DNA, so that regenerants have the selectable 

marker transgene, but not the reporter transgene (Deroles & 

Gardner, 1988; Mlynarov8 et al., 1994) 

• methylation of the transgenes during regeneration and shoot development, 

resulting in non-expression (tobacco, Weber et al., 1990; 

Arabidopsis, Kilby et al., 1992; potato, Ottaviani et al., 1993), or 

• escapes, maybe assisted by cross protection from neighbouring transformed 

cells that did not regenerate or were not competent for regeneration 

(Chen et al., 1995). 

The survival of six plants on kanamycin for three months may indicate that these 

plants have truncated insertions of the T-DNA, having the NPTII transgene but not 

the GUS transgene. Molecular evidence to examine that possibility is presented in 

Chapter 9. 

Escape rates in transformation experiments are seldom mentioned in the published 

literature. Hassan et al. (1993) reported initial selection for kanamycin resistance of 

approximately 50 Rubus lines from 1600 leaf, internode and cotyledon explants in 

their Agrobacterium-mediated transformation experiments. After several subcultures 

with kanamycin in the medium continuously but at the very low level of 10 mgtl, 
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only seven lines remained green. These seven lines were reported to initiate roots 

on medium containing 15 mgll kanamycin, and exhibit marker enzyme activity. Only 

two lines from internode explants were analysed by Southern analysis; both were 

transformed. A number of the explanations for lack of GUS activity discussed above 

may have applied with their work, as they only conducted Southern analyses on 

GUS active plants. Conner et al. (1992) reported 40% of cell colonies, selected for 

kanamycin resistance from potato leaf explants following Agrobacterium-mediated 

transformation, failed to continue growth when removed from the explant. A small 

proportion of regenerated potato plants also failed to show resistance when re­

challenged with kanamycin so were probably escapes through the initial selection. 

Similar frequencies of escapes through kanamycin selection were reported 

previously in potato by Conner et al. (1991), and in other plants (Horsch, et al., 

1985; Fry et al., 1987; Deroles & Gardner, 1988a; Jordan & McHughen, 1988). 

Bicknell & Borst (1994) reported a high frequency of escapes in Hieracium 

transformation when the selective agent was used at a level that totally inhibited 

regeneration from non-cocultivated explants. Increasing the selection level reduced 

the numbers of escapes, but also the numbers of transformants recovered. They 

proposed the following explanations: 

• low expression of the transgene, 

• cross protection of untransformed cells .by transformed cells (at the lower 

level of selective agent), and 

• co-operative death of transformed cells surrounded by dying untransformed 

cells (at the higher level of selection). 

In the experiment to test individual effects of components of regeneration-enhancing 
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pretreatments on regeneration, there was no significant difference between any of 

the treatments. More shoots regenerated for any component of pretreatments used 

individually than when the same selection level was used in the previous 

cocultivation experiment on routinely pretreated explants (1.39 compared to 0.45 

shoots per leaf explant, Tables 8.3 and 8.4). These results indicated that neither 

liquid phase nor colchicine for three days (before the passage to solid medium 

containing a low level of TDZ for three weeks) gave any advantage as a 

pretreatment for 'Canby' red raspberry, when the novel selection method was 

employed. This contrasted with the improvements these pretreatments effected in 

the absence of cocultivation and selection (Chapter 4). Hassan et al. (1993) used 

the pretreatments with other Rubus genotypes in their transformation experiments. 

They incorporated the selective agent in the medium, but at the very low level of 10 

mgtl. As discussed above, they recovered 50 regenerated shoots from 1600 

explants, but only two lines proved to be transgenic, and another five lines were 

putatively transformed. 

The selection protocol developed here offers higher numbers of regenerating shoots 

from cocultivated Rubus leaf explants. This new protocol could be improved with 

refinements such as: 

• more than one application of the selective agent (with timing to be 

investigated) , 

• additions of a "carrier" for application of the selective agent, such as 

glycerol to increase viscosity, 

• additions of regeneration promoting substances (eg growth regulators, other 

carbohydrate sources). 
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Using this selection protocol, colchicine could be eliminated from the first stage of 

the regeneration-enhancing pretreatments, without sacrificing recovery of 

reasonable numbers of shoots. The significant improvement in the percent of total 

explant surface area expressing the GUS transgene when the liquid phase stage of 

pretreatments was used justifies continuing with that component of the 

pretreatment. Although this new selection protocol also failed to give a satisfactory 

system for selecting transgenic Rubus, its merits have been clearly demonstrated. 

This approach, possibly with some of the suggested improvements that could be 

incorporated, may prove to be valuable for other plant species considered to be 

recalcitrant to transformation. 
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CHAPTER 9 

MOLECULAR ANALYSES OF PUTATIVE RUBUS TRANSGENICS 

ABSTRACT 

Numerous Rubus plants were recovered from cocultivation and selection 

experiments earlier in this thesis. These plants were putatively transformed with 

vectors containing NPTII and GUS genes. Molecular analysis was performed on a 

sample of these lines. Polymerase chain reaction (PCR) amplification was used to 

screen 10% of the 476 Rubus regenerated plant lines for presence of the 

transgenes. Nicotiana regenerants (the positive controls) had PCR amplified DNA 

fragments of the expected size when using primers specific for NPTII and GUS 

genes. All Rubus regenerated plant lines were negative for both transgenes. Five 

Rubus and one Nicotiana line were further analysed using Southern hybridisations to 

confirm whether there was integration of the transgenes, and the number of copies 

in each line. This confirmed that the Nicotiana line was transformed. Spurious 

bands were evident in autoradiographs of two Rubus lines, but could not be 

confirmed in later Southerns. The remaining Rubus lines tested were also not 

transformed. The recovery of only large numbers of untransformed Rubus plants 

following the apparently stringent selection procedures is discussed, along with the 

implications for Agrobacterium-mediated transformation of Rubus. 
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INTRODUCTION 

Putative transgenic Rubus and Nicotiana (the positive control) regenerants were 

recovered from experiments attempting Agrobacterium-mediated transformation of 

Rubus, (Chapters 6 and 8). The binary vector used in these experiments was 

pTMVGUS, which contained a kanamycin resistance selectable marker gene and a 

GUS reporter gene on the modified T-DNA. After selection on medium containing 
'V~ <;UM'vea 

kanamycin, nine lines regenerated directl~from Rubus explants (Table 6.1), and one 

line regenerated from callus. A further 466 Rubus lines (Tables 8.a and 8.4) 

regenerated directly using the new selection protocol involving the application of 

kanamycin to specific target sites. 

This chapter reports molecular analyses on a sample of the lines regenerated under 

selection. These included the lines most likely to be transformed as judged by their 

growth on selection medium ie. the one plant that regenerated from a GUS-negative 

callus line (Chapter 6)' and the six plants from experiments in Chapter 8 that 

remained green when rechallenged on kanamycin for three months. Histochemical 

GUS assays had been performed on tissue from every regenerant, but the only 

Rubus line that had shown GUS activity had not survived (Chapters 6, Figure 6.3). 

The molecular analyses used to unequivocally establish the transgenic status of the 

Rubus plants, involved the polymerase chain reaction (PCR) to amplify both the 

NPTII and GUS genes, and Southern hybridisation to detect integration of the NPTII 

coding region. Both these procedures were reviewed in Chapter 1 (Section 1.10). 
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MATERIALS AND METHODS 

DNA Extractions 

Plant material was collected in small plastic bags (9 x 1 6 cm), 5 ml of CT AB buffer 

(20mM Tris-HCI pH 8.0, 1.4M NaCI, 20mM EDTA pH 8.0, 2% CTAB with 0.3% p­

mercaptoethanol added just before use) warmed to 60°C was added, and the sap 

extracted using a wallpaper roller. Extracts were incubated at 60°C for 1 hour, 

cooled to room temperature, and an equal volume of chloroform/octan-2-01 (24: 1 ) 

was added. After mixing, the samples were centrifuged at 3,000 rpm for 10 

minutes, the aqueous phase transferred to clean tubes, and the volume doubled by 

adding ethanol at -20°C. The samples were centrifuged at 16,000 rpm for 10 

minutes. The supernatant was decanted off, and 3 ml of a solution of 76% ethanol 

and 0.2M sodium acetate were added to the pellet. After 20 minutes at room 

temperature, the liquid was decanted off and replaced with 3 ml of a solution of 

76% ethanol with 0.01 M ammonium acetate to precipitate only large DNA 

fragments. Samples were dried, redissolved in 10 mM Tris (pH 8) plus 1 mM EDTA 

(pH 8) (T,oE,) and stored at -20°C. Yields and purity were determined by quantitation 

on a Pharmacia GeneQuant ® spectrophotometer, and cont{ rmed by running an 

aliquot on an agarose gel. 

PCRs to screen for presence of the transgene(s) 

Of the 476 putatively transform.ed Rubus lines recovered, 48 were screened for 

presence of the transgene(s) using peR. This sample included the line regenerated 
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from callus that had survived on medium containing kanamycin, and the six lines 

that had remained green when rechallenged on kanamycin. To reduce the cost of 

PCRs, DNA was extracted from in vitro cultures of each line, quantified, then equal 

amounts of DNA from five samples combined in each PCR reaction. When any 

positive results were achieved, the reactions were repeated individually for DNA 

from each sample in that reaction. Oligonucleotide primers, 16 bases in length, from 

each end of the coding region from the NPTII and GUS genes were supplied by Dr 

Gail Timmerman-Vaughan, Crop & Food Research, Lincoln. The primer sequences 

are given in Table 9.1. This was expected to give PCR products of 804 bp (NPTII ) 

and 1120 bp (GUS). Reagents were supplied by Boehringer-Manheim, and L(str:i tlr 
.fb. tetDM~eN!eJ 1e.Je/.s I~ 

)reactions run on a Perkin-Elmer-Cetus DNA Thermal Cycler. Reactions were 

run for 40 cycles of 94°C (1 min), 45°C (1 min), and 72°C (2 min), with a final 

extension of an additional 5 minutes, then reactions held at 6°C. Completed 

reactions were electrophoresed at 11 OV for 1 h,then stained in 0.5pg/l ethidium 

bromide for 30 minutes, destained in ddH20, and illuminated under UV light. 

A series of positive and negative controls were incorporated into the assays to 

assist in the interpretation of results. Positive controls used were: 

1. NPTII coding region DNA from pTMVGUS (500 pg per reaction) 

2. GUS coding region DNA from pTMVGUS (50.0 pg per reaction) 

3. NPTII and GUS coding region DNA from pTMVGUS mixed with DNA from 

control Rubus plants that had not been cocultivated (in the ratio of 50 pg of 

each transgene coding region DNA to 1.5 I1g Rubus DNA per reaction) 

4. DNA from Nicotiana regenerants that had survived 3 months on selection 

medium, and had consistently shown GUS activity in leaf samples over a period 
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of 8 months (expected to be positive for NPTII and GUS) 

S. DNA from Nicotiana regenerants that had survived 3 months on selection 

medium, but that had shown no GUS activity in leaf samples over a period of 8 

months (expected to be positive for NPTII only). 

Negative controls were: 

1 . PCR reaction mix without DNA added 

2. DNA from Nicotiana plants that had not been cocultivated 

3. DNA from Rubus plants ('Canby' red raspberry) that had not been cocultivated. 

Table 9.1: Primer sequences for the PCR amplification of GUS and NPTII coding 

regions. 

Coding region of: Primer sequence Expected size of 

GUS 

GUS 

NPTII 

NPTII 

amplified DNA fragment 

S'T AATGCTCT ACACCAC 3
' } 

S'CATACCTGTTCACCGA 3' 

S'GAGGCTATTCGGCTAT3
' } 

~ATCTCGTGATGGCAGG~ 

1120 bp 

804 bp 
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Southern analysis 

The restriction sites used to cleave plant genomic DNA, and the expected 

hybridisation are represented in a stylised form in Figure 9.1. The plant genomic 

DNA was digested with Hindlll, and probed with a 770 bp fragment from the coding 

region of the NPTII gene. With an intact integration of the modified T-DNA on 

pTMVGUS into the plant genome, this is expected to identify a fragment of at least 

2.S kb for each insertion site. 

Figure 9.1: Stylised representation of Southern hybridisation to detect integration 

of the NPTII transgene into the plant genome 

a) T -DNA from pTMVGUS which may have been integrated into the plant genome 

Hindlll 

§}fJOS\ NPTII \NOsH 35slTMvl GUS 

b) the probe used 

I NPTII I 
coding region 

~ 770 bpi 

c) expected hybridisation and fragment lengths 

<:------------------------------------------------~ 

variable fragment ~ 2.S kb 

\7'5'PTiASf-0 
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Southern analysis: Probe preparation 

The probe was prepared by peR amplification of the NPTII coding region from pLN27. 

This plasmid contains an NPTII gene by the right border (and the bar gene by the 

left border) (Dr Kevin Davies, Crop & Food Research, Levin; personal 

communication). The primers used gave a 770 bp fragment, with PCR conditions of 

94°C (1 min), 47°C (1 min), and 72°C (2 min) for 40 cycles. The PCR product was 

purified using Wizard PCR Preps from Promega, following the supplier's instructions. 

The purified probe, 770 bp long, was labelled with [a- 32 P1 dCTP using the Amersham 

Mega Prime DNA Labelling System. 

Southern analysis: Genomic DNA preparation 

Genomic DNA of one wild type and five putatively transformed Rubus plant lines, 

and one wild type and one putatively transformed Nicotiana lines, was extracted. 

An additional positive control was used in the second Southern analysis. It involved 

the use of DNA from a Brassica napus cv Giant rape plant, known to be transgenic 

for the NPTII gene (Dr Mary Christey, Crop & Food Research, Lincoln; personal 

communication). For Rubus lines, 30-65pg DNA per sample, for Nicotiana 85-

165pg DNA per sample, and for Brassica napus 100pg DNA, were digested with S' lCt'\it.s J 
(v,'s""ql o.ss.UM(lNI' of -fl..fl St./) 

Hindi III at 37°C overnight. Completed digestion~were electrophoresed at 11 OV for 

1 h. After electrophoresis, the gel was depurinated in 0.25 M HCI for 15 minutes, 

rinsed twice in deionised distilled water, then denatured in 0.5 M NaOH for 30 

minutes. Samples were transferred to Hybond™-N + nylon transfer membrane 

(Amersham) by vacuum blotting, using a Biorad Model 785 Vacuum Blotter in a 
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transfer buffer of 10 x SSC (where 1 x SSC is 0.15 M NaCI, 0.15 M sodium citrate), 

following the manufacturer's instructions. The DNA was bound to the membrane by 

drying it between sheets of filter paper in a vacuum oven at 80°C for 30 minutes. 

Southern analysis: Hybridisation 

Prehybridisation, the membrane was soaked in 2 x SSC at 65° for 15 minutes, then 

in 1 mM EDTA, 0.5 M Na 2P04 7% SDS for 1 hour in a rotating hybridisation oven. 

Heat denatured la-32P1 dCTP random labelled probe DNA was added, and 

hybridisation was carried out at 65°C overnight. The labelled probe was tipped off 

and the membrane was washed at 65°C, twice in 2 x SSC, 0.1 % SDS for 15 

minutes, then once in 1 x SSC, 0.1 % SDS. The membrane was exposed to Kodak 

X-OMAT AR film for 2 weeks at -80°C to detect hybridisation of the labelled probe 

with genomic DNA. 

RESULTS 

DNA extractions from Rubus callus lines never yielded sufficient quantities or purity 

of DNA to allow molecular analyses of this material. Yields from plant lines of both 

species were routinely clean and of adequate quantities. 

PCR amplifications gave variable results. Several putatively transformed tobacco 

lines were used as positive controls, with predicted bands for transgenes usually 

apparent. DNA fragments of about 800 bp were amplified from two of the 48 

Rubus plant lines tested, indicating presence of the NPTII transgene. No Rubus lines 
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gave bands of 1120 bp, the predicted size for the GUS transgene. The two Rubus 

lines that were positive for NPTII, were expected to be transformed with the NPTII 

transgene alone, as they were 

1. the plant that regenerated from a callus line that showed no GUS expression in 

histochemical assays (Chapter 6); and 

2. one of the six plants that remained green when rechallenged on 50 mgtl 

kanamycin for three months, that showed no GUS expression. 

Although this initially indicated that these two Rubus lines were possibly 

transformed, this result was not repeated when PCRs were rerun twice for these 

lines. Figure 9.2 shows the PCR results for plant lines later analysed by Southern 

analysis, including the two Rubus lines discussed above. The positive controls 

(plasmid NPTII, plasmid GUS, and wild type Rubus mixed with NPTII and GUS DNA 

from pTMVGUS) showed bands of the expected sizes (804 bp for NPTII, and 1120 

bp for GUS). The Nicotiana line selected from a cocultivated explant had the 804 bp 

band only. Tissue from that plant was showing histochemical GUS activity at the 

time this PCR was conducted, so the amplification reaction for that transgene 

appears to have failed.. None of the Rubus lines selected from cocultivated explants 

showed bands of the anticipated sizes. All Rubus samples had a strong band at 

600 bp (Figure 9.2), but as these bands are smaller than the expected 804 bp DNA 

fragment for NPTII (or 1120 bp fragment for GUS)' they do not interfere with 

results. 
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Figure 9.2: Amplification of the NPTII and GUS transgene by peR from Nicotiana 

and Rubus plant lines regenerated after cocultivation with 

\ 
Agrobacterium tumefaciens harbouring pTMVGUS. 

Lane 1,1 kb ladder, SRL; lane 2, plasmid NPTII positive control; lane 3, plasmid GUS 

positive control; lane 4, wild type Nicotiana as a negative control; lane 5, Nicotiana 

regenerant selected from a cocultivated explant; lane 6, wild type Rubus as a 

negative control; lane 7, wild type Rubus with plasmid NPTII and plasmid GUS as a 

positive control; lane 8, Rubus regenerant from a callus line selected from a 

cocultivated explant; lanes 9 & 10, Rubus regenerants selected from cocultivated 

explants, that remained green on kanamycin supplemented medium for three 

months; lane 11, no DNA negative control; lane 12, 1 kb ladder, SRL (repeated). 

1120 bp 

804 bp 

600 bp 
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Southern analyses were conducted on only five Rubus lines because of the negative 

results from histochemical GUS assays on all regenerated lines, the rechallenge of in 

vitro shoots with kanamycin identified very few Rubus lines with green new growth, 

and PCR amplification for 10% of regenerants failing to repeatably detect the 

transgene(s). The Southern analyses were conducted one year after the rechallenge 

on kanamycin, with plant lines maintained in vitro in the absence of the selective 

agent. Figure 9.3 shows the first film developed after 2 days exposure. The Rubus 

idaeus genome is only approximately one tenth the size of Nicotiana p/umbaginifo/ia 

(Arumuganathan & Earle, 1991)' and one third the amount of Rubus DNA was 

loaded compared to Nicotiana DNA. Therefore, any hybridisation with Rubus lines 

would be evident sooner than hybridisation with the Nicotiana lines used as the 

positive control. There are two faint, and diffuse bands of hybidisation with the 

NPTII coding region probe in lanes six and seven (Figure 9.3). These were the two 

Rubus lines that had also given a positive result for the NPTII transgene in the PCR 

analyses. The positive control Nicotiana line (lane 3, Figure 9.3) that grew on 

medium containing kanamycin, and that showed histochemical GUS activity at the 

time the Southerns were conducted, gave no detectable hybridisation with the probe 

by that time (2 days exposure). The blot was exposed for a further two weeks, and 

the diffuse bands for the two Rubus lines were no longer visible. In contrast, the 

Nicotiana sample in lane three gave a defined, strong band. Genomic digestion with 

Hindlll was repeated, and the exposure time increased to 2 weeks. This Southern 

blot is presented in Figure 9.4, and shows faint bands for the Nicotiana positive 

control line (lane 3), the pTMVGUS plasmid positive control (lane 9) and the 

additional positive control of Brassica napus (lane 10). 
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Figure 9.3: Southern hybridisation of Nicotiana and Rubus plant lines regenerated 

after cocultivation with Agrobacterium tumefaciens harbouring 

pTMVGUS (two days exposure). 

Lane 1, Hindlll digest of Ii, BRL; lane 2, wild type Nicotiana as a negative control; 

lane 3, Nicotiana regenerant selected from a cocultivated explant; lane 4, wild type 

Rubus as a negative control; lanes 5, 7, 8 & 9,Rubus regenerants selected from 

cocultivated explants, that remained green on kanamycin supplemented medium for 

three months; lane 6, Rubus regenerant from a callus line selected from a 

cocultivated explant; 
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Figure 9.4: Southern hybridisation of Nicotiana and Rubus plant lines regenerated 

after cocultivation with Agrobacterium tumefaciens harbouring 

pTMVGUS (two weeks exposure). 

Lane 1, Hindlll digest of A, BRL ; lane 2, wild type Nicotiana as a negat ive control; 

lane 3, Nicotiana regenerants selected from cocultivated explants; lane 4, wild type 

Rubus as a negative control; lanes 5, 7 & 8, Rubus regenerants selected from 

cocultivated explants, that remained green on kanamycin supplemented medium for 

three months; lane 6 , Rubus regenerant from a callus line selected from a 

cocultivated explant; lane 9, pTMVGUS plasmid positive control; lane 10, Brassica 

napus positive control (supplied by Dr Mary Christey) 
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DISCUSSION 

PCR and Southern analyses were conducted on a sample of the 476 putatively 

transformed Rubus lines regenerated in cocultivation and selection experiments 

reported in Chapters 6 and 8. The lines considered most likely to be transformed, 

from their growth on selection medium for prolonged periods, were included in the 

sample. None of these putatively transformed lines had shown GUS activity. 

PCR amplification for the NPTII and GUS genes from pTMVGUS gave bands of the 

expected sizes for both transgenes for the positive controls used (see Materials and 

Methods). This establishes that the PCR reactions were successfully conducted. 

The bands evident from two Rubus lines, of the fragment size expected for the 

NPTII gene, were considered to be false positives, as they could not be repeated. 

The remaining 46 Rubus lines amplified, never gave the expected bands. 

Southern analysis was justified for very few regenerated lines. The faint bands for 

two Rubus lines, seen after very short exposure (Figure 9.3), must also be 

considered false positives. Such results have sometimes been presented in 

published reports of transformation (eg Agrobacterium-mediated transformation of 

wheat embryos; Mooney et al., 1991). These authors later retracted their claims of 

wheat transformation vilhen they were unable to repeat their results after two years 

effort (Mooney et al., 1992). 

If the bands shownin Figure 9.3 had been due to the small genome size of Rubus 

giving early detection of hybridisation, then the· extended exposure of that blot 
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(not presented) and the second blot (Figure 9.4) with longer exposure should have 

given a much stronger signal from those lanes. In fact, only the positive controls 

gave a detectable signal after longer exposure of the blots. This establishes the 

integration of the NPTII coding region of the T-ONA from pTMVGUS into the 

genome of Nicotiana, and that the Southern analysis was correctly performed and 

successful.· As the results for Rubus were negative, stripping the membrane and 

reprobing for the GUS transgene was not justified, especially given the non­

expression of the GUS gene in the Rubus lines. 

Only a sample of the Rubus regenerated lines were used for PCR amplifications and 

Southern analysis. Molecular analysis of the remaining lines was not justified given 

the negative results of the most promising lines (based on kanamycin resistance). It 

is possible that some of the 90% of regenerants that were not analysed by PCR 

amplification (and 99% that were not tested by Southern hybridsation) may have 

been transformed but were not detected by GUS assays or the kanamycin challenge. 

This could occur if the level of expression of the transgene(s) was very low. 

Alternatively, if promeristems arose below the cut surfaces at petiole ends and/or 

were of multicellular origin, then shoots that regenerated under selection may well 

have been chimeric for transformed and untransformed tissue. Baribault et a/. 

(1990) concluded that the transgenic grape shoots they produced in their 

Agrobacterium-mediated transformation experiments were chimeric. Their evidence 

was: 

• the distribution of GUS active cells in cocultivated explants and in regenerated 

shoots 

• low copy numbers of the transgene in shoots, and 
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• resistance to low levels (10-25 mg/l) of kanamycin. 

Hassan et al. (1993) selected for transformed Rubus lines on 10 mg/l kanamycin, 

then rooted the seven surviving shoots (of 50 lines that regenerated under this level 

of selection pressure) on medium containing 15 mg/l kanamycin. Hassan et al. 

(1993) showed two Rubus plants had integrated T -DNA by Southern analysis, but 

these may well have been chimeric. Evidence in this thesis, and reported by 

Graham et al. (1990) showed that at least 50 mg/l kanamycin was necessary to 

select against wild type Rubus cells. 

Some of the numerous regenerant Rubus lines recovered with the new selection 

protocol from this thesis may have been chimeras of wild type and transformed 

cells. All regenerated lines were rechallenged on medium containing 50mg/l 

kanamycin for three months. The majority of lines grew chlorotic new growth, with 

only six lines having green new growth under this pressure. For the six apparently 

resistant lines, wild type cells could have been maintained even on selection 

medium, via "cross feeding". "Cross feeding" could be explained on the basis of 

either 

• secretion of the NPTII enzyme from transformed cells to around untransformed 

cells; or 

• detoxification of sufficient kanamycin by the NPTII enzyme from transformed 

cells, thereby reducing the level of kanamycin in the immediate vicinity 

to below threshold levels for selection. 

Cross feeding has been reported in asparagus protoplasts, with transformed 

protoplasts expressing the NPTII transgene, and protecting untransformed 

protoplasts from G418, a kanamycin analogue (Chen et al., 1995). Vasil et al. 
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(1992) used stepwise increases in the level of phosphinothricin to select for 

transformed cells within chimeric wheat calli. Uniformly transgenic shoots were 

eventually regenerated from calli surviving on the highest level (and which also gave 

positive PAT and GUS assays). However, with the Rubus lines recovered in 

experiments in this thesis, regenerated plants were maintained in vitro in the 

absence of selection until there was an opportunity to conduct Southern analyses . 

. 
Chimeric regenerants could have gradually reverted to predominantly wild type cells 

under these conditions. 

For the majority of Rubus regenerants, new growth was chlorotic on 50 mg/I 

kanamycin. If they were transformed, the level of expression must have been very 

low, or they may have been chimeras with predominantly wild type cells. A third 

possibility is that initial selection was not stringent enough, so they were uniformly 

untransformed escapes. Other possible explanations for the large numbers of 

regenerants recovered under selection following cocultivation are: 

• transient expression early after cocultivation allowed some growth in the 

presence of kanamycin. If enough expression occurred at this stage, 

the NPTII protein is stable and could have degraded kanamycin to 

below threshold levels for selection, 

• the T -DNA was spontaneously lost from transformed cells (early or late during 

regeneration), but after initially transformed cells had started to grow 

through the selection. Loss during late regeneration would be 

expected to give rise to chimeras. 

Given the low rate of shoot regeneration recorded with non-cocultivated explants 
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when the new selection protocol was developed (Chapter 8), it is unlikely that many 

of the regenerants from cocultivated explants were escapes (except if the 

kanamycin level had been decreased by transient expression of NPTII). 

In conclusion, at the time Southern analyses were conducted, none of the most 

promising Rubus lines were transgenic. It is likely that regenerants had been 

chimeric for transformed and untransformed tissue. Evidence of that is the survival 

on selection medium (with kanamycin at a sufficiently high level to select against 

uniformly untransformed tissue), occasional amplification of DNA fragments of the 

size expected for the NPTII transgene, and even, spurious bands on the first 

Southern blot. It would be anticipated that such chimeras would revert to 

untransformed tissue after a prolonged period without selection pressure. When 

using the new selection protocol developed in Chapter 8 of this thesis, it may be 

necessary to apply the selective agent to target areas on cocultivated explants more 

than once, to maintain sufficiently stringent conditions. 
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CHAPTER 10 

GENERAL DISCUSSION 

10.1 SUMMARY OF FINDINGS 

In this thesis, a stepwise approach was used to develop efficiencies in component 

protocols of an Agrobacterium-mediated transformation system for Rubus crop 

genotypes. These components were the Agrobacterium system, regeneration 

system, cocultivation and selection protocols, early gene transfer events, and 

characterisation of putatively transformed regenerated plants. The objectives of this 

thesis were represented diagrammatically in Figure 1.2. Improvements were made 

at each step, both in the results achieved and in understanding the processes 

involved. This provided information which is transferable to systems for other 

species which are recalcitrant to transformation. Section 10.1 here, follows the 

historical process of developing improved protocols, and advances in understanding. 

10.1.1 Agrobacterium system 

Virulent strains of Agrobacterium which transfer. new genetic material into Rubus 

genotypes were identified. Chapter 2 describes experiments on the efficacy of 

infection of 11 Rubus genotypes with up to 35 strains of Agrobacterium. These 

experiments were conducted over two seasons. Marked differences were found in 

the responses of Rubus genotypes to Agrobacterium. The most susceptible plant 

genotypes, measured as those that responded to the largest number of strains, were 
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red raspberry cultivars Canby, Skeena and Rakaia. However, by screening large 

numbers of Agrobacterium strains, it was possible to identify a few that were 

capable of transforming even the more resistant Rubus genotypes. 'Willamette' red 

raspberry, recorded as having field resistance to Agrobacterium, produced nopaline 

synthesising calli and hairy roots respectively when inoculated with either A. 

tumefaciens strain A208 or A. rhizogenes type strain 11325. Three other tested 

strains gave typical calli or hairy roots at some inoculation sites on this genotype. 

'Riwaka's Choice' boysenberry appeared to be comparatively resistant to 

Agrobacterium, with callus or hairy roots only developing following inoculation with 

the transconjugant A4T or with TR105. 

Generally, lower infection responses between Agrobacterium and Rubus were 

recorded under in vitro rather than in vivo conditions, although typical hairy roots 

only developed in the high humidity of in vitro conditions. For the more susceptible 

genotypes, the most effective Agrobacterium strains under in vitro inoculation 

conditions were A208, A281, ACH5, C58 and TR105. Agrobacterium-mediated 

gene transfer to Rubus is not surprising given that many strains of Agrobacterium 

were initially isolated from Rubus or other Rosaceous crop plants. However the 

importance of choosing appropriate strain - Rubus genotype combinations has been 

demonstrated and specific pairings identified in this study. 

10.1.2 Regeneration system 

Chapter 3 presents empirical experiments concerned with screening Rubus 
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genotypes and explant sources, and growth regulator culture conditions to achieve 

plant regeneration from somatic cells. Only one shoot arose from 2700 stem 

explants, while 93 shoots arose from 2700 leaf explants. There were marked 

differences in response depending on plant genotype. The most responsive 

genotype and explant source were 'Canby' red raspberry leaf segments respectively. 

With improvements in macronutrient composition and growth regulator composition, 

frequencies of 20-25% of leaf explants regenerating shoots after six weeks were 

achieved. In the best treatments, 29-30 shoots regenerated per 100 explants. 

The two best media from the empirical experiments were then utilised in a 

comparison with recently published Rubus shoot regeneration protocols (McNicol & 

Graham, 1990; Swartz et al., 1990) using 'Canby' leaf segments. Following this 

comparison, a consensus approach to regeneration was developed and tested on 

three genotypes. The consensus protocol consisted of two pretreatments of stock 

cultures as described by Swartz et al. (1990), followed by placing leaf explants onto 

a consensus medium. The pretreatments involved growing stock cultures in liquid 

MS medium containing 1 50 pM colchicine for three days, followed by three weeks 

on gelled MS medium containing 1 pM thidiazuron (TDZ). Leaf explants were then 

prepared and placed on consensus medium. This medium was composed of the 

macronutrients of Quoirin et al. (1977), MS vitamins and micronutrients with iron at 

double strength; Staba (1969) vitamins, 100 mg/l casein hydrolysate and 10 pM 

TDZ (added after autoclaving); 30 g/l sucrose, 7 g/l BDH agar; and pH adjusted to 

5.8 before autoclaving. 

Once again, cultivar differences had a significant effect on the number of explants 
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regenerating shoots. The most responsive cultivar for shoot regeneration from in 

vitro leaf explants was 'Canby' red raspberry, using the consensus approach, where 

54% of explants regenerated with an average of 4.1 shoots per explant. This would 

give 221 shoots per 100 explants. 'Rakaia' red raspberry leaf explants regenerated 

more shoots on the original medium proposed by Swartz et al. (1990) (ie. MS 

macronutrients, micronutrients and vitamins; Staba (1969) vitamins, 100 mgll 

casein hydrolysate and 10 pM TDZ added after autoclaving; 30 gIl sucrose, 7 gIl 

SOH agar, pH 5.8 before autoclaving). On this medium, 'Rakaia' leaf explants 

regenerated at the rate of 99 shoots per 100 explants. The boysenberry 'Riwaka's 

Choice' responded equally poorly on both media, with only 10% of explants 

regenerating an average of two shoots each (20 shoots per 100 explants). 

Since these experiments were conducted, two other studies have been published 

which substantiated the findings in this thesis. Cousineau & Donnelly (1991) 

compared explant source (tissue culture versus greenhouse grown plants) and 

growth regulator combinations on shoot regeneration from raspberry leaf explants. 

These authors similarly reported TDZ was more effective than SA in promoting shoot 

regeneration from leaf explants. Their results were for 'Comet' red raspberry. They 

used TDZ at 4.5-9.1 pM in combination with ISA at 2.5-4.9 pM and achieved a 

maximum rate of 70% of explants regenerating with a mean of 3.7 shoots per 

regenerating explant (ie. 259 shoots per 100 explants). Again, in agreement with 

the findings of this thesis, they reported genotypic differences in tissue culture 

response, with only 33-36% of raspberry cultivars capable of shoot regeneration, 

with results depending on whether explants were taken from greenhouse-grown or 

tissue cultured plants. None of the genotypes used in the final comparison of 
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Donnelly (1991). 
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Ambrozic Turk et al. (1994) continued studies of adventitious regeneration from leaf 

explants of Rubus genotypes. They tested media components and incubation 

conditions for a range of genotypes. Again, they reported genotypic differences in 

tissue culture response, identifying four genotypes consistently regenerating shoots 

from 60% or more of leaf explants. They listed 'Canby' red raspberry as one of the 

responsive genotypes (311 shoots regenerating per 100 explants, when cultured at 

20°C with low light of 40 pmol m"2 SO'). The blackberry hybrid, MD-ETCE-1 was the 

most responsive genotype, with 679 shoots per 100 explants. They showed that 

the youngest two leaves per shoot were more regenerative than older leaves for all 

genotypes tested. The lower temperature used (20°C rather than 25°C), was more 

important than the light levels used by Ambrozic Turk et al. (1994). They found 

that MS medium with 1 pM TDZ and 0.5 pM ISA gave good regeneration from 

responsive red raspberries, while the blackberry hybrid required 10 pM TDZ. They 

concluded that these conditions constituted a suitable regeneration protocol for 

Agrobacterium-mediated transformation of Rubus. 

10.1.3 Cocultivation and selection for transformation using early (1987 -88) 

protocols 

In Chapter 5 of this thesis, attempts to select transformed Rubus cells following 

cocultivation with Agrobacterium harbouring binary and co-integrate vectors are 

described. The protocols used for Agrobacterium-mediated transformation of other 
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plant species in the late 1980's were employed. Over 1400 Rubus explants were 

cocultivated. Selection for resistance to the aminoglycoside, kanamycin, and the 

fluorometric assay for activity of p-glucuronidase (GUS) where appropriate, 

established that none of the cell colonies which arose expressed the transgene(s). 

No shoots regenerated from the cell colonies recovered. Sub-optimal cell culture 

conditions were thought to be a major contributor to the lack of success as tissue 

senescence was observed even before placement on selection medium. However, 

subsequent experiments showing the inhibitory effects of cefotaxime (summarised 

below) indicated that the presence of this antibiotic at 250 mgll, may well have 

played a significant role in failure to recover transformants. 

Four antibiotics commonly used to control the growth of Agrobacterium gene 

transfer mediators after cocultivation, were tested on Rubus explants. Cefotaxime 

gave the least reduction in shoot regeneration from leaf explants. Although 200 

mgll cefotaxime reduced the percentage of 'Canby' red raspberry leaf explants that 

regenerated shoots, lower levels of this antibiotic had less effect on shoot 

regeneration. Once initial control of Agrobacterium has been achieved, 100 mgll 

cefotaxime is normally sufficient to maintain control. It was recommended that 

cocultivated Rubus explants be dipped at regular intervals in 200 mgll cefotaxime 

until initial control of Agrobacterium was achieved. The explants could then be 

transferred to medium containing 100 mg II cefotaxime. This procedure gave 

satisfactorily high rates of shoot regeneration, with effective control of 

A grobacterium . 

Appropriate chemical agents for the selection of transformation events in Rubus 
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were identifed. Kanamycin at 50 mgll or phosphinothricin at 2 mgll effectively 

inhibited regeneration of wild-type Rubus shoots. Although a new selection protocol 

was developed later for initial selection of cocultivated explants, the levels defined 

for use in the medium were still appropriate to rechallenge putatively transformed 

regenerated plants. 

10.1.4 Cocultivation and selection for transformation using improved (1993) 

protocols. 

The results of studies of the Agrobacterium and regeneration systems presented in 

the first part of this thesis, in combination with the recent experiences of others 

working on this topic, indicated that transformation of Rubus genotypes should be 

possible. Graham et al. (1990) claimed success in transformation of Rubus, using of 

the GUS gene as a scorable marker. They reported expression of the GUS gene in 

14 plantlets (from two red raspberry, five hybrid berry and seven blackberry 

explants) regenerated after co-cultivation with Agrobacterium tumefaciens strain 

LBA4404 carrying the binary vector pBI121 .X. They eliminated selection pressure 

on cocultivated explants in their protocol, and recovered all shoots that regenerated. 

The evidence of transformation they presented was p-glucuronidase activity using 

the fluorescence assay (Jefferson, 1987). They showed fluorescence after 15 or 30 

minutes reaction time for 14 of the 110 regenerated shoots from five Rubus 

genotypes. Low level fluorescence was also detected after 1 5 minutes reaction 

time in the control suspension of the Agrobacterium strain carrying the binary 

vector. Background expression of GUS by non-inoculated plant tissues appeared to 

be negligible in their work. Seven of the 14 GUS-positive regenerants remained 
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green on medium containing 75 mg/I kanamycin (though for how long, was not 

reported), and a dot blot assay indicated expression of the NPTII gene. While these 

results suggest gene transfer to Rubus was achieved, no molecular evidence was 

presented in their paper, to confirm stable integration and expression of the 

transferred genes. 

van Wordragen & Dons (1992) considered that cells that were either not yet fully 

differentiated, or that could dedifferentiate easily are the best tissues for 

transformation of recalcitrant crops. They summarised the evidence for this opinion 

on grounds of both efficiency of gene transfer and ease of regeneration of 

transformants. Even so, they acknowledged that transformation and regeneration 

often occur in different cell types, with varying results depending on plant species 

and genotype. Since a decrease in tissue culture aptitude is often found following 

co-cultivation with Agrobacterium, explants must contain cells with a high potential 

for growth and regeneration (Grant et al., 1991). The use of seed derived tissues 

such as cotyledons can provide such cells. However, for clonally propagated plants, 

direct transformation of mature tissues of elite genotypes is preferable to maintain 

the genetic integrity of the original clone (Conner & Christey, 1994). 

The purpose of the later chapters was therefore to utilize improved component 

protocols developed for Agrobacterium-mediated transformation of Rubus, and 

identify any factors limiting efficiency in recovering transgenic plants. Chapter 6 

reports experiments combining the improved regeneration system, standardised 

cocultivation protocols, and cautious use of both cefotaxime for control of 

Agrobacterium and kanamycin as a selective agent. The regeneration protocol 
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developed in Chapters 3 and 4 was employed with the most regenerative genotype 

('Canby' red raspberry) and tissue (leaf explants). Storage and culture procedures 

for Agrobacterium were standardised. Cefotaxime was used cautiously, dipping 

Rubus explants in this antibiotic at first, then incorporating a low concentration (100 

mg/l) in the medium. There was a delay of 7 days before explants were placed on 

selection medium containing 50 mg/I kanamycin, to allow cells time to initiate 

regeneration. A positive control plant species, Nicotiana plumbaginifolia, considered 

to be amenable to Agrobacterium-mediated transformation (Horsch et al., 1985)' 

was incorporated into the experiments. The Agrobacterium strain, LBA4404, was 

chosen from recommendations in Chapter 2, with the binary vector, pTMVGUS. 

This vector has chimeric genes for expression of kanamycin resistance (NOS-NPTII­

NOS) and p-glucuronidase (35S-GUS-NOS) activity in plants cells on the modified T­

DNA. This version of the GUS gene shows negligible expression in Agrobacterium. 

It also has a 5' leader (a portion of the tobacco mosaic virus RNA leader sequence), 

which is a potential translational enhancer of contiguous foreign gene transcripts. 

The histochemical GUS assay was used to confirm gene transfer events within 

explant tissues, as this assay also provides information on sites of gene transfer. 

Two hundred leaf explants were cocultivated with all of these modifications. 

Sixteen regenerating Rubus primordia that were J'>roduced died during selection. 

These primordia were assayed for GUS activity as soon as they became necrotic, 

and 10 of them showed stable transgene expression. Regenerated plants of the 

'positive control species and Rubus calli survived selection. Ten of the callus lines 

continued to express p-glucuronidase activity when last tested, nearly two years 

after initial selection. The putatively transformed Rubus callus lines failed to 



193 

regenerate even after prolonged culture on a number of regeneration-enhancing 

media. Leaves from all but one of the ten Rubus plants that regenerated and 

survived initial selection failed to express GUS activity. The one GUS-active Rubus 

regenerant died from fungal contamination despite efforts to eliminate the 

contaminant using miconazole as described by Tynan et al. (1993). The remaining 

nine regenerants were rechallenged on kanamycin, and had chlorotic new growth 

after three weeks, indicating absence or lack of expression of the NPTII transgene. 

It appeared then that although gene transfer occurred after cocultivation of 'Canby' 

red raspberry leaf explants, transformed cells failed to survive selection with 

kanamycin andlor regenerate. These results lead to the hypotheses that: 

• the regeneration-enhancing pretreatments (liquid phase and colchicine) may 

affect early gene transfer events, and 

• the selection protocol may have been too severe. 

10.1.5 Evaluation of gene transfer events in cocultivated Rubus explants 

The p-glucuronidase (GUS) reporter gene (uidA) from Escherichia coli (Jefferson, 

1987) is widely used in transformation systems. The version of this gene developed 

by Janssen and Gardner (1989) shows negligible expression in Agrobacterium, so it 

gives a reliable indication of transformation events following co-cultivation with 

strains carrying binary plasmids with this gene in their T-DNA. Rubus leaf explants 

can be tested histochemically following co-cultivation with strain(s) of 

Agrobacterium carrying this version of the GUS gene, to identify sites of gene 

transfer and frequency of events. 
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A quantitative assessment of the histochemical GUS assay was essential for 

analysis of early gene transfer events. The reliable quantitative method developed 

for this purpose in this thesis, is described and demonstrated effectively in Chapter 

7. This protocol used computer image analysis of explants that had been 

histochemically assayed for GUS activity. Quantified results could then be 

statistically analysed, without sacrificing information on tissue (or organ) specific 

activity. Using the image analysis protocol, transformation rates in Rubus were 

shown to be comparable to those achieved with a positive control plant, known to 

be readily transformed (Nicotiana p/umbaginifo/ia Viv.). For Rubus, 15 replicate leaf 

explants had to be assayed and analysed to give statistically reliable quantitative 

estimates of GUS transgene expression. Regeneration-enhancing pretreatments 

increased the frequency of stable transgene expression in Rubus explants. The 

effects of the principal components of the pretreatments were examined singly, and 

it was shown that liquid culture increased the frequency of transformation events. It 

was also observed that transformation occurred mainly at the cut petiole ends of 

Rubus leaf explants. This evidence established that the frequency of gene transfer 

was not limiting the recovery of transgenic Rubus plant lines with the Agrobacterium 

and regeneration systems being used in this study. 

10.1.6 A new approach to selection 

The results of Chapters 6 and 7 suggested that the selection and/or growth of 

transformed cells and plants was limiting success in Agrobacterium-mediated 

transformation of Rubus. Therefore, an alternative selection protocol was developed 

to try to improve the survival and regeneration of transformed Rubus cells. 
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Cell suspension feeder layers have been used in plant transformation studies during 

co-cultivation, to act as a nurse culture to promote division and growth of individual 

plant cells (Grant et al., 1991). Nurse cultures may also be effective in inducing vi, 

genes, but the frequency of gene transfers was already satisfactory in Rubus 

(Chapter 7). The concept of nurse cultures was extended and applied in 

combination with previous evidence of sites of regeneration (Chapter 4) and sites of 

transformation (Chapter 7). Parts of cocultivated explants which were unlikely sites 

of transformation events and/or regeneration of shoots (the leaf laminae)' were 

maintained without selection pressure to support the growth of cells and 

promeristems from regions likely to contain cells competent for both transformation 

and regeneration (the cut ends of petioles). To achieve this, the selective agent was 

applied directly to the cut ends of petioles (instead of incorporating it in the 

medium). Kanamycin applied as 2 pi of 0.1 pg/pl in liquid regeneration medium, was 

defined as an appropriate selection strategy. 

The presence of the leaf laminae greatly enhanced the rate of regeneration from 
at leaST 

petiole ends. Complete leaves regenerate<Ythree times more shoots per petiole end, 

than detached petioles for both non-cocultivated explants without selection pressure 
e.lfec:lllJe. with 0 • ~.,., /;:aAa~ Cl~ 

and cocultivated explants wit9lselection (Tables 8.2 and 8.~). Regeneration rates 

from cocultivated complete leaf explants with the new selection protocol were much 

higher (44 shoots per 100 explants, Table 8.3) than when 50 mg/I kanamycin was 

incorporated in the medium (5 shoots per 100 explants, Chapter 6). 

The individual effects of the principal components of regeneration-enhancing 

pretreatments on regeneration rates were examined, using the new selection 
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protocol. Many regenerants were recovered compared to previous transformation 

experiments (334 regenerants from 240 explants). More shoots regenerated from 

petiole ends of cocultivated explants when any component of regeneration­

enhancing pretreatments was used individually, compared to routinely pretreated 

explants (Tables 8.3 and 8.4). Using the new selection protocol, there was no 

significant difference between the individual components on regeneration rates from 

petiole ends. Liquid phase pretreatments had previously been shown to increase the 

frequency of gene transfers at the petiole ends (Chapter 7), so it is recommended 

that this step be retained. Colchicine had no effect on gene transfer frequency or 

regeneration rates when the new selection protocol was used, so it could be omitted 

from pretreatments. 

Large numbers of putatively transformed shoots were recovered from experiments 

using the new selection protocol (466 shoots from petiole ends of 540 complete leaf 

explants plus 40 detached petiole explants) (Tables 8.3 and 8.4). If all cells at the 

cut petiole end were equally competent for both transformation and regeneration, 

then the predicted number of putatively transformed shoots would be 80-100% 

(frequency of transformed cells at the petiole end, Chapter 7) of regenerated shoots. 

No GUS-positive plants were identified. Six regenerants remained green when 

challenged on kanamycin for three months. 

10.1.7 Molecular analyses of putative transgenics 

Full analysis of putatively transformed plants is essential to confirm stable 

integration and expression of transferred genes, and was discussed in Chapter 1 
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(Section 1.10). Southern analysis and the polymerase chain reaction were used in 

this study. The proof of stable integration of T -DNA into a regenerated line from 

cocultivation of Nicotiana p/umbaginifo/ia leaf explants, showed that the 

transformation protocols and detection techniques were successful for the model 

plant species. peR amplifications were variable. Two of the Rubus lines tested 

gave a positive response for presence of the NPTII transgene, but this result could 

not be repeated. None of the four Rubus lines analysed by Southern hybridisation 

were transformed, although some spurious faint bands were observed in some of 

the autoradiographs. 
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10.2 CONTRIBUTIONS OF THIS THESIS TO TRANSFORMATION OF RUBUS AND 

. OTHER WOODY SPECIES 

In Chapter 1, it was stated that to progress towards stable integration of 

transgene(s) into any plant genome, a series of problems must be solved. When any 

part of a genetic transformation system is ineffective, the production of transgenic 

plants is not possible. Until the reasons for success or failure at each step are 

understood, methods used for any particular plant species cannot be easily applied 

to other candidates for gene transfer. Therefore, the objectives for this thesis were 

to systematically reduce or eliminate barriers to the recovery of sufficient numbers 

of transgenic Rubus plants to develop a transformation system for Rubus crop 

genotypes. It would be presumptive to expect to have solved every problem in one 

thesis. However, many problems have been solved, and reasons for either success 

or failure at each step at least partially understood. The findings presented in this 

thesis on transformation of Rubus are equally applicable to many species and 

genotypes which are recalcitrant to transformation, or very hard to transform, 

especially other woody species. 

Figure 10.1 shows the level of progress that has been made towards each of the 

objectives of this study (which were summarised in Figure 1.2). 



Figure 10.1: Contributions of this thesis 

A: Regeneration system 

'Canby' red raspberry reliably 
regenerated, yielding 221 shoots 
per 100 explants. 
'Rakaia' red raspberry yielded 99 
shoots per 100 explants. 
'Riwaka's Choice' gave poor 
regeneration rates of 20 shoots 
per 100 explants. 
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B: Agrobacterium system 

'Canby' red raspberry with 
Agrobacterium strain ACH5 

(the disarmed version is LBA4404) 
gave 33 % of explants with at 
least one hormone-independent 
callus line. Some Agrobacterium 
strains were ineffective on some, or 
all Rubus genotypes. 

C: Cocultivation and selection 

Regeneration of putatively transformed plants of commercially important Rubus 
genotype(s) was achieved. Stable expression of a transgene was shown in Rubus 
leaf explants and Rubus callus lines, but no transgenic Rubus plants were 
regenerated. Transgenic plants of a positive control plant species amenable to 
transformation were produced. Factors limiting efficiency in recovering transgenic 
Rubus plants were identified as the survival and regeneration of transformed Rubus 
cells. 

In contrast to many scientific publications in plant tissue culture and molecular 
biology, all experiments reported in this thesis were conducted on a large scale, 
were fully replicated, and thoroughly analysed with appropriate statistical tests. 

D: New approaches dev€floped in this thesis 

Computer image analysis 
to quantify the 
histochemical GUS assay. 

Extension of the nurse culture concept used 
with information on the sites of highest 
competence for both regeneration and 
transformation in Rubus leaf explants; 
a novel approach to selection for 
transformation which may prove valuable 
for other species recalcitrant to 
transformation. 
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Graham et al. (1990) and Hassan et al. (1993) provided some indications of 

transformation in Rubus genotypes, recovering rare putatively transgenic plants from 

their experiments. Neither group has published any further evidence of 

transformation of Rubus genotypes. The second group has continued improving the 

numbers of regenerated shoots produced per explant (Ambrozic Turk et al., 1994), 

in isolation from cocultivation. The evidence of transformation of Rubus tissues 

from experiments conducted for this thesis was: 

• stable expression of the GUS transgene in cocultivated explants, comparable 

to frequencies measured here for Nicotiana; 

• stable expression of the GUS transgene in 10 primordia (initiated on 

cocultivated explants) that necrosed; 

• survival through initial kanamycin selection of 26 lines, and regeneration of 

shoots from 10 of those lines; 

• histochemically detected GUS activity in one regenerated plant, and 10 

callus lines; 

• regeneration of 466 putatively transformed shoots from 580 cocultivated 

explants using the new selection protocol; 

• green new growth from six regenerants on kanamycin for three months; 

• occasional positive peR amplification of the NPTII transgene in two Rubus 

regenerants, then the faint bands on the first Southern 

hybridisation with a probe for the same transgene. 

This body of evidence is as substantive as the evidence presented in published 

claims of successful transformation in some species. It was therefore tempting to 

claim successful transformation of Rubus without further substantive evidence. 
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Mooney et al (1991) reported low frequency Agrobacterium-mediated transfer of T­

DNA into wheat embryos, presenting faint bands on Southern blots that had high 

background radiation as evidence. These authors subsequently retracted their 

results (Mooney et al., 1992) after they were unable to repeat their findings over a 

period of two years, with wheat, barley and triticale. This example in cereals, and 

the results presented in Rubus in this study, demonstrate the importance of full and 

thorough analysis of putatively transgenic plants that arise from any gene transfer 

system. They also raise doubts about the authenticity of many of the claims of rare 

transformation events in species difficult to transform. 

The work of this thesis, has defined the limitations of Agrobacterium-mediated 

transformation systems for Rubus. In common with many other woody species, 

transgenic Rubus plants are not readily recovered. Colby et al. (1991a) concluded 

that the direct shoot regeneration system they used with grapes, developed in 

isolation from cocultivation and selection (Colby et al., 1991)' was unsuitable for the 

routine production of uniformly transformed shoots. They showed that in 

cocultivated grape leaf explants, multicellular promeristems arose in epidermal and 

subepidermal locations. GUS expression was found infrequently in these locations. 

Due to the multicellular nature of the initiation of regeneration, this grape 

regeneration system is expected to produce chimeric plants during transformation. 

These chimeras would have sectors of transformed and untransformed tissue (Colby 

et al., 1991 a). The untransformed regions may eventually outgrow the transformed 

cells. 

The timing of promeristems initiation, relative to the timing of cocultivation, would 
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seem to be important. It is possible that Rubus promeristems were initiated before 

cocultivation, especially as a three and a half week pretreatment was used to 

enhance regeneration. Promeristems may have been initiated before cocultivation, 

and Rubus promeristem initiation may involve multicellular events. Uniformly 

untransformed shoots should have succumbed to selection pressure. Selected 

shoots from multicellular origins may have been chimeras of transformed and 

untransformed tissue, and thereby initially survived the selection pressure. 

Untransformed tissue could survive in chimeric plants through "cross feeding" from 

the transformed tissue. The chimeric "transformed" shoots may subsequently revert 

to the non-transformed state and so appear as some of the escapes recorded in this 

work. Histological analyses of shoot organogenesis in Rubus would help to 

elucidate these issues. A radically different approach to gene transfer (eg. directing 

gene transfer to target cells which are competent for regeneration) may be more 

likely to succeed. 

This study has established that at the tissue level, the cut petiole ends of Rubus leaf 

explants are competent for both regeneration and transformation. However, it is 

possible that differences in competency exist at the individual cell level. It is 

therefore important that final optimisation of regeneration protocols to develop 

efficient transformation systems for Rubus should not proceed in isolation from 

transformation. This is also true for other difficult to transform species such as peas 

(Puonti-Kaerlas et al., 1990, 1992). 

Enthusiastic predictions of the utility of Agrobacterium to deliver and integrate 

transgenes into the genome of elite Rubus genotypes have been made (Jennings, 
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1991; McNicol & Graham, 1992). These predictions have been based on the first 

tentative indications that transgenic Rubus plants may be produced. Such 

enthusiasm should be suppressed until definitive proof is provided that an 

acceptably efficient system for gene transfer has been developed. 
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10.3 THE FUTURE OF GENE TRANSFER FOR RUBUS 

Perennial plants such as many fruit crop species, have long generation times due to 

relatively long periods of juvenility. Most perennial crop plants are clonally 

propagated, as they are highly heterozygous at many loci. Clones usually suffer 

from severe inbreeding depression, and their genetic integrity is immediately lost 

upon selfing or outcrossing (Conner & Christey, 1994). Using classical breeding 

methods, it may take 30-40 years to incorporate a particular gene from a related 

plant species into commercially acceptable cultivars of perennial plants such as 

Rubus spp. (Brennan et al., 1992). Transformation offers the possibility of 

recovering transgenic lines with the desired transgene expression while retaining the 

elite genetic attributes of the parental clone. Table 10.1 shows examples of traits 

which can be conferred with the types of genes available for use in genetic 

transformation systems and their relevance for Rubus. 

The limitations to Agrobacterium-mediated transformation of Rubus have been 

identified in this thesis, and must be overcome to enable a sufficiently efficient 

system to be developed. The developmental anatomy of Rubus promeristems must 

be studied to identify the sites where cells competent for regeneration occur in 

explants, and the cellular origin of the promeristems. The new selection protocol 

may need refining (as suggested in Chapter 8) in the light of new information on the 

origin of promeristems. Only then will substantial advances be made towards an 

efficient Agrobacterium-mediated transformation system for the transfer of 

agronomically useful traits, such as those summarised in Table 10.1, to be 

incorporated into elite Rubus genotypes. Some aspects of the protocol will need to 
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Table 10.1: Examples of potential genes for woody plant improvement 

Trait Types of genes available a Relevance for Rubus b 

insect protease inhibitors (eg cowpea budmoth is the major pest in New 

resistance trypsin inhibitor); Zealand; raspberry beetle, 

insecticidal proteins (eg from raspberry cane midge, clay 

BacH/us thuringiensis) coloured weevil and spider mites 

are important in the UK, USA and 

Europe 

virus viral antisense RNA; raspberry bushy dwarf virus 

resistance viral coat protein genes; (RBDV) is a problem in New 

viral satellite RNA to decrease Zealand; Arabis mosaic virus is 

the virulence of companion important in susceptible cultivars in 

viruses other Rubus growing areas 

herbicide altered target plant enzyme; location-specific weed problems 

resistance overexpression of target plant 

enzyme; 

detoxification of toxic 

substance 

fruit freezing resistance (" antifreeze decreased freezing damage to 

quality proteins "); plants and cold-stored fruit; 

ripening control; poor drupelet integrity, especially 

production of sweet proteins of raspberries; fruit sweetness 

a Schuerman & Dandekar (1993) 

b Jones & Wood (1979); Jennings (1988); Langford (1989); McNicol & Graham 

(1992) 
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be tailored for each Rubus genotype, to provide sufficiently high numbers of primary 

transgenic plants for further screening. 

Efficient transformation is particularly important in clonally propagated crops such as 

Rubus, because the majority of transgenic lines recovered are expected to: 

• exhibit somaclonal variation, being phenotypically different from the original 

elite cultivar; 

• show insertional mutagenesis as a result of point of insertion of the T -DNA 

in relation to existing genes; 

• show position effects influencing the specificity and magnitude of transgene 

expression. 

When the high frequency of somaclonal variants is coupled with a high frequency of 

transgenic lines having less than the desired level of expression of the transgene, it 

is clear that very large populations of independent transgenic lines must be selected 

for each target crop genotype (Conner & Christey, 1994). This will facilitate the 

recovery of a transgenic line with the desired expression of the transgene, which 

retains the elite characteristics of the parental clone. Therefore the optimisation of 

each component in any gene transfer system adopted for Rubus is of critical 

significance. 
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