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.... ABSTRACT .... 

A preliminary investigation into the practicality of using Ds elements as vectors for onion 

transformation was undertaken. Transient transposase expression was used to mediate Ds excision 

following co-bombardment of a transposase expression vector and a Ds element into onion callus 

tissue. Ds transposition in onion was demonstrated. Further development of this transformation 

system was not undertaken because, at the time, the low frequency of stable transformation made 

further investigation impractical. 

Transient transposase expression as a means to mobilise Ds e1ements for gene tagging and to study 

transient expression was also investigated. A T-DNA construct carrying the Aetivator (Ae) 

transposase gene was transferred to leaf discs taken from an Hieracium aurantiaeum plant 

containing a chromosomal Ds element. Shoots were regenerated under selection for antibiotic 

resistance resulting from Ds excision. Molecular analysis suggested that regenerants carried unique 

transposition events. Of 84 regenerated plants, 21 (25%) did not express the T-DNA marker gene 

and 7 (8.3%) also lacked transposase DNA sequences. These results are consistent with the theory 

that expression is lost due to loss ofT-DNA sequences. Potential advantages of this gene-tagging 

method over conventional methods are: rapid recovery of individual transposition events; 

regenerated plants are isogenic; gene-tagging in clonal or apomictic tissue; and the transi'ent nature 

ofiransposase expression should facilitate the stabilisation of the transposed element. 

Different factors involved in the transient nature ofT-DNA expression shortly after co-cultivation 

were also studied by using the green fluorescent protein reporter gene m-gfp5-ER in Nieotiana 

plumbaginifolia suspension cell transformation experiments. It was confirmed that transiently 

expressed T-DNAs can be lost during growth of somatic cells. However, cell death (64% of 

transient expressers died) and gene silencing (21 % of transient expressers retained T-DNA 

sequences) were more important barriers to the recovery of "stably" expressing transformants than 

lack ofT-DNA integration (15% of transient expressers lost all T-DNA sequences). Loss of 

transgene expression significantly limited the efficiency of plant transformation. Understanding the 

causes ofloss of trans gene expression should lead to improved transformation strategies. 
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Chapter 1. 

General Introduction 

1. 1. Project Overview 

The starting point of this project was transformation of onion (Allium cepa). Onion is an 

important crop species that has been recalcitrant to transformation (40). DNA transfer to 

onion has resulted in a high frequency of transient expression and may result in rare stable 

expression events (17, 40). Possibly the frequency of stable expression might be increased 

by developing an efficient system for transgene integration into the onion genome. I sought 

to use Ds elements to integrate transferred DNA into onion chromosomes by transposition 

(Figure 1. 1. 1). Implicit in this stategy was the assumption that a lack of DNA integration 

was a major cause ofthe transient nature of trans gene expression. However, while lack of 

transgene integration has been implicated in low frequencies of stable transformation in 

some systems (78), the degree to which non-integration is a barrier to stable transformation 

has not been determined. Hence, while an initial evaluation of Ds transposition in onion 

was carried out, a major focus of this project became determining the causes of transient 

expression in plant transformation. A. cepa was not used for these latter experiments as 

proven systems for culturing single cells of A. cepa and recovering stable transformants 

were not availible. 

Two experimental systems were developed to investigate the causes of transient expression 

of transferred genes (transgenes). In the first system, transientAc transposase expression in 

Hieracium aurantiacum was examined (Figure 1. 1. 2). In the second system, transient gfp 

expression in Nicotiana plumbaginifolia was examined (Figure 1. 1. 4). The strategy in 

both systems was to analyse tissue derived from cells transiently expressing trans-genes. 

The first system was also deVeloped as a novel gene-tagging strategy (Figure 1. 1. 3). 

Transiently expressed Ac transposase was used to mobilise a Ds element for insertional 

mutagenesis, tagging the interrupted gene. 



F igu re 1. 1. 1. 
Transposition of Ds elelnents as a strategy to transfonn A. cepa. 

IDs 

ktc transposase I 

( 
Step 1. 
Plasmid DNA carrying the Ac trans po sase gene 
and plasmid DNA carrying a Ds element are 
simultaneously transferred to onion cells by particle 
bOlnbardment. 

12 

Onion cell 

Step 2. Transposase encoded by the Ac 
transposase gene catalyses transposition of the 
1)8 element. 

Step 3. The Ds element and any genes 
encoded within the Ds element are stably 
integrated into onion chromosomal DNA. 
The plasmid vectors remain extrachromosomal 
and are eventually degraded. 
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Figure 1. 1. 2. 
Transposition ofDs elements as a strategy to recover f l. aurantiacum cell that 
transiently expressed the Ac transposase gene. 

Step 1. T-DNA 
carrying the Ac 

Ac transposase 

T-DNA 

transposase gene is transferred to plant cells 
containing a chromosomal locus within which 
a Ds element blocks transcription of a spectinOlnycin resistance gene. Plant cell 

Step 3. Cells that transiently 
expressed the T-DNA carrying the 

Step 2. Transient expression of the Ac 
transposase gene results in production of 
transposase enzyme. Transposase catalyses 
transposition of the Ds element. Ds excision 
allows expression of the spectinomycin 
resistance gene. 

Ac transposase gene can be selected on lnedium containing spectinomycin 
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Figure 1. 1. 3. 
Transient Ac transposase expression as a method to mobilise Ds elements for gene
tagging in H. aurantiacum. 

I codA I Ac transposase I 

Step 1. T -DNA 
carrying the Ac 

T-DNA 

transposase gene is transferred to plant cells 
containing a chromosomal locus within which 

Plant cell 

a Ds element blocks transcription of a spectinomycin resistance gene. The 
Ds locus is physically linked to the target gene to be tagged. 

Step 3. Cells that transiently 
expressed the T -DNA carrying the 
Ac transposase gene can be selected 
on medium containing spectinomycin 
and will contain a stable Ds 
reintegration site. Plants that 
maintain the Ac transposase T-DNA 
can be eliminated due to expression 
of the lethal gene codA also carried 
on the T -DNA. 

Step 2. Transient expression of the Ac 
transposase gene results in production of 
transposase enzyme. Transposase catalyses 
transposition of the Ds element. Ds excision 
allows expression of the spectinomycin 
resistance gene. Reintegration of the Ds element 
disrupts and "tags" the target gene. 
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Figure 1. 1. 4. 
Tracking N p lumbaginifolia cells that transiently expressed the m-gfP5-ER gene. 

Step 1. T -DNA carrying the m-gfP5-ER gene 
is transferred to N plU111baginifolia cells by 
co-cultivation with A. tumefaciens. 

() 
Step 2. The plant cells are ',-----" 
treated with cell wall degrading 
enzylnes. o o 

• 0 
o 

o (:J 

o 

o 
Step 3. The protop]asts are 
imrnobilised in low melting 
point agarose. Those cells 
with GFP activity are marked. 
The resulting cell lines are 
tracked, isolated and analysed. 
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In the first system, the transferred DNA encoded the transposase gene from the maize 

Activator (Ac) transposon. The transposase gene was transferred to Hieracium 

aurantiacum cells previously transformed with aT-DNA construct that contained aDs 

element inserted into the leader sequence of a spectinomycin resistance gene. Transient 

transposase expression that caused Ds transposition could lead to expression of the 

spectinomycin resistance gene. Plants were selectively regenerated from those cells that 

were resistant to spectinomycin (Chapter 3). Thus it was possible to enrich for cells that 

expressed the transferred DNA, even when that expression was only transient. However, 

this strategy may not have produced a random sample of transiently expressing cells if Ds 

transposition was associated with integration of the T-DNA carrying the Ac transposase 

gene. 

In order to obtain a random sample of transiently expressing cells, a second system was 

devised. The transferred DNA contained the visible marker gene m-gfp5-ER (58) encoding 

a green fluorescent protein (GFP). m-gfP5-ER was transferred to Nicotiana plumbaginifolia 

suspension cells. A simple cell tracking system was devised that allowed the fate of cells 

that transiently expressed the m-gfP5-ER gene to be followed and the resulting cell lines to 

be isolated. Isolated cell lines were then analysed to determine whether the transient nature 

ofm-gfP5-ER expression was associated with T-DNA loss or gene silencing. 

1. 2. Transient T -DNA Expression in Plant Cells 

1. 2. 1. The current model of transient expression 

DNA transfer to plant cells typically results in a high level and a high frequency of 

transient expression relative to the frequency of stable expression (72, 116, 151, 168). 

Following transfer of double-stranded plasmid DNA to plant cells, expression of genes on 

the transferred DNA is presumed to be transient as a simple result of the transient presence 

of the extrachromosomal DNA in the plant nucleus. It is assumed that on arrival in the 

plant nucleus, DNA is expressed extrachromosomally, When DNA is integrated into 

chromosomal DNA, the cell line becomes stably transformed. DNA molecules that are not 

integrated are eventually lost. Although the DNA transferred from Agrobacterium 

tumefaciens (T-DNA) is thought to be single-stranded and is speculated to have a 



dedicated system for integration into the plant genome, transient T -DNA expression is 

also assumed to be extrachromosomal. For example, Rossi et al. (124) used transient 

expression (measured by counting the number of cells expressing a transferred reporter 

gene) as an indication of the number ofT-DNA molecules arriving in the plant nucleus. 

Referring to a T-DNA construct carrying the nptII gene (kanamycin resistance) and uidA 

reporter gene (visible blue colour on staining) transferred into plant tissue that was then 

cultured on medium supplemented with kanamycin, they state: 

The ratio between the number of calli per seedling and the number of blue spots 
per seedling is defined as the efficiency of integration; it reflects the proportion of 
the number ofT-DNA molecules integrated relative to the total of the molecules 
entering the nucleus. (124, page 128) 

Rossi et al. are bluntly stating current dogma that is generally implict and occasionally 

explicit in research involving transient expression. 

The concept of transient expression was not always inseparable from an assumed 

mechanism. For example, Prols et al. (119) defined the phenomenon of transient 

expressIOn: 

The phenomenon of 'transient expression' is defmed as gene expression with an 
early maximum followed by a subsequent decline. (119, page 223) 

17 

Since the first descriptions of transient expression in plant cells, assumptions about the 

underlying processes have gone unchallenged. Also, there has been a subtle change in the 

meaning of 'transient expression'. The phenomenon originally described as transient 

expression was the rapid flux in gene expression that was measured as the average activity 

ofthe enzyme encoded by the transferred DNA sampled from a population of cells (eg. 

161). The term "transient expression" now includes the flux in the frequency of cells that 

express the transferred gene (transgene) following DNA transfer (eg. 72). While the rise 

and fall in the frequency of expressing cells mirrors the rise and fall in average enzyme 

activity, it is not transient expression as defmed or investigated by Prols et al. (119). It is 

possible, and untested, that these two phenomena are causally unrelated. 
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1. 2. 2. Evidence for the current model of transient expression 

The idea that the transient nature of T -DNA expression resulted from elimination of 

unintegrated T-DNA has not been tested. The flux in average enzyme activity associated 

with T -DNA transfer was originally presumed not to be due to expression from integrated 

T-DNA because the peak enzyme activity was so high. The number ofT-DNA copies 

integrated was thought to be too low to account for the large amount of enzyme necessary 

for such high activity (72). No quantitative evidence, relating the total number of 

integrated T-DNA copies to enzyme activity, has been presented to support this assertion. 

Indeed, until this work (Chapter 4), no one had isolated a random sample of transient 

expressers so the only estimate of the number ofT-DNAs integrated into the genome had 

to come from the number observed in stable expressers. A low number of integrated T

DNAs in stable expressers would be predicted if transient expression was due to 

expression from integrated T-DNA and loss of expression was due to gene silencing 

associated with high T -DNA copy number. If so, transient expressers might contain 

sufficient silenced copies of the T -DNA to account for the high transient enzyme activity. 

It was also argued that once integrated, expression of genes on the T -DNA would not vary. 

For example, Yoshioka et al. (168) examined transient ~-glucuronidase expression after T

DNA transfer to tobacco cells. The rate of synthesis of ~-glucuronidase rapidly peaked and 

declined from 24 to 60 hours after the start of co-cultivation. The authors argued that the 

kinetics of ~-glucuronidase synthesis alone was evidence of the extra-chromosomal origin 

of transient expression as the rate of ~-glucuronidase synthesis after T -DNA integration 

into the plant chromosomes should have been constant (168). This assertion is not 

consistent with the large body of literature describing gene silencing (reviewed in 96). 

Elimination of non-integrated DNA is, nevertheless, a reasonable explanation of transient 

expression. Extrachromosomal transferred DNA is gradually eliminated from a population 

of transformed plant cells (eg. 145, 148, 161). The activity of an enzyme encoded on DNA 

transferred to plant cells has been demonstrated to peak and decline over a period of more 

than 10 days after DNA transfer (72, 161). This decline in enzyme activity was roughly 

correlated with loss of the extrachromosomal DNA from the plant cell population (161). 

However, if loss of transferred DNA resulted in loss of active enzyme, then transcription 

from the transferred DNA should have declined with a similar time course as DNA loss. 
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Where expression was highly transient, transcription appears to have ceased within a 

few hours of DNA transfer (107, 119). Blocking transcription or translation (with 

cordycepin and cycloheximide, respectively) in transformed tobacco protoplasts had no 

effect on chloramphenicol acetyltransferase (encoded on the transferred DNA) activity 1 

and 4 hours after DNA transfer, respectively (119). Similarly, mRNA transcribed from T

DNA was not detected by RT-PCR for more than 1 and 3 days (respectively) after 

initiation of co-cultivation of A. tumefaciens with tobacco and maize cells (107). Also, the 

rate of synthesis of a protein encoded on T -DNA peaked and declined from 24 to 60 hours 

after the initiation of co-cultivation of A. tumefaciens with tobacco cells (168). It is 

possible that the very rapid loss of transcription could be accounted for by the loss of 

transferred DNA. Double-stranded plasmid DNA electroporated into maize protoplasts was 

degraded by 2.5 hours after transfer and undetectable by Southern analysis 1 day after 

transfer (148). Another group found that the quantity of plasmid DNA electroporated into 

maize cells declined over a few days and was not detected on day 5 (145). DNA 

transferred to cultured wheat cells by particle bombardment was degraded within a few 

hours of transfer (141). Loss of T -DNA after transfer from A. tumefaciens may be similarly 

rapid (130). However, others have suggested that electroporated DNA remained intact in 

protoplasts over the course of a 6 day experiment (163). 

If transient expression is caused by loss of extrachromosomal DNA, then expression 

should be stable when the transferred DNA is capable of autonomous replication. For 

example, in experiments where the transferred DNA contained plant viral replication 

functions, the DNA should have been maintained by autonomous replication. However, in 

these experiments transient expression from the transferred DNA was still observed. 

Timmermans et al. (145) transferred plasmid vectors with or without plant replication 

functions to a maize cell line. In both cases the vector carried the uidA marker gene 

encoding p-glucuronidase. p-glucuronidase activity after transfer of the non-replicating 

vector increased from 1 to 2 days after electroporation and then gradually declined. p

,glucuronidase activity after transfer of the replicating vector increased to a peak activity 
/ 
more than 10 fold higher than the non-replicating vector at 4 days after transfer but then 

declined sharply over the next few days. Inclusion of a replication function thus did not 

abolish the transient expression phenomenon. Although there was more stable expression 

(at least within the timeframe of the experiment) there was also more transient expression. 
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The authors attributed the decline in p-glucuronidase activity after transfer of the 

replicating vector to cell death. In the same study the vectors were also transferred to maize 

endosperm protoplasts. No peak and decline in p-glucuronidase activity was observed for 

either vector. The transient phenomenon was, apparently, dependent on something other 

than the stability of the T-DNA. Suarez-lopez and Gutierrez (140) used particle 

bombardment to transfer a plasmid vector carrying the uidA marker gene and wheat dwarf 

virus replication fimctions to cultured wheat cells. The number of extrachromosomal 

replicons increased rapidly to a maximum at 4 days after transfer. The number of replicons 

then declined slightly from 4 to 8 days after transfer. Transient expression (as measured by 

the number of cells with p-glucuronidase activity) increased to a maximum at 2-3 days 

after transfer and declined rapidly to very low levels at 5 and 8 days after transfer. The 

frequency of transient expression followed the same temporal profile as would be expected 

if the vector lacked replication flmctions and was rapidly degraded. These results are more 

compatible with loss of expression through gene silencing or cell death than with loss of 

expression through loss of unstable T-DNA copies. 

Recent experimental work could be interpreted as supporting the idea that transient 

expression is caused by loss of extrachromosomal DNA. Research on an Arabidopsis 

thaliana ecotype that was recalcitrant to transformation suggested that, as is predicted from 

the current model of transient expression, transient expresion was not dependent on T

DNA integration (103). Nam et al. (103) examined twoA. thaliana ecotypes in detail. 

Ecotypes Aa-O and UE-l were, respectively, susceptible and resistant to stable 

transformation caused by co-cultivation withA. tumefaciens. Tissue that was cultured 

without selection for 8 weeks after co-cultivation was analysed for the presence of the T

DNA by hybridisation of genomic DNA to a labelled probe. There was approximately 5 

times more T-DNA detected in Aa-O DNA than UE-l DNA. However, there was no 

observed difference between the ecotypes in transient expression (measured as average 

enzyme activity) from the T-DNA within 7 days of co-cultivation. Similar transient 

expression characteristics might suggest that similar amounts ofT-DNA were transferred 

to each ecotype. These results suggest that transient expression was not dependent on 

integration of the T -DNA into the host chromosomes. This result is consistent with the 

current model in which transient expression is the expression from unstable, 

extrachromosomal T-DNA. However, it is possible that transient expression was not 



directly related to T-DNA transfer and it is possible that transiently expressed T-DNAs 

were removed after integration into the plant chromosomes. 

21 

Sonti et al. (135) described a UV-hypersensitive (uvhl) and a y-hypersensitive (rad5) 

Arabidopsis thaliana mutant. They argued that these mutants were relatively inefficient at 

stably integrating T -DNA as they show reduced frequencies of stable transformation but 

normal frequencies of transient T-DNA expression. They simply assumed that the 

difference between the frequencies of transient and stable expression was T-DNA 

integration. Nethertheless, the fact that putative recombination deficient mutants had 

elevated frequencies of transient to stable expression could be interpreted as providing 

support for the idea that stable but not transient expression depends on integration. 

However, Nam et al. (104) and Preuss et al. (117) could not find evidence that uvhllines 

were deficient for stable transformation. Nam et al. (104) suggested, on the basis of 

transient expression assays, that rad5 was deficient in T-DNA uptake rather than T-DNA 

integration. They measured transient expression as average enzyme activity whereas Sonti 

et al. (135) measured transient expression as the number of expression foci per tissue area. 

Neither technique is a direct measure of the number ofT-DNA molecules transferred, and 

counting the number of expressing cells may be particularly inaccurate. 

Further evidence of loss of expression through loss of T -DNA comes from the recovery of 

clones lacking integrated trans genes from a sample of cell lines emiched for transiently 

expressing cells (55, 70, 150). In the Escherichia coli bacteriophage PI Crellox 

recombination system, the product of the ere gene acts in trans to catalyse recombination 

between specific 34bp (lox) sequences. Transient expression of ere recombinase has been 

used as a method to produce site-specific integration in A. thaliana (150) and for removal 

of marker genes in tobacco (55) after A. tumefaciens-mediated transfer. Emichment for 

cells that expressed ere recombinase was achieved by selection for cells containing cre

mediated recombination events. In this manner, stable ere expression was not required for 

emichment for cells that expressed ere. Indeed, site-specific integration mediated by ere 

would create an insertion site flanked by two lox sites in direct orientation that would be 

unstable in the presence of the ere enzyme (150). Vergunst and Hooykaas (150) 

simultaneously transferred T-DNA carrying lox sites (T-DNA-lox) and T-DNA carrying 

the ere gene (T-DNA-cre) into plant cells containing a chromosomal lox sequence. They 



recovered 15 cell lines in which the T-DNA-Iox had integrated into the chromosomal lox 

site. 10 of the 15 cell lines did not contain T-DNA-ere. From this result they concluded 

that: 

The isolation of ere/lox-mediated recombinants, lacking an integrated ere vector, 
provides direct evidence that T -strands, which are converted into double-stranded 
forms, and genes, located on the T-DNA, which are expressed extrachromosomally, 
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can be lost subsequently from the cell. The transient nature of expression is thus not due 
to gene silencing or the absence of cell proliferation, but to loss of gene copies as 
assumed before. (150, page 403) 

Some of these conclusions are not supported by the data presented. No experimental 

evidence is presented demonstrating that the T -DNA-ere was expressed 

extrachromosomally. Also, the generalised conclusion regarding "the transient nature of 

expression" remains an assumption. The 5 recombinants that did retain ere sequences were 

not analysed for gene silencing. Further, any cells that did not proliferate were invisible in 

this study as the selection system required cell proliferation. The data does demonstrate 

that the transient nature of expression from T-DNA can result from loss ofT-DNA 

sequences. Gleave et al. (55), transferred T-DNA-ere into plant cells containing a 

chromosomal site flanked by lox sequences in direct orientation. Transient ere expression 

could catalyse lox recombination and removal of the intermediate DNA. In their 

experiments, 2 out of 6 recombinants lacked ere sequences. This result also demonstrates 

loss ofT-DNA sequences after transient expression. 

Transient expression of Ae transposase has been used by several different groups to 

mediate Ds integration into plant chromosomal DNA after direct DNA transfer (eg. 69, 70, 

85). Houba-Herin et al. (70), simultaneously delivered a plasmid (PAc) carrying the Ae 

transposase gene with a plasmid (PDs) carrying a Ds element to tobacco protoplasts by 

polyethylene glycol-mediated DNA transfer. Of 21 cell lines in which Ds elements excised 

from pDs and integrated into plant chromosomes, only 2 had also integrated pAc sequences 

(70). This result demonstrates that loss of transiently expressed DNA is common after 

polyethylene glycol-mediated transfer. However, when EI-Kharbotly et al. (41) co

cultivated potato cells containing chromosomal Ds elements with A. tumefaciens 

containing aT-DNA encodingAe transposase (T-DNA-Ae), all recovered Ds transposition 

events coincided with T-DNA-Ae integration. Although the authors did not reveal how 



many Ds excision events they examined (at least 4 as there were 4 experiments) their 

results do not suggest a high frequency ofT-DNA loss after transient expression. 
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Examination of plants regenerated following gene transfer suggests there is a very low 

frequency of integrated but unexpressed trans genes (35). De Buck et al. (35) examined a 

system that might have resulted in enriched recovery of transient expressers. In their 

experiments, two T -DNA constructs carrying different selectable marker genes were 

simultaneously transferred into tobacco cells from separate A. tumefaciens strains. Stable 

transformation with both constructs (co-transformation) occured at a much higher 

frequency (21-47%) than the predicted co-transformation frequency (less than 0.01 %) 

calculated from the transformation frequency of one construct alone (less than 1 %) (35). 

Thus, after co-cultivation with the two A. tumefaciens strains, tobacco cell lines that 

expressed one construct had a high probability (P = approximately 0.21-0.47) of being 

transformed with the other construct. After co-cultivation with both A. tumefaciens strains, 

cell lines were recovered without selection and then tested for expression from the two 

constructs by culturing on appropriate selective media. Clones that expressed only one 

selectable marker were then tested for the presence of the other construct by Southern 

analysis. Transformants with a silenced marker gene were rare (1 transformant out of29). 

The authors interpreted these results as suggesting that most integrated constructs 

expressed their marker genes. However, the authors do not give a frequency of transient 

expression with which to compare the frequency of gene silencing. Further, as our study 

shows (Chapter 4), transient expressors may grow more slowly than other untransformed 

cells and thus be under represented in such a sample. Also, the method used to enrich for 

transient expressers would have left unsampled those cells that simultaneously silenced 

both genes. Therefore, it is unlikely that De Buck et aI. (35) obtained a representative 

sample of transient expressers. 

1. 2. 3. Evidence against the current model of transient expression. 

Some experimental evidence suggests that gene silencing and cell death may be primarily 

responsible for transient expression. That integrated constructs might frequently be 

silenced is suggested by the effect 5-azacytidine (permits expression from some silenced 

genes by demethylating DNA (112)) has on the recovery of cell lines stably expressing a 
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transgene after transformation. Treating tobacco leaf discs with 5-azacytidine after co

cultivation with A. tumefaciens containing T-DNA encoding ~-glucuronidase resulted in a 

4-6 fold increase in the frequency of stable ~-glucuronidase activity (112). Following co

cultivation, ~-glucuronidase activity was detected in 8% of cells at 3 days post infection 

(dpi) (112). The percentage of cells expressing ~-glucuronidase was transiently high, 

decreasing to near 0% by 9 dpi and was 1.5% at 24 dpi. When the leaf discs were cultured 

on medium supplemented with 5uM 5-azacytidine, a similar transient expression 

phenomenon was observed but the percentage of cells expressing ~-glucuronidase 

recovered to 10% at 24 dpi. The authors presume, but do not demonstrate, that the 

pertinent effect of 5-azacytidine was demethylation of the transgene and a consequent 

release from gene silencing. This result suggests that gene silencing was primarily 

responsible for the transient nature of the expression observed. 

If the principle cause of transient expression is failure to integrate the T -DNA into the 

plant genome, then it is reasonable to expect that increased T -DN A transfer would lead to 

an increased chance of integration and a greater chance of stable expression. If the 

frequency oftransient expression is a measure ofT-DNA transfer (an integrai:aRsumption 

of the current model of transient expression), then more transient expression should be 

associated with more stable expression. However, higher frequencies of transient 

expression are not always correlated with higher frequencies of stable expression. Mozo et 

al. (99) examined transient and stable transformation in Nicotiana glauca leaf discs after 

co-cultivation with several A. tumefaciens strains. They found that an A. tumefaciens strain 

carrying a Ti plasmid with a virC mutation (virC mutant) caused a lower frequency of 

transient expression compared to the same A. tumefaciens strain carrying the wild type Ti 

plasmid. However, N glauca cells co-cultivated with the virC mutant did not show the 

typical transient response (a peak and decline in expression a few days after co

cultivation). Instead the average activity of ~-glucuronidase (encoded on the T-DNA) 

increased linearly. The typical transient response was restored when N glauca cells were 

simultaneously co-cultivated with the virC mutant and the A. tumefaciens strain carrying 

the wild type Ti plasmid. This data is consistent with gene silencing being the primary 

cause of loss of expression. The more T-DNA transferred and the more cells that receive 



T -DNA, the more chance there is that gene silencing is initiated. Once initiated gene 

silencing can then be transmitted to neighbouring cells (153). 
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That transient expression may not be primarily due to expression from DNA that fails to 

integrate and is lost is suggested by the observation that integration of transferred DNA 

into the plant genome can be efficient in cell lines displaying transient expression (80). 

When a transgene was injected into tobacco protoplasts, the transgene was expressed 

transiently in about 50% of surviving cells (80). When transformed cells were cultivated 

with untransformed cells, no stable transgene expression was observed. However, when 

transformed protoplasts were cultured in isolation, the frequency of stably transformed 

colonies was the same as the previously observed frequency of transiently expressing cells 

(ie. about 50%) (80). This result suggested that transgene integration was not a barrier to 

stable transgene expression. The transient nature of the expression was presumably a 

consequence ofthe proximity of other cells (for example, overgrowth by untransformed 

cells or a silencing signal transmitted by cell contact). Large quantities of DNA can be 

injected into cells (80) and this system might not be comparable to other procedures, such 

as particle bombardment or co-cultivation with A. tumefaciens, where only a limited 

amount of DNA is carried into the cell and integration may be infrequent (116). However, 

following particle bombardment of tobacco leaf tissue the frequency of surviving cells 

containing a gold particle was approximately equal to the frequency of stable transformants 

(71). Notably, in the tobacco transformation system, the ratio of stable to transient 

expression was approximately 0.8:100 (ie. 99.2% of transformed cells died). The principle 

barrier to stable transformation was probably not DNA integration but cell survival (71). 

Three mechanisms might explain transient expression. These are gene silencing, cell death 

and loss of the transferred DNA. The cause of transient expression may vary depending on 

the DNA delivery system and cell line used. Transient expression from extra-chromosomal 

DNA seems more likely when the transferred DNA is double-stranded plasmid DNA than 

when it is single-stranded T-DNA. Some delivery systems (for example, particle 

bombardment and microinjection) may be more likely to cause cell death than other 

systems. That transient expression is expression from unintegrated DNA that is eventually 

eliminated is a widely held view. Indeed, the ratio of transient to stable expression has 

been frequently used as a measure of integration efficiency. Until this research (Chapter 4), 



no one had isolated a random sample of transiently expressing cells and determined the 

cause of loss of expression. 

1. 3. Plant Transformation 
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Various techniques, both vector-mediated gene transfer (using bacterial and viral plant 

pathogens) and direct gene transfer (using chemical, physical or electrical transfer 

methods), are routinely used to deliver foreign genes to plant cells (132). T-DNA transfer 

from A. tumefaciens and A. rhizogenes is widely used to transform susceptible (mostly 

dicot but increasingly monocot) plants (68, 116). Although widely used as a plant 

transformation system, a number of plant species cannot be routinely transformed using 

Agrobacterium-mediated transfer, and transformation competence may even vary greatly 

between cultivars of the same plant species (12, 103). Direct DNA transfer techniques 

include protoplast fusion, electroporation, chemically-induced DNA uptake, microinjection 

and p'article bombardment (tungsten or gold particles coated with DNA are shot directly 

into the target tissue). 

Regardless of the method of transformation, the selection of an appropriate plant tissue that 

is competent for transformation and regeneration, and is susceptible to an appropriate 

selective agent, is critical for successful production of transgenic plants. Not all cells 

within a tissue, or even a seemingly homogeneous cell culture, will be competent for 

transformation (9,35). However, competence for transformation may be, to some extent, a 

manipulable metabolic function of the cell that is determined by the cell cycle (9, 98, 152). 

Ideally, a tissue that contains many cells that are competent for both incorporation of 

foreign DNA and regeneration should be used for plant transformation. Some tissues that 

are highly competent for both regeneration and cell transformation may still be recalcitrant 

for the recovery of transformed plants due to the cells that are competent for regeneration 

not being competent for transformation and vice versa (53). For example, following co

cultivation of Kohleria internodes withA. tumefaciens, T-DNA expression was primarily 

observed in vascular tissue while shoot regeneration specifically occured from the basal 

cell of glandular trichomes (53). Besides regeneration and transformation competence, 

other aspects oftissue culture need to be considered. For example, there is a high 

occurance of soma clonal variation amongst plants regenerated from cultured cells (eg. 
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calli, suspension culture and protoplast culture) (12). Also, plants regenerated from 

transformed organised tissue may be composed of a mixture of transformed and 

untransformed cells (13, 154). A correlation between the developmental age of the tissue 

and transformation efficiency has been observed (eg. 52). This correlation could mean that 

rapidly dividing, undifferentiated, developmentally immature embryogenic cells are 

generally more suitable for successful transformation than other tissue types (13, 36, Eady 

pers. comm.). 

The susceptibility of plant tissue to transformation can be improved. Pre-culturing plant 

tissue on regeneration medium for a few days prior to gene transfer has been used to 

increase the transformation frequency (52, 91, 133). Pre-culturing may increase stable 

transformation by increasing the proportion ofregenerable cells in the tissue (91). 

However, pre-culturing also increases the number of cells transiently expressing the 

trans gene (52, 133) suggesting that DNA transfer or expression is also enhanced. As there 

is a relationship between plant transformation and cell cycle stage (36, 152) it is possible 

that the pertinent effect of pre-culturing is causing cells to restart the cell cycle. No 

transient expression was observed in plant cells when the cell cycle was blocked prior to 

the S-phase (DNA replication) by culturing cells on medium containing mimosine (152). 

Blocking the cell cycle after DNA replication by culturing cells on medium containing 

colchicine only slightly reduced the frequency of transient expression (152). These results 

suggest that between the start of S-phase and cell division is a critical time for cell 

transformation. 

Plasmolysis of cells in an osmoticum has been shown to dramatically increase the 

frequency of transient expression (91, 105, 149, 164). It is assumed, but not demonstrated, 

that the pertinent effect of cell plasmolysis is that it prevents the loss of protoplasm from 

cells damaged during transformation (149). However, in one study, osmotica were reported 

to decrease the frequency of stable trans gene expression where transient expression was 

enhanced (106). If plasmolysis merely protected cells from physical damage it would not 

improve transient expression while decreasing stable expression. Osmoticums are 

principally, but not exclusively, used in transformation by particle bombardment (91, 106, 

149). 
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1. 4. T-DNA Transfer from Agrobacterium tumefaciens 

A. tumefaciens is a plant pathogen that transfers DNA to plant cells causing tumours on 

dicotyledonous plants (81). DNA transfer from bacteria to plants may be functionally 

analogous to DNA transfer between bacteria (7,63, 138, 139). The transferred DNA (T

DNA) is defined by 25bp direct repeats (left and right border sequences) and is located on 

a large, extrachromosomal plasmid called Ti. The Ti plasmid also contains the virulence 

(vir) region that encodes genes involved in T -DNA transfer (136). The natural process of 

T-DNA transfer has been modified for use as a gene delivery technique in biotechnology 

and gene research. This has been achieved by creating a binary system where the gene of 

interest is inserted between right and left border sequences on a small plasmid separate 

from, but co-resident with, the Ti plasmid inA. tumefaciens. The Ti plasmid carries the 

trans-acting functions necessary for T -DNA transfer but usually does not contain 

functional T-DNA sequences. 

The vir region has 6 complementation groups (virA, virB, vire, virD, virE, and virG) 

(135). Additional vir loci such as virF are specific to various types ofTi plasmids and 

appear to act to determine the host-range of Agrobactertum genetic colonisation (67, 73, 

121). virA and virG are constitutively expressed genes encoding proteins that form a two 

component regulatory system that detects compounds associated with damaged plant cells 

(87, 113, 136). Along with additional regulators encoded on the chromosome, virA and 

virG act to induce expression of the other vir genes (30, 87, 1l3). 

After vir gene induction, three T-DNA intermediates are detectable in theA. tumefaciens 

cell. These are single-stranded linear T -DNA, double-stranded T -DNA circles, and double 

stranded T-DNA linear molecules (29,81). However, only single-stranded T-DNA 

molecules have been detected in the plant cell after transfer (170). An experiment where 

transferred DNA strands had to recombine to restore marker gene expression, also 

suggested that single-stranded T -DNA molecules were transferred to plant cells (146). As 

inversion ofthe right border leads to reduced virulence and transfer of most of the Ti 

plasmid, it is thought that the single-stranded T-DNA molecule is formed by strand 

displacement from right to left from a single-strand nick at the right T -DNA border to a 

single-strand nick at the left border (158, 171). This polarity of transfer is thought to be due 

to the sequence context of the borders (155). VirDl and VirD2 are required for the 
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fonnation of single-strand border nicks (48, 137) and, at least within the bacterial cell~ a 

VirD2 molecule is bound to the 5~ end of the displaced strand (66, 159, 169). Although 

protein transfer during conjugation between bacteria has been demonstrated (62) there is 

no direct evidence that vir proteins are transferred during T -DNA transfer from bacteria to 

plant cells. 

1. 5. Integration of T -DNA into the Plant Genome 

Foreign DNA is usually integrated into plant nuclear DNA by illegitimate recombination 

with very short stretches of DNA sequence similarity (54, 95, 97). However, trans gene 

integration into the nuclear genome by homologous recombination may also occur at a low 

frequency (86, 122). Foreign DNA introduced to the plant plastid genome has been 

observed to integrate by homologous recombination (20, 56). The mode of T -DNA 

integration is also probably dictated by host factors as T -DNA is preferentially integrated 

by homologous recombination in yeast and by illegitimate recombination in plants (16,54, 

95,97). As low level irradiation and treatment with ultra-low doses of bleomycin induces 

both DNA repair and foreign DNA integration in plant cells, the two processes are possibly 

related (9,34, 78, 151). Efforts to characterise plant mutants that are deficient for foreign 

DNA integration should help elucidate the pathways of DNA integration (1 02, 103, 104). 

The mechanisms of T -DNA nuclear uptake and integration are the subject of considerable 

current research (reviewed in: 151, 173). The T-DNA is probably primarily transferred to 

the plant cell as single stranded DNA (only single stranded T-DNA molecules have been 

detected in plant cells co-cultivated withA. tumefaciens (146, 170)) covalently bound at 

the 5' end to VirD2 protein (VirD2 is bound to the 5' end of the T-DNA inA.tumefaciens 

and E. coli (66, 159, 170)). Based on the in vitro ssDNA-bindingproperties ofVirE2, it is 

thought that VirE2 proteins may also bind to the T-DNA either in the plant cell or prior to 

transfer (26). Indirect evidence suggests that putative nuclear localisation sequences (NLS) 

on VirE2 and VirD2 help transport the single-stranded T-DNA to the plant nucleus after 

co-cultivation (27,28, 124, 125, 172). VirE2 and VirD2 proteins expressed in plant cells as 

translational fusions to ~-glucuronidase accumulate in the plant cell nucleus (27,28). 

Further, protein fusions between ~-glucuronidase and the putative VirE2 NLSs expressed 

in tobacco cells are transported to the plant nucleus (28). VirE2 protein expressed in 
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tobacco cells complemented a virE mutation in A. tumefaciens, completely restoring 

tumourigenicity (28). Assuming that VirE2 was not transported to the virE mutant bacterial 

cell during co-cultivation, this result suggests that the function ofVirE2 can be carried out 

in the plant cell and is consistent with transfer ofVirE2 to the plant cell during T-DNA 

transfer. However, given that VirE2 expressed in plant cells was only detected in the 

nucleus (28) it seems surprising that VirE2 expressed in plant cells can completely 

complement a bacterial virE mutant if the relevant role ofVirE2 is T-DNA transport 

through the cytoplasm. 

While it is generally accepted that the transferred DNA is primarily single stranded, it is 

uncertain whether the T-DNA is single stranded or double stranded immediately prior to 

integration (54, 143, 170). While single stranded T-DNA is detected in plant cells 

immediately after co-cultivation, transient expression (that is presumed to be 

extrachromosomal) must, given the orientation of some trans genes, originate from 

transcription of double stranded T -DNA (72, 107, 168, 170). 

T-DNA integration into nuclear DNA is random, possibly with some preference for 

integration into actively transcribed DNA (1, 24, 25, 65, 80). It has been argued that T

DNA integration may, in part, be mediated by VirD2 (101, 107, 147). Specific mutations 

to the omega region of the VirD2 protein reduce stable T-DNA integration, possibly 

without a corresponding reduction in the efficiency of right border cleavage or nuclear 

localisation of the T-DNA (101, 107). Narasimhulu et al. (107) have shown that a specific 

mutation in the virD2 omega sequence decreases the ratio of stable expression to transient 

expression in tobacco suspension culture cells when compared to expression following co

cultivation with anA. tumefaciens strain containing an unmutated virD2 gene (107). On the 

(unproven) assumption that the difference between the frequency of transient expression 

and stable expression is the frequency ofT-DNA integration, Narasimhulu et al. (107) 

argued a role for VirD2 in T -DNA integration. 

This work was extended in a later paper where Mysore et aL (101) demonstrated that they 

could not detect transient expression from a promoteriess uidA gene in tobacco cell 

cultures after transfer (detected by RT -peR amplification of a mRNA encoded separately 

on the T-DNA) from a virD2 omega mutant A. tumefaciens strain. They argued that this 
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result suggested VirD2 was involved in integration as the promoterless uidA gene 

required integration for expression. However, no evidence was presented to show that there 

was actually a difference in the number of promoterless uidA expression events observed 

after transfer from the virD2 omega mutant and the number that would be expected if 

VirD2 was not involved in integration. They also show that 42 days after cocultivation of 

tobacco suspension cells with the virD2 omega mutant Agrobacterium strain, no T -DNA 

was detected in tobacco genomic DNA (101). However, this result is hard to interpret 

without a comparison with a co-cultivation system with similar transfer frequencies but 

wild-type integration. A role for VirD2, or any other bacterial protein in T-DNA 

integration, remains to be demonstrated. 

1. 6. Epigenetic Modification of Transgene Expression 

Integration of transgenes into the host genome does not ensure stable expression. Within 

the host plant cell, trans gene expression can be reduced or stopped without changes to the 

DNA sequence, a phenomenon called gene silencing (140). Gene silencing can be broadly 

categorised as being either transcriptional gene silencing or post transcriptional gene 

silencing. In practical terms, these categories are usually defined by the results of nuclear 

run on assays that determine whether or not efficient transcription is possible from the 

silenced transgene in vitro. Both transcriptional gene silencing and post transcriptional 

gene silencing have been associated with cytosine methylation (8,33,43, 114). Promoter 

and trans gene CG and CNG sequences are the major substrates for cytosine methylation in 

plants but other sequences are also targets for methylation (93, 114, 123). DNA 

hypermethylation of promoter and gene sequences is associated with alterations in 

chromatin structure that obstruct transcription (76, 167). 

The plant genome consists of regions distinguishable by structure, sequence and 

transcriptional activity (19, 118). Differences in expression from homologous T-DNAs 

integrated at different sites in the plant genome suggested that gene silencing might 

sometimes simply result from the chromosomal position of the integrated DNA (5, 118). In 

other instances, gene silencing may reflect more active processes. Some epigenetic 

phenomena, such as the sequence-specific degradation of mRNA, may protect the host 

from invasive viral RNA (120, 126). Although untested, it has been suggested that high 
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gene expression, structural features (eg, integration intennediates, alteration to 

chromatin structure), sequence features of the transgene, and disruptions to the nonnal 

genome function might trigger gene silencing (42, 82). The trans gene or its promoter may 

pair with homologous DNA or RNA sequences creating structures that are methylated 

(43). Such structures may be common where multiple transgenes integrate into the same 

locus (96, 127, 167). Multi-transgene loci have been shown to be associated with changes 

in the local chromatin structure (more condensed chromatin as judged by DNaseI 

digestion), DNA methylation and gene silencing in Arabidopsis (167). 

A silenced trans gene can impose the silent phenotype on a homologous gene on a separate 

DNA molecule (8, 32, 96). Homologous transgene loci or an endogenous locus and a 

homologous transgene locus can also interact to produce co-ordinate inactivation of both 

loci (31, 75). Trans-inactivation requires sequence similarity and may depend upon DNA

DNA, RNA-RNA or DNA-RNA interactions (32, 144). Genes transferred into plants 

containing the 271 silencing locus (repeated copies of a plasmid carrying the nUl transgene 

driven by the 35S promoter) are silenced if they have sequence similarity with either the 

35S promoter or niH gene (144). Silencing appears to depend upon nucleic acid pairing as 

sequence similarity sufficient to allow pairing is required for silencing. A promoter with 

sequence and structural similarity to the 35S promoter, predicted to bind the same trans

acting factors but with insufficient similarity to allow DNA-DNA pairing with the 271 

locus, was not silenced when transferred to a plant containing the 271 silencing locus (144) 

Post transcriptional gene silencing initiated at a local site within the plant body can be 

spread from cell to cell to become systemic (110, 111, 153). The maintenance of silencing 

depends on the presence of the tissue that initiated the silencing. This dependence is 

demonstrated by grafting experiments where silenced tissue grafted on to unsilenced root 

stock leads to systemic silencing. Removal of the graft can then result in gene expression 

in the root stock (111). It has been speculated, from the grafting experiments, that there is a 

propagatable, sequence-specific signal for RNA degradation that is responsible for 

systemic silencing (111, 160). 

Some aspects of gene silencing make it a likely mechanism for turning off transient 

expression shortly after gene transfer. As gene silencing may be initiated by DNA-DNA or 
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DNA-RNA interactions between homologous sequences, the occurrance of numerous, 

homologous, extrachromosomal DNA molecules after DNA transfer possibly provides an 

opportunity for the establishment of gene silencing. Also, if gene silencing is, as suggested, 

partly a viral protection system, and given possible similarities between transferred DNA 

and viral DNA (highly expressed, extrachromosomal genetic elements) DNA transfer 

might be expected to trigger a silencing response. 

In order to account for the transient nature of expression, gene silencing would have to be 

initiated rapidly (within hours) after DNA transfer. T-DNA carrying gfp sequences with or 

without an upstream promoter triggered the silencing of a chromosomal gfp gene rapidly 

after DNA transfer (153). When a single leaf on a tobacco plant (containing a 

chromosomal gfp gene) was infiltrated withA. tumefaciens (containing T-DNA carrying a 

gfp gene), silencing of the chromosomal gfp gene was initiated within the leaf and spread 

gradually throughout the plant (153). When the infiltrated leaf was removed 2 days after 

the start of infiltration, silencing still spread throughout the plant body in some instances. 

This result demonstrated that a silencing signal was translocated out of the leaf within 2 

days of the start of infiltration, suggesting that gene silencing could be initiated within that 

period. 

1. 7. Improved Integration Strategies 

Attempts have been made to improve the frequency of trans gene integration and stability 

of trans gene expression following direct DNA delivery (60,69, 70, 85). "Agrolistic" 

transformation involves biolistic delivery of a gene flanked by Ti-plasmid right and left 

borders (60). This construct is co-delivered with the Ti-plasmid virD2 and virDl genes. 

The assumption behind the agrolistic strategy is that, following transient expression of the 

vir genes, the VirDI and VirD2 proteins will act at the left and right borders in planta and 

catalyse the excision of the T-DNA from the plasmid vector and its integration into the 

plant genome. The anticipated result is a hybrid system free from the host range limitations 

of Agrobacterium-mediated delivery while retaining Agrobacterium-mediated integration 

(60). 
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The agrolistic system has been used to transform tobacco cells (60). Hansen and Chilton 

(60) claimed that agrolistic transformation resulted in a lower trans gene copy number per 

transformation event than non-agrolistic particle bombardment. However, their initial 

experiments found that more than 90% of the transformed calli contained integration 

events that probably were not mediated by the VirDl and VirD2 proteins. The validity of 

Hanson and Chilton's claims for their system is clouded by a lack of published data. 

Narayan et al. (108) explored the possibility of using an agrolistic system to transform 

Pinus radiata cells. Rather than expressing virD2 and virDl genes in planta, they planned 

to coat T -DNA with VirD and VirE proteins, in vitro, prior to biolistic delivery to plant 

cells (108). No further published data is currently availible on this technology. 

Another approach to improving the frequency and precision of foreign gene integration 

utilises plant transposons. In planta transposition of a foreign gene from a plasmid to the 

plant genome might produce high frequency integration of the desired sequence at 

independent, low copy number, loci. Initial work on transposon-mediated transgene' 

integration in plants focused on the maize transposable element Ac and its nonautonomous 

, derivative Ds (69, 70, 85). One peculiarity of AciDs transposition may, however, detract 

from it as a system to transfer trans genes from transformation vectors to plant 

chromosomes. AciDs elements predominantly transpose short distances, possibly with a 

requirement for physical contact between donor and recipient sites (45,83). A more 

effective transfer vehicle might be provided by a transposon system, such as the Mutator 

transposable element, which displays a preference for long distance transposition (90). 

In 1990, Laufs et al. (84) suggested that AciDs transposons could be used as vectors for 

plant genetic engineering. They inserted non-autonomous Ds transposons into the genome 

of the wheat dwarf virus and introduced the resulting vector into Zea mays protoplasts. 

Trans-activation with Ac transposase resulted in Ds excision from the viral vector. Their 

results suggested that, as for chromosomal Ac elements, excision was linked to replication 

of the Ds locus (ie. viral replication). However, later work by Houba-Herin et al. (70) 

suggested that, following vector delivery, in planta replication of the vector was not 

essential for Ac transposition. The precise relationship between transposition frequency 

and vector replication has not yet been ascertained (85, 162). 
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Houba-Herin's research group co-delivered a Ds plasmid vector and an Ae-transposase 

expression vector into Nieotiana plumbaginifolia protoplasts by polyethylene glycol

mediated DNA transfer. Trans-activation by Ae transposase resulted in excision of the Ds 

element from the plasmid and Ds integration into the plant genome (70). Of 32 plants 

regenerated from transformed tissue, 24 showed only transposon-mediated integration 

events (11 had a single chromosomal Ds element, 2 had two chromosomal copies and 11 

had three or more copies). The 8 remaining transgenic plants contained mUltiple plasmid 

insertions that did not result from transposition events. Ds excision from a plasmid vector 

appeared to result in the precise integration ofthe entire Ds element at random positions in 

the chromosomes of N. plumbaginifolia protoplast-derived cells (69). Similar results have 

been obtained in N. tabaeum and A. thaliana protoplasts (85). In N. tabaeum and A. 

thaliana, Ds elements were capable of transferring long stretches (~1 Okb) of foreign DNA 

from plasmid vectors to the plant chromosomes (85). 

Finally, site-specific recombination has been explored as an integration strategy that would 

allow the precise integration of a defined sequence of foreign DNA into a predetermined 

plant chromosomal locus. Site-specific integration can be achieved using the plant's 

homologous recombination system (20, 56). While homologous recombination within the 

plant nucleus may be rare (86, 122), homologous recombinatioin can be used to target 

DNA integration to specific sites within the plant plastid genome (20, 56). The E. eoli 

bacteriophage PI ere/lox recombination system has been used to integrate DNA at specific 

sites on plant chromosomes (150). In the ere/lox system, the product of the ere gene acts in 

trans to catalyse recombination between specific 34bp (lox) sequences. Where lox sites are 

carried on both the transferred DNA and a plant chromosome, ere recombinase can 

catalyse site-specific DNA integration. 

1.8. ActivatorlDissociation Transposons 

Ae belongs to a "family" of eukaryotic transposable elements that includes transposons 

from animals, such as hobo (fruit fly), and transposons from plants, such as Tam3 

(snapdragon) (44). These elements share several characteristics such as short terminal 

inverted repeats with sequence similarity and a similar mode of transposition ego non

replicative transposition and the creation of 8bp target site duplications. The similarity in 
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sequence of the transposase genes from some of these elements has been put forward by 

some researchers as evidence that these mobile elements are homologous (3, 18,44). Aside 

from the autonomousAc element, there are three classes of non-autonomous (Ds) elements 

that can be mobilised in trans by Ac transposase: 1) simple Ds elements that are deletion 

derivatives of Ac; 2) composite Ds elements that contain rearranged Ac sequences with 

some sequences unrelated toAc; 3) Dsl elements that have only two short (13bp and 26bp) 

terminal sequences with similarity to Ac (83). Gene integration exploiting AciDs elements 

has, to date, focused on simple Ds elements. A promoter-Dsl-uidA construct has 

previously been used to examine Dsl excision (46). Dsl elements and simple Ds elements 

may behave differently as integration vectors. 

The Ac element is 4.5kb long, encodes a single protein (the trans-acting transposase) and 

has 11 bp imperfect terminal repeats (reviewed in 47). Approximately 15 AAACGG motifs 

and similar sequences are scattered within 200bp of each inverted repeat. The Ac 

transposase binds weakly to the inverted repeats and with high affinity to the AAACGG 

motifs in vitro (6). Ac transposes by a non-replicative, cut and paste, method (129). As well 

as trans-activating transposition, the transposase protein is apparently capable of 

negatively regulating transcription of the transposase gene in at least some plant species 

(51). Furthermore, the activity ofAc transposase may not be directly dose dependent (63). 

In maize, a transposase concentration threshold exists above which transposase activity is 

inhibited (63) possibly by transposase aggregation (45). However, Swinburne et al. (143) 

found no evidence that high levels of transposase inhibited Ds transposition in A. thaliana. 

Scofield et a1. (128) suggested that inhibitory concentration thresholds are an intrinsic 

property of Ac transposase but that those thresholds vary between plant species. 

1. 9. Dissociation as a Vector for Allium cepa Transformation 

There is currently no published data on Ac transposition in A. cepa. Since Ac is able to 

transpose efficiently in a wide range of unrelated plants, host proteins essential for 

transposition must be widespread in the plant kingdom (22). Host proteins are thought to 

be involved in the repair of the donor site following Ac excision (129). Host proteins may 

also be involved in the formation of the transposition complex (22). A sequence motif 

(GGTAAA) that is repeated in both termini has been found by gel mobility shift assays to 
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provide binding sites for, as yet, uncharacterised plant nuclear proteins (89). The 

GGT AAA motif is also present in the terminal regions of other plant transposons, perhaps 

suggesting a function in transposition (89). As Ae transposition occurs during or shortly 

after host DNA replication (23,57), host proteins are likely to playa part in the regulation 

of transposition. This regulation may involve different binding patterns of Ae transposase 

depending on methylation patterns ofAe (156, 157). 

Where AciDs elements are used as transformation vectors it is important that the target 

plant does not contain an endogenous transposase capable of mobilising the element as 

stable transgene insertion is desirable. Transposons homologous to Ae are widespread 

among the eukaryota (44). The Alliums are not devoid of trans po sons (15) and may contain 

elements encoding trans~acting factors capable of mobilising Ds elements or other non

autonomous transposons. Cross~mobilisation, by endogenous factors, of transposons 

introduced to unnatural hosts is not unprecedented. For example, the narrow~host~range 

Drosophila melanogaster hobo transposable element can be mobilised by endogenous 

transposases in non~host Drosophila species (59), in Musea domestiea (3) and in a large 

selection of Tephritid insects (58). While Ds elements that have been used as integration 

vectors have proven to be stable once integrated (132), potential Ds instability should be 

considered before using non~autonomous transposable elements as integration vectors in 

Alliums. 

1. 10. Dissociation Elements and Gene Tagging 

Gene tagging is used to identify DNA sequences responsible for a specific phenotype. 

Random mutagenesis by insertion of DNA elements into the genome can simultaneously 

modify the plant phenotype and mark the mutated gene responsible for that phenotype. The 

AciDs transposable element system from maize has been used in attempts to isolate genes 

by insertional mutagenesis in a wide variety of plants, for example: rice (132, 142); tomato 

(21); lettuce (166); Arabidopsis (4); and flax (49). Gene tagging strategies based on AciDs 

typically exploit the dependence of Ds mobility on the presence ofthe trans-acting factor 

to provide some control over transposition. The Ds element is used as the transposable 

element while the Ae transposase gene is encoded on a separate construct. The elements of 

this binary system are transferred into separate cells and transformed plants regenerated. 
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Crossing the two transfonned plant lines brings the elements together. The resulting 

seedlings are selected forDs excision and screened for phenotypes suggesting insertional 

mutagenesis of the target locus. Subsequently, the Ds insertion can be restabilised by 

segregating the two unlinked elements. Separating the tissue culture steps involved in 

transfonnation and regeneration from selection for Ds transposition, helps avoid confusing 

mutations caused by Ds insertion with somaclonal variation (4). 

Transferring both elements of the binary system into the same cell (co-transfonnation) has 

been mooted as a more efficient gene-tagging strategy than crossing regenerants from two 

separate transfonnation events (50,64). One perceived advantage of co-transfonnation is 

that it eliminates one generation, thus saving time (50). Co-transfonnation may also be 

useful in asexual systems and to facilitate gene tagging in an isogenic background where 

breeding incompatibility requires crossing to a genetically distinguishable strain. It has also 

been suggested that in most cases of co-transfonnation, the Ds element is mobilised by 

transient transposase expression and the transposase construct does not integrate (64, 142). 

Consequently, mutations caused by Ds insertion will be stable, facilitating genetic 

characterisation (64). However, co-transfonnation has previously resulted in a high 

frequency of tandem co-integration of constructs at the same locus in some delivery 

systems (eg. 33). Tandem co-integration could make it difficult to segregate the transposed 

Ds element away from the transposase construct. Also, transformation itself is capable of 

creating mutations through integration and through repair of integration intennediates (94). 

Such lesions and mutations unlinked to the Ds integration site could complicate any 

attempt at gene tagging. Further, a particular advantage of the AciDs system is that the 

transposable element preferably transposes to sites linked to the excision site in some plant 

species (74, 77). This property of AciDs has been successfully exploited by genetically 

linking the Ds excision locus to the target site, thus maximising the probability of tagging 

the gene of interest once the transposon is mobilised. Transferring both elements 

simultaneously into the same cell does not allow selection of plants with a stable Ds 

excision locus linked to the target gene prior to mobilising the Ds element. 

In this thesis a new gene tagging strategy is described. By using transient transposase 

expression to mobilise a chromosomally-inserted Ds element it may be possible to exploit 

some ofthe advantages of a co-transfonnation gene tagging system (stabilisation ofthe 
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reintegrated Ds element through loss of transposase expression, gene tagging in an 

isogenic background, rapid generation of independent transposition events without the 

requirement of a sexually mature plant) while still being able to genetically link the Ds 

excision locus to the target gene prior to gene tagging. This strategy does, however, retain 

some of the problems (mutations caused by transformation and somaclonal variation) 

associated with gene tagging through co-transformation. 

1. 11. Transformation and Tissue Culture of Allium cepa 

Onion (Allium cepa L.) is an important crop species. It is subjected to intensive research 

and development of methods for in vitro regeneration, propagation and transformation (37, 

38,39,40). Procedures for reliably transforming A. cepa have recently been developed 

(40). Using co-cultivation withA. tumefaciens, T-DNA constructs containing the m-gfp5-

ER gene have been successfully delivered to immature embryo cells and whole plants 

regenerated under selection for resistance to the antibiotic geneticin (40). Particle 

bombardment has also previously been used to successfully deliver DNA constructs to A. 

cepa tissue (39). Particle bombardment and co..,cultivation with A. tumefaciens resulted in a 

high frequency of transient transgene expression but a low frequency of stable expression. 

Transient expression assays have been used to optimise delivery conditions, to test the 

efficiency of various promoters and to explore the effect of tissue age and type on gene 

delivery and expression (39). Immature embryos were found to be more competent than 

microbulbs at accepting and expressing a transgene construct. Of the promoters tested, the 

358 cauliflower mosaic virus promoter drove the highest level of expression. 

Previous work has identified the antibiotics hygromycin and geneticin and the herbicide 

phosphinothricin as being effective selective agents in onion (38). Eady's review (37) of A. 

cepa transformation identified embryo/seedling-derived callus and basal plate-derived 

callus as being the most efficiently regenerating callus system. Other culture material 

identified as being potentially useful in transformation studies included microbulbs 

(dedifferentiated, actively dividing cell masses induced in seedlings germinated on 

medium containing picloram), twin scales and split stems. Current work in our lab has 

focused on transformation of, and regeneration from, immature embyos, and transient 

expression studies in cultures derived from immature embryos. Despite optimisation of 
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tissue culture conditions, transformation and selection, the transformation frequency is 

very low (maximum frequency of2.7 stable transformants per 100 embryos). However, the 

transient expression frequency is several orders of magnitude higher than the stable 

transformation frequency. Therefore, it is clear that the mechanisms by which expression is 

lost are important barriers to stable transformation in onion. To address the problem ofloss 

of expression, we have explored the feasibility of using Ds transposition to improve the 

frequency of integrati on of transferred DNA. We have also investigated transient 

expression in a model plant to try to gain an understanding ofthe causes of loss of 

expression. 

1. 12. Transformation and Tissue Culture of Hieracium aurantiacum 

Hieracium aurantiacum is routinely cultured in vitro (10). Organogenesis from shoot or 

leaf explant has previously been optimised in a basal medium (MS macro- and micro

salts, B5 vitamins, and 3% sucrose, solidified with 7.5% agar) supplemented with 0-4.9J.!M 

IBA and 0-1 7. 8 J.!M BA (10). Shoot formation is routinely obtained with 2.2J.!M BA and 

2.5 11M IBA (10). Shoots readily form roots in the absence of growth regulators. Although 

several attempts have been made to culture suspension cells and develop a regeneration 

protocol from single cells, no success has been achieved to date (Bicknell, Weld, pers. 

obs.). A. tumefaciens-mediated transformation of H aurantiacum has been previously 

demonstrated (11). H aurantiacum is susceptible to a range of antibiotics (eg, kanamycin, 

spectinomycin and streptomycin) facilitating the selection of stably transformed 

regenerants (11, Bicknell pers. comm.). There are no published procedures for direct gene 

delivery to H aurantiacum. 

H aurantiacum is currently being used in our lab as a model plant for the study of 

apomixis. Gene tagging using a Ds element for insertional mutagenesis is being used to 

identify the gene(s) responsible for apomixis. H aurantiacum is an easily transformed (by 

A. tumefaciens) plant that regenerates readily in tissue culture. For these reasons, I used H 

aurantiacum as a model to test the components of the AdDs transformation system to be 

used in onion. The AciDs transposition system in H aurantiacum was then used to study 

transient expression and further developed as a novel gene tagging strategy. 
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1. 13. Transformation and Tissue Culture of Nicotiana plumbaginifolia 

Procedures for N. plumbaginifolia plant regeneration from cultured protoplasts were fIrst 

developed for studies on somatic plant cell genetics in the 1970's (14). These procedures 

followed on from methods originally developed for N. tabacum culture (14). Since that 

time, Nicotiana protoplast systems have been widely used to study plant transformation 

(eg. 2, 70, 115, 131, 165). Consequently, there is a plethora of literature describing 

Nicotiana protoplast isolation and culture. However, the basic techniques used widely 

today have remained essentially unchanged from early procedures (eg. 14,92, 100, 102, 

109). Protoplasts are typically isolated from leaf mesophyll cells or cultured suspension 

cells by cell wall digestion. Protoplasts are washed and cultured at a typical density of 

around 104 protoplasts per ml. Culturing protoplasts at low density (around 100 cells per 

ml) without the use of feeder cells or a conditioned medium can be enhanced by using 

higher concentrations of 2, 4-D than typically used for high density growth (100). Where 

protoplasts are embedded at low density in the culture medium, solidifIcation with agarose 

rather than agar has also been shown to improve initial cell division and sustained colony 

growth (92). N. plumbaginifolia suspension cell culture was chosen as the model system 

for fate mapping of transiently expressing cells because it was the availible plant system 

from which single transformed cells could most likely be isolated and cultured. 
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Chapter 2. 

Dissociation (Ds) Elements as Vectors for Transformation of Onion (A. cepa). 

2. 1. Introduction. 

Transformation ofthe important crop vegetable onion (Allium cepa) has been researched in 

this laboratory over several years. Embryogenic cell cultures derived from immature 

embryos have been shown to exhibit a high frequency of regeneration suitable for 

transformation (1, 2). Particle bombardment and A. tumefaciens-mediated DNA delivery 

have been optimised for high frequencies oftransient expression (S). Hygromycin, 

geneticin and Basta have been identified as effective selective agents (4). Very recently, 

positive selection using the reporter gene m-gfp5-ER allowed the development of a 

repeatable, cultivar independent, onion transformation protocol (6). 

Gene delivery to onion has resulted in a high frequency oftransient expression and.a 

frequency of stable expression several orders of magnitude lower. It has been suggested 

that the low frequency of stable expression could be increased if the trans gene was carried 

: on a transposable element. In such a system, the trans gene (within the borders of a non

autonomous transposable element) would be delivered to the plant cell on plasmid DNA. 

The trans-acting functions necessary for transposition would be carried on a separate 

region ofthe plasmid or co-delivered simultaneously on a separate plasmid vector. 

Transient expression of the trans-acting functions in the plant cell would mediate transgene 

integration into the plant genome by transposition. This strategy assumes that transgene 

integration is a significant barrier to stable transformation in onion and that transposition 

would overcome that barrier. 

Research supporting the above strategy is outlined below. Transgene integration, mediated 

by transposition of AdDs elements, has previously been developed as both a 

transformation strategy (14, IS) and as a gene tagging strategy (10, 11, 18). AciDs 

transposition from extrachromosomal plasmid DNA, catalysed by transiently expressed 

transposase, has been demonstrated in both dicotyledonous plants (tobacco: 10, 11, IS) and 

monocotyledonous plants (rice: 18, 19, wheat: 14, maize: 20). Ds elements have been 

shown to be capable of efficiently integrating inserts as large as 9.Skb (1S). One group has 

reported a four-fold increase in recovery of stable transformants using Ds-mediated 



integration (15). However, another group found no increase in the frequency of stable 

transformation using Ds-mediated integration (19). 
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In this chapter, initial research into transient expression and Ds transposition in onion is 

described. I sought to examine the phenomenon oftransient expression in onion callus 

tissue and test whether loss of expression was due to cell death. Further, I sought to test the 

feasibility of using Ds transposition to integrate transgenes into the onion genome (Figure 

1.1.1). To test Ds transposition in onion, transient expression of the Ac transposase gene 

was used to cause transposition of a Ds element from a plasmid vector after delivery to 

onion tissue by particle bombardment. The results presented here suggest that transient 

transposase expression can mediate Ds transposition in onion cells. It also appears that, as 

in other systems (10, 11) transposition is more frequent when a transposase gene lacking 

part of the untranslated leader sequence, rather than the full length gene, is used. 

2. 2. Materials and Methods. 

2. 2. 1. Plasmids. 

pNT103 

pNT103 (10) contains a Ds element inserted between the l' promoter and a uidA gene. Ds 

excision allows expression of uidA (encodes p-glucuronidase). The Ds element carries a 

kanamycin resistance gene for selection in plant cells. 

pNT[BamHIJ 

pNT[BamHIJ is pNT103 digested with BamHI and religated to create a plasmid lacking 

the Ds element with the l' promoter directly upstream from the uidA gene. 

pSLlllOl 

pSLlllOl (13) contains a 3.7kb (PstI-Nael) fragment ofAc ligated to a tobacco mosaic 

virus 5' omega leader sequence downstream from the CaMV35S promoter. This fragment 

encodesAc transposase ORFa translated from ATG1,ATG2 and ATG3. 
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pSUl1 01 [EcoRI] 

pSUl1 01 [EcoRI] is pSUIIOl digested with EcoRI removing part of the transposase gene 

and the CaMV3 5 S promoter and then recircularised by ligation. 

pBINm-gfp5-ER 

pBINm-gfp5-ER (9) is a binary vector containing the gene m-gfp5-ER (gfp gene modified 

for high expression in plants and encoding a GFP protein that is targeted to the plant cell 

endoplasmic reticulum to reduce any toxic effects) downstream from the CaMV35S 

promoter. 

pNT804 

pNT804 (11) contains an Ac transposase gene construct consisting of an Ac genomic 

fragment downstream of the 2' promoter of the octopine T-DNA. This truncated 

transposase fragment lacks ORFa ATG 1 and ATG2 translation start sites and induces a 

higher excision frequency than the entire ORFa transposase gene in some plant systems 

(10). 

pART8 

pART8 ispART7 (7) with the uidA gene inserted at the multi-cloning site (XhoI-BamHI) 

downstream of the CaMV 35S promoter. 

pRJW28 

pRJW28 contains a Ds element interrupting the expression of a uidA marker gene. The Ds 

element carries a CaMV35S-multi cloning site-ocs expression cassette. To construct 

pRJW28 a DNA fragment containing a Ds element was amplified by polymerase chain 

reaction (PCR) (primers: 5'-CGG TCG ACG GAT CCG CGC GGA GGG GGA G-3' and 

5-CGG TCG ACC CCC GAC TCT AGA GGA TCC GC-3') frompMDSBAR (15). This 

fragment was digested with San and inserted into the XhoI site of pART8 creatingpRJW14. 

pRJW14 thus has the Ds element inserted between the CaMV35S promoter and the uidA 

marker gene. A DNA fragment containing the CaMV35s promoter-multi cloning site-OCS 

terminator cassette from pART7 (7) flanked by San restriction sites was amplified by PCR 

(primers: 5'-ACG CGT CGA CAC TAT AGAATA TGC ATC A -3' and 5'- ACG CGT 



CGA CGA ATT AAT TCC AAT CCC A-3'). This fragment was digested with Sal! and 

inserted into theXhol site within the Ds element of pRJW14 creatingpRJW28. 

2. 2. 2. Tissue culture 

Allium cepa cell cultures were initiated and maintained from Canterbury Long Keeper 

onion immature embryos on ElM medium supplemented with 5mg/1 picloram (P5 

medium) as previously described (2). 

2. 2. 3. Plasmid construction. 

66 

Preparation and transformation of competent Escherichia coli with plasmid DNA was by 

the heat shock method as previously described (16). Plasmid DNA was maintained and 

multiplied in E. coli DH5a (37°C, 12 hours, shaking culture in LB medium) and extracted 

by standard alkaline lysis and phenol/chloroform extraction (16). Restriction enzymes were 

used as per manufacturer's (Boehringer Mannheim) instructions. For ligation (over night at 

room temperature) using T4 DNA ligase (New England Biolabs) manufacturer's 

instructions were essentially followed. Where fragments were inserted the vector was de

phosphorylated using shrimp alkaline phosphatase as per manufacturer's (Boehringer 

Mannhein) instructions. For vector construction, inserts were amplified by PCR performed 

in a Techne Thermocycler PHC-3 with 0.625 units Taq polymerase (Boehringer 

Mannheim) in a total volume of25/l1. Inserts were isolated by electrophoresis on a 0.7% 

agarose gel and extracted with a Qiagen gel extraction kit. 

2. 2. 4 Bombardment conditions 

All bombardments were with a Biolistic PDS-l OOO/He particle delivery system (Biorad). 

Plasmid DNA was adsorbed to gold particles (l-31-1m diameter) by CaCh (0.96M) and 

spermidine (0.015M) precipitation. The tissue was bombarded in a vacuum (25 inches of 

mercury) at a target distance (stop grid to leaf explant) of 8cm, and a rupture disk pressure 

of 1100-1300 psi. 
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2. 2. 5. Ds excision assay 

Cultured onion cells were co-bombarded with a plasmid (PNT103) containing a Ds element 

interrupting expression of the marker gene uidA and a plasmid encoding the Ac 

transposase (either pNT804 or pSLl11 01). In order to ensure independence between 

replicates, DNA was precipitated onto gold particles separately for each bombardment. For 

each replicate, a fixed area (200mm2
) of onion tissue was placed centrally on a petri dish 

containing P5 medium. Dishes were assigned to treatment at random. After bombardment, 

tissue was incubated in the dark at 22-26oC for 5 days. All the tissue was stained for ~

glucuronidase activity (colourless substrate is converted to a visible blue dye) and the total 

number of blue spots were counted under a stereo-microscope. Blue spots were counted 

blind (ie. the researcher was unaware which treatment had been applied to the tissue being 

observed). 

2.2.6. Histochemical assay for ~-glucuronidase activity. 

uidA expression was monitored by histochemical localisation of ~-glucuronidase activity 

by incubating plant tissue in O.lM phosphate buffer containing: ImM 5-bromo-4-chloro-3-

indolyl ~-D-glucuronide (x-glu); 2.5mM potassium ferricyanide and 2.5mM ferrocyanide 

(3). Cleavage ofx-glu by ~-glucuronidase results in a highly visible blue colour. 

2. 3. Results. 

2. 3. 1. Transient expression in onion cells. 

Previous reports suggested that following gene transfer to onion tissue, a high frequency of 

transient expression could be observed (5). However, stable expression has been only 

infrequently observed. Confirmation of these observations was initially sought in the tissue 

culture and transformation system to be used (onion cell culture and particle 

bombardment). For examination of transient expression, and in order to demonstrate that 

Ds transposition could improve the ratio of transient to stable expression, a marker gene 



was sought that would allow the accurate quantitation of transient and stable expression 

in the same tissue. 
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The uidA gene, with histochemical staining for ~-glucuronidase activity, was a highly 

visible marker oftransgene expression. However, histochemical staining was not cell

specific, leading to uncertainty in the frequency of expression. Also, the histochemical 

assay killed the onion tissue making it impossible to follow the fate of expressing cells. 

Expression of the maize anthocyanin regulatory gene Le caused enhanced anthocyanin 

accumulation in some plants without affecting cell viability (8). pAL144 (Le downstream 

from the CaMV3 5 S promoter) was bombarded into onion cell cultures which were 

monitored over several weeks. However, there was no discernable difference in visible 

anthocyanin accumulation between tissue bombarded with pAL144 and tissue bombarded 

with pART8 (negative control). pBINm-gfp5-ER (encoding the fluorescent protein GFP) 

was also bombarded into onion cell cultures. GFP expression was highly visible in onion 

cells. Further, GFP did not diffuse between cells and, as the GFP protein was targeted to 

the endoplasmic reticulum, the visible activity was very distinctive. 

To examine transient expression in onion, pBINm-gfp5-ER was bombarded into cultured 

cells (organised growth of the types "embryogenic callus" and "compact callus" (2)). Two 

days after bombardment, in a sample oftissue from three bombardments, a total of 50 1 

cells had visible GFP activity (GFP positive). In the same tissue, three days after 

bombardment, the number ofGFP positive cells had fallen to 359. The number ofGFP 

positive cells remained constant for the next 2 days and then steadily declined. There were 

71 GFP positive cells by 2 weeks post bombardment and 30 GFP positive cells by 3 weeks. 

This pattern of expression was the same in tissue from all three bombardments and no 

stable expression was observed. 

Observing the GFP activity involved directing blue light at the cells. This treatment can 

visibly wilt plant tissue and kill plant cells. To test whether repeatedly observing the cells 

under blue light had a major detrimental effect, a third of the sampled tissue was set aside 

after the first observation 2 days after bombardment. This tissue was maintained for 2 

weeks without being observed. During the 2 weeks the remaining tissue was examined 

under blue light on 6 separate occasions. At the end of this period, the number of GFP 



positive cells in the rarely observed sample was similar to the number of GFP positive 

cells in the frequently observed sample. Repeated observation probably did not have a 

major detrimental effect. However, it is possible that the first observation was uniquely 

destructive and responsible for the sharp decline in GFP positive cells between 2 and 3 

days after bombardment. 
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The GFP positive cells were not randomly dispersed across the tissue but were clumped in 

small areas of up to fifty expressing cells (expression clumps). The GFP positive cells, 

even within expression clumps, were rarely contiguous but were typically isolated cells. 

Despite the rapid growth of the cell culture over the period of observation, there was no 

evidence that the GFP positive cells were multiplying because they remained isolated, 

single cells. Eady et al. (2) have described a broad meristematic zone in the upper cell 

layers of similar cell cultures, suggesting that replication should have been observed in 

some GFP positive cells. However, it is possible that some surface cells are not part of this 

meristematic zone. 

Lack of division might also be due to damage caused by the bombardment. To test whether 

the bombardment was severely destructive, bombarded and unbombarded cell cultures 

were stained with propidium iodide (propidium iodide (PI) accumulates in the nucleus of 

damaged and dead cells). There was no obvious difference in PI staining between 

bombarded and unbombarded tissue. However, both tissues had many cells on the surface 

that took up the PI stain, suggesting that those cells that received DNA by bombardment 

were already in the process of dying. Attempts to correlate transient expression with PI 

uptake failed (the assay for ~-glucuronidase activity killed all cells and GFP activity made 

it impossible to view PI uptake). 

2. 3. 2. Ds excision in onion cells mediated by transient transposase expression. 

To test if transient transposase expression could mediate Ds excision in onion cells, 

pSLJ1101 and pNT1 03 were co-bombarded into onion cell cultures. Ds excision from 

pNT103 would have resulted in expression of the uidA gene carried onpNT103. As a 

negative control, tissue was co-bombarded withpNT103 andpSLJ[EcoRI] (a deletion 

derivative of pSLJ11 01 lacking the full transposase gene). As a positive control, tissue was 



70 

co-bombarded withpNT[BamHI] (a deletion derivative ofpNTI03lacking the Ds 

element) and pSLJll 01. Three petri dishes with a 200mm2 area of tissue were individually 

bombarded per treatment. After 5 days all the tissue was assayed for ~-glucuronidase 

activity. An average of 3 localised areas of ~-glucuronidase activity were detected per 

petri dish in both the test and negative control treatments. The positive control treatment 

had 282 localised areas of ~-glucuronidase activity. This experiment was repeated with 

similar results, suggesting that transient transposase expression from pSLJll 01 was not 

mediating Ds transposition in this system. 

A previous report suggested that Ds transposition was not as frequent after expression of 

the full length Ac transposase gene carried on pSLJll 01 as after expression of a truncated 

transposase construct lacking the first two transposase ORFa translation start co dons (l0). 

A truncated transposase construct (PNT804) was obtained. One petri dish with a 200mm2 

area of tissue was bombarded per treatment (test = pNTI03 + pNT804 and negative control 

= pNTI 03). After 5 days, the test and negative control tissue had, respectively, 48 and 2 

localised areas of ~-glucuronidase activity. In an expanded experiment, onion tissue on 8 

petri dishes was bombarded withpNT804 andpNTI03 and onion tissue on another 8 petri 

dishes was bombarded with pNT 103. The average number of areas of localised ~

glucuronidase activity for test and negative control treatments, respectively, was 10.9 and 

1.6 per petri dish. These sample means were significantly different (ANOVA: P<0.01), 

suggesting that pNT804 facilitates ~-glucuronidase expression from pNT 103, probably 

through transposase-mediated Ds transposition. To check that ~-glucuronidase activity was 

not increased non-specifically by the addition of extra plasmid DNA, the experiment was 

repeated using co-bombardment of pNTI 03 and pSLJ[EcoRI] as the negative control 

treatment. Again there was a significantly (approximately 6 fold) higher frequency of ~

glucuronidase activity in the test treatment over the control treatment. It is likely that the 

specific function on pNT804 that led to the enhanced frequency of uidA expression was the 

truncated Ac transposase gene. No further experiments were carried out to investigate Ds 

transposition in onion. 
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2. 4. Discussion. 

Onion is recalcitrant to stable transformation. Despite this recalcitrance, transient trans gene 

expression in onion is easily obtainable by both direct and A. tumefaciens-mediated gene 

delivery to a variety of onion tissue and cell cultures (16). Why is this expression only 

transient? It seems likely that the vast majority of transiently expressing cells simply died. 

The cultured cells transiently expressing GFP were not actively dividing. It is possible that 

these cells were damaged by the transformation process as has been suggested in another 

bombardment system (12). Alternatively, as is suggested by propidium iodide staining, 

many of the surface cells are naturally in the process of dying. The extent to which other 

factors, such as DNA loss and gene silencing, are responsible for the transient nature of 

gene expression in onion cells remains unexplored. If the results from my experiments on 

transient T-DNA expression in N plumbaginifolia (Chapter 4) are generally applicable to 

other plants, then cell death, gene silencing and total loss oftransferred DNA are all 

responsible for the loss of expression. Given the success that was achieved by tracking 

individual tobacco cells, it could be worthwhile using such a system to examine transient 
. . . 

expreSSIOn III omon. 

A preliminary investigation of Ds transposition in onion cells was undertaken. Co

bombardment of pSU11 01 and pNT103 produced no evidence of Ds transposition. 

However, co-bombardment of pNT804 and pNT1 03 produced a statistically significant, and 

repeatable, 6-fold increase in the frequency of ~-glucuronidase activity. These results 

suggest that transient transposase expression can mediate Ds excision in onion cells. While 

neitherpNT804 alone, norpNT103 (alone or withpSLJ[EcoRlj) caused a high frequency 

of uidA expression, it is possible (but extremely unlikely) that some function of pNT804, 

other than the transposase gene, acted in conjunction with pNT1 03 to enhance uidA 

expressIOn. 

The results also suggest that, in onion cells, Ds transposition is more frequent after 

expression ofthe truncated transposase gene than after expression ofthe full-length 

transposase gene. However, the length of the transposase gene is not the only difference 

between pSLJ11 01 and pNT804 (eg. they have different promoters driving the transposase 

gene). The plasmid pNT806 (the same as pNT804 but with the full length Ac transposase 

untranslated leader sequence) was obtained to test the assumption that the truncated 



transposase gene was more effective than the full length gene and as a potentially more 

useful negative control vector than pSLJ[EcoRlj. However, the experiment has yet to be 

repeated using this vector. Neither the assumption that uidA expression resulted from Ds 

excision nor the assumption that transposition occurred while pNTI03 was 

extrachromosomal, can be confirmed without recovering the excision site or the Ds 

element. 
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The observation that transfer of pNT804 (carrying the truncated transposase gene) was 

more effective at producing ~-glucuronidase activity than pSLJll 01 (carrying the full

length transposase) is in agreement with previous reports of transposition in tobacco (10). 

In tobacco, transfer of the truncated transposase gene resulted in a higher frequency of Ds 

excision from extrachromosomal plasmid DNA than transfer of the full-length gene. 

However, Shen and Hohn (17) observed the opposite result when they examined Dsl 

transposition from a replicating (ma~ze streak virus) extrachromosomal vector in maize 

plants. They found a higher frequency of transposition when the transposase was encoded 

by the full-length gene. They suggest several possible reasons for these contradictory 

results. Firstly, transposition from a non-replicating vector may be fundamentally different 

from transposition from a replicating vector. Secondly, there may be differences in the Ds 

elements (Dsl as opposed to simple Ds elements). Finally, the contradictory results may be 

due to a difference between transposition in dicots and in maize (a monocot). I examined 

transposition of a simple Ds element from a non-replicating vector in the mono cot onion. If 

the enhanced uidA expression I observed in onion was due to employing a truncated rather 

than a full-length transposase gene, then that effect is not specific to dicots. 

Wirtz et al. (20) examined Ds transposition from extrachromosomal DNA in maize. 

Interestingly, they found that Ds transposition was absolutely dependent on replication of 

the Ds vector. Their results are directly contradictory to previous observations of Ds 

excision from vectors lacking known replication functions (10, 11, 13, 15, 18). The results 

presented here suggest that, in onion, Ds transposition from plasmid DNA does not require 

the presence of plant replication functions on the plasmid DNA. Shen and Hohn (17) and 

Wirtz et al. (20) examined Ds transposition in maize. Both groups obtained results that 

contradicted other studies of Ds transposition in plants that are not natural hosts to AciDs 



elements. It is possible that Ds transposition in maize is qualitatively different from Ds 

transposition in unnatural plant hosts (17). 
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Development of a Ds-mediated transformation system for onion was terminated primarily 

because, at the time the decision was made, no measurable frequency of stable expression 

could be demonstrated following direct gene transfer to cultured onion cells. The 

frequency of stable expression following co-cultivation was rare and erratic. Also, there 

was no certainty that Ds transposition would increase trans gene integration. Further, given 

my observation that transiently expressing onion cells were not dividing, it seemed 

unlikely that the lack of stable expression was entirely due to a lack of trans gene 

integration. A high probability existed that applying the Ds integration system would not 

have led to the recovery of transformed tissue. Without being able to recover and examine 

stably transformed tissue it seemed probable that no further conclusions would be 

attainable. We further decided that understanding the underlying causes of loss of 

trans gene expression was more important than applying the Ds-mediated integration 

system to onion. 

Since that time, a considerable amount of research has produced a reliable A. tumefaciens

mediated onion transformation system (6). There is also now experimental evidence that, 

in a significant minority of cases, lack of stable T -DNA integration is responsible for lack 

of recovery of stably transformed plants in some plant systems (Chapter 3 and 4). Testing a 

Ds-mediated transformation system in onion, where the Ds element is carried on T -DNA, 

is certainly now feasible and worthwhile given the measurable but low ratio of stable to 

transient trans gene expression currently achievable. The advances in onion transformation 

that have recently occurred suggest it is likely that a measurable frequency of stable 

transformation could be obtained using biolistic delivery. If so, the question of whether or 

not Ds transposition (following direct DNA transfer) leads to higher stable transformation 

frequencies in onion may now be answerable. 

In order to test the theory that Ds transposition from extrachromosomal plasmid DNA to 

chromosomal DNA could increase the stable transformation frequency of onion, a suitable 

vector (pRJW28) was constructed. pRJW28 contains the simple Ds element from 

pMDSBAR (15) inserted between the CaMV35S promoter and the uidA gene ofpART8. 
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Thus it should be possible to visualise Ds excision from pRJW28 by staining for p
glucuronidase activity. The expression cassette frompART7 (CaMV35S promoter-multiple 

cloning site-ocs transcription termination sequence) was inserted within the Ds element to 

allow the inclusion of a reporter gene (such as m-gfp5-ER) or a selectable gene (such as 

bar). The structure of this construct was confirmed by restriction mapping. This vector 

could be used in any further efforts to develop a Ds-mediated integration system in onion. 
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Chapter 3. 

Ds transposition Mediated by Transient Transposase Expression in Hieracium 

aurantiacum. 

3. 1. Introduction 

AciDs transposons from Zea mays have been used in attempts to isolate genes by 

insertional mutagenesis in a wide variety of heterologous plants (1, 2,8, 13,22,23,41, 
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53). Typically the Ds transposon is used as the transposable element while the Ac 

transposase gene is encoded on a separate construct. The elements of this binary system are 

transferred into separate cells from which plants are regenerated. The elements can then be 

brought together to allow Ds transposition by crossing the two transformed plant lines. 

Subsequently, the Ds transposon can be restabilised by segregating the two unlinked 

elements. By separating transformation and regeneration from selection for Ds 

transposition, researchers avoid confusing mutations caused by Ds insertion with mutations 

caused by tissue culture and transformation (somaclonal variation) (2). 

In this laboratory, heterologous transposon tagging is being developed for gene isolation in 

the small herbaceous plant H aurantiacum. H aurantiacum is being used as a model 

system to study the genetics of apomixis. To this end, work has previously been carried out 

to optimise H aurantiacum micropropagation and transformation (4, 5). As part of the 

investigation into gene tagging in H aurantiacum, the practicality of using transient 

transposase expression to mobilise a chromosomally integrated Ds element without stable 

integration of the transposase construct has been explored. In this gene tagging strategy, T

DNA encoding the Ac transposase gene is transferred to plant cells. The plant cells have a 

chromosomal locus with a Ds element inserted between a plant promoter and a 

spectinomycin resistance gene. When transient transposase expression induces Ds 

transposition, the spectinomycin resistance gene will be expressed. Cells in which the Ds 

element transposed can be selectively propagated by culture on a medium containing 

spectinomycin (Figure 1.1.2). 

Transient transposase expression is sufficient to mobilise extra-chromosomal Ds elements 

(eg. 3,19,21,27,31,40) and chromosomally-insertedDs elements (eg., 12). By using 
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transient transposase expression to mobilise a chromosomally-inserted Ds element it 

may be possible to achieve stabilisation of the reintegrated Ds element shortly after 

transposition through loss of trans po sase expression. Other potential advantages of this 

gene tagging strategy are gene tagging in an isogenic background, and rapid generation of 

independent transposition events without the requirement of a sexually mature plant. 

Unlike the co-transformation gene tagging strategy, where the transposase source and the 

transposon are simultaneously transferred to the same plant cell (14, 20, 45), this new 

strategy should allow the Ds excision locus to be genetically linked to the target gene prior 

to gene tagging. Linking the Ds locus to the target gene increases the probability of the Ds 

element inserting into the target gene. This strategy does, however, retain some of the 

problems (mutations caused by transformation and somaclonal variation) associated with 

gene tagging through co-transformation. 

As well as developing a novel gene tagging strategy, this work had two further objectives. 

Firstly, H aurantiacum provided an ideal model plant system to test and develop the 

components of the Ds-mediated transgene integration system that was to be applied to 

onion transformation. Secondly, I wanted to test the assumption that transient T-DNA 

expression was due to transcription from extrachromosomal T-DNA molecules that were 

subsequently lost from the cell. If that hypothesis was true, then in a sample of cells that 

had transiently expressed a T-DNA, it should be possible to find cells that lacked the T

DNA. Ds transposition after transient expression of the Ac transposase gene carried on T

DNA provided a method for enrichment of cells that had transiently expressed the T-DNA. 

An overview of the strategy used to induce Ds transposition is provided (Figure 1. 1. 2 and 

Figure 1.1.3). Particle bombardment and co-cultivation withA. tumefaciens were 

examined as methods to deliver the Ac transposase gene to H aurantiacum. In these 

experiments the transferred DNA carried the uidA gene and the frequency of p

glucuronidase expression was measured to estimate the efficiency of DNA transfer. Co

cultivation with A. tumefaciens was selected as the method for delivering the Ac 

transposase gene. The Ac transposase gene was delivered to H aurantiacum leaf tissue 

stably transformed with the promoterIDs/spectinomycin-resistance-gene construct (as 

described in Figure 1. 1. 2). Inclusion of the conditional, dominant, lethal gene codA or 



the visible marker gene uidA on the T -DNA carrying the Ac transposase gene provided a 

rapid method to test regenerants for the presence of the Ac transposase T -DNA. 

3. 2. Materials and Methods 

3. 2. 1 Plasmids 

pSLJ3621 
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pSLJ3621 is a binary Ti vector containing a Ds element inserted into the untranslated 

leader sequence of the aadA gene (encoding resistance to spectinomycin) (Figure 3.3. I}. 

The Ds element prevents transcription of the aadA gene. This plasmid was constructed by 

Bernie Carroll at the Sainsbury Laboratory, Norwich, UK. 

pNE5 and pSLJllll 

pNE5 (45) and pSLJllll (39) are binary vectors carrying the Ac transposase gene 

transcribed from the 35S promoter. The conditional lethal dominant gene codA encoding 

cytosine deaminase is encoded onpNE5 T-DNA to allow elimination of plants that stably 

integrate pNE5 T-DNA. uidA (encoding p-glucuronidase) is encoded on the T-DNA of 

pSLJllll as a marker gene. 

pNT804 

pNT804 (21) contains an Ac transposase gene construct consisting of the Ac transposase 

gene downstream of the 2' promoter of the octopine T-DNA. This truncated transposase 

fragment lacks ORFa ATGI and ATG2 translation start sites. 

pART8 

pART8 is pART7 (16) with the uidA gene (encoding p-glucuronidase) inserted at the multi

cloning site (XhoI-BamHI) downstream of the CaMV 35S promoter. 

pSLJ721 (ElK) 

pSLJ721 (38) contains anAc element separating a uidA gene from an upstream CaMV 35S 

promoter. pSLJ721 (ElK) is pSLJ721 cleaved at the EcoRI site, the 5' overhang removed by 



end filling (klenow enzyme) and religated, creating a frameshift in the coding region of 

the Ac transposase gene to produce a non-autonomous Ds element. 

3. 2. 2. Plant material. 

so 

Ross Bicknell at New Zealand Institute for Crop and Food Research (Lincoln) provided 

plant material used in this study. Two H aurantiacum varieties (a triploid (A3) variety and 

a tetraploid (R4) variety) and transgenic plants (A3 3621 plants) regenerated from A3 

tissue co-cultivated withA. tumefaciens (pSU3621) were used. 

3. 2. 3. Cell growth and co-cultivation conditions. 

Hieracium aurantiacum stably transformed with pSU3 621 (A3 3 621 plants) leaf explant 

was sterilized in 25% bleach for 35 minutes. A. tumefaciens LBA4404 (5) containing the 

binary vector pSU1111 or pNE5 was incubated over-night in a shaking incubator at 2SoC 

in 50 ml Luria-Bertani (LB) medium (37) with 100ug/ml kanamycin to select for the 

binary vectors. A3 3621 leaf explant was immersed in 20 ml A. tumefaciens saturated 

culture for several minutes, blotted on filter paper to remove excess A. tumefaciens and 

transferred to shoot induction (HR) medium (4) for co-cultivation in the dark. After 3 days 

co-cultivation, leaf explant was transferred to HR medium supplemented with timentin 

(200mg/l) to eliminate bacterial cells and spectinomycin (600mg/l) to select cells 

containing Ds transposition events. All shoots that emerged under spectinomycin selection 

were removed and transferred to root induction (RO) medium (4) supplemented with 

spectinomycin (600mg/l) and timentin (200mgll). Spectinomycin resistant plants that 

formed roots under spectinomycin selection were maintained on RO medium, without 

selection, with monthly sub-culture. 

Leaf explants from greenhouse-grown and in vitro H aurantiacum plants stably 

transformed with pSU721 (ElK) (R4 721 plants) were co-cultivated with LBA4404 

containing pNE5 (as described above). After co-cultivation, the tissue was maintained on 

HR medium supplemented with 200mg/1 timentin and 600mg/l spectinomycin. To test for 



Ds excision the tissue was sampled periodically and histochemically analysed for ~

glucuronidase activity (as described below) 

3. 2. 4. Bombardment conditions 
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All bombardments were with a Biolistic PDS-10001He particle delivery system (Biorad). 

Very young leaves were removed from greenhouse grown A3 3621 plants and precultured 

on HR medium for 3 days prior to bombardment. Plasmolysis was induced 5 hours prior to 

bombardment and maintained for 16 hours after bombardment by culture on HR medium 

supplemented with O.4M mannitol. Plasmid DNA was adsorbed to gold particles (mean 

diameter of 11lm) by CaCh (0.96M) and spermidine (0.015M) precipitation. The tissue was 

bombarded in a vacuum (25 inches of mercury) at a target distance (stop grid to leaf 

explant) of 8cm, and a rupture disk pressure of 1550-1800 psi. 

3. 2. 5. DNA extraction for peR and Southern Blot analysis. 

The midrib was removed from 1-3 young leaves anJ discarded. The remaining leaftissue 

was frozen in liquid nitrogen and ground in 600lli urea extraction buffer (urea 42%, O.3M 

NaOH, O.lM Tris-HCI pH 8.0, 0.02M EDTA pH 8.0, Sarcosine 20%). DNA was purified 

by standard phenol/chloroform extraction, isopropanol precipitation, and desalted in 70% 

ethanol (38). RNA was digested in RNaseA for 60 minutes at 60°C. 

3. 2. 6. Southern blot analyses. 

DNA (lOug) was digested with the appropriate restriction enzyme (Boehringer Mannheim) 

and size-fractionated by electrophoresis in 1 % agarose gels in 1I2x Tris-borate-EDTA 

(1I2xTBE) buffer, transferred to nylon membrane (BioRad "Zeta probe" or Qiagen 

"Qiabrane") using capillary transfer (37) and hybridized to 32p_dCTP_ labelled probes at 

65°C for 12-24 hr. Prehybridisation and hybridisation was in a Techne oven in 15mls 

buffer (0.015g di-sodium dihydrogen pyrophosphate, 1.5g dextran sulphate, 1.5mls 10% 

SDS, 1.5mg denatured herringsperm DNA). The probe for transposase T -DNA was an 

850bp fragment of pSUllll amplified by PCR with Taq polymerase (Boehringer 

Mannheim) using primers internal to the Ac transposase gene ( 5' -GTG AT A AGT CTT 
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GGG CTC TTG G -3' and 5' -TTG ATA TGC ACA AAA GAT TGG G-3 '). The probe 

for the Ds element was a PCR fragment amplified with Taq polymerase (Boehringer 

Mannheim) using primers specific to the bar gene carried on the Ds element ofpSLJ3621. 

The probe for the Ds locus was a PCR fragment amplified with Taq polymerase 

(Boehringer Mannheim) using primers specific to the aadA spectinomycin resistance gene 

(5'-TCC GCG CTG TAG AAG TCA CC-3' and 5'-GCT TCA AGT ATG ACG GGC 

TCA-3'). These PCR-generated probe fragments were purified by electrophoresis in a 

0.7% agarose gel and extracted with the Qiaquick gel extraction kit (Qiagen). All probes 

were labelled by incorporation of 32p_dCTP using a random priming kit (Amersham) 

Restriction digestion, 32p-dCTP-Iabelling, PCR, and probe isolation were done according 

to the manufacturers' instructions. Final washing was performed in 1 X SSC, 0.1 % SDS or 

0.5 X SSC, 0.1 % SDS at 65°C. Hybridization patterns were visualized by phosphor

imaging on a Storm 840 laser scanner (Molecular Dynamics). 

3.2.7. peR analyses and sequencing 

Polymerase chain reactions were normally performed on approximately 100ng total 

genomic DNA in a Techne Thermocycler PHC-3 with 0.625 units of Taq polymerase 

(Boehringer Mannheim) in a total volume of 25 ~l. Amplification of the Ac transposase 

gene (primers: 5'-GTG ATA AGT CTT GGG CTC TTG G -3' and 5'-TTG ATA TGC 

ACA AAA GAT TGG G-3') was for 35 cycles of 1 minute at 94°C, 1 minute at 60°C, 1 

minute at 72°C. The 35 amplification cycles were preceded by 1 cycle for 1 minute at 94°C 

and followed by 1 cycle of 72°C for 8 minutes. Amplification of the Ds excision site 

(primers: 5'-CGC GTT CAA AAG TCG CCT AAG GTC-3' and 5'-TCA CTG TGT GGC 

TTC AGG CCG CC-3') was the same as amplification of Ac transposase. PCR fragments 

amplified from the Ds excision site were purified by electrophoresis on 0.7% agarose gel 

and extracted with the 'Qiaquick' gel extraction kit (Qiagen). The sequencing was by 'Big 

Dye Cycle Sequencing' (Perkin Elmer) as per manufacturer's instructions and the 

sequencing reaction was run on a sequencing gel and the sequence information collected 

by the Waikato Sequencing Facility (Private bag 3105, Hamilton, New Zealand). 
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3. 2. 8. uidA and codA Expression. 

uidA expression was monitored by histochemical localisation of ~-glucuronidase activity. 

Plant tissue was incubated over night in O.IM phosphate buffer containing: ImM 5-bromo-

4-chloro-3-indolyl ~-D-glucuronide (x-glu); 2.5mM potassium ferricyanide and 2.5mM 

ferrocyanide (11). To test for codA expression, shoots were cultured for several weeks on 

root induction medium supplemented with 500ug/ml 5-fluorocytosine (15). 

3.3. Results 

3. 3. 1. Optimisation of transformation procedures. 

For delivery of the Ac transposase gene to H aurantiacum, particle bombardment was 

examined by quantifying ~-glucuronidase activity following transfer ofpART8. Several 

factors significantly improved the expression frequency (the number of cells with transient 

expression per cm2 of leaf tissue) following particle bombardment. Prior to DNA delivery, 

greenhouse grown leaf explant was cultured on shoot regeneration (HR) medium (MS 

salts, B5 vitamins, 3% sucrose, 6-benzylarninopurine and 0.5 mglL indole-3-butyric acid) 

for 0, 1 or 3 days. HR medium stimulates cell division and somatic organogenesis. The 

expression frequency 2-5 days after bombardment increased with longer pretreatment on 

HR medium (see Table 3. 3. 1). There was a significant interaction (ANOVA: p<0.05, 

df=2) between preculturing on HR medium and plasmolysis (initiatied 5 hours prior to 

bombardment and maintained until 16 hours after bombardment by culturing the tissue on 

HR medium supplemented with O.4M mannitol). Plasmolysis improved the expression 

frequency if the tissue was precultured on HR medium for 3 days prior to bombardment 

but decreased the expression frequency when the tissue was pre cultured for 0 days (Table 

3.3.2). The expression frequency also increased with decreasing leaf size (developmental 

age) (Table 3. 3. 1). 

Several bombardment parameters were also examined for their effect on expression 

frequency. Expression frequency increased with shorter particle flight distance (the 

distance bombardment particles travelled after acceleration and before they hit the tissue) 

(Table 3.3. 1). However, increasing the particle velocity by increasing the rupture disc 

pressure (900psi, 1100psi and 1550psi), did not significantly increase the expression 



frequency suggesting that decreasing the microcarrier flight distance increased the 

expression frequency by increasing the density rather than the velocity of particles. 

Table 3. 3. 1. Factors that increased transient expression in H aurantiacum after particle 

bombardment. 

Treatment Average! Sample size2 

Pre-culture" (expression measured 2 days after 
bombardment) 
o days 9.2 4 
1 day 10.5 4 
3 days 
Target distanceS 

54 4 

12cm 0.39 9 
9cm 0.96 9 
6cm 12.86 10 
Leafsize6 

2cmormore 0.64 9 
1.5-2cm 1.89 9 
less than 1 cm 9.6 9 

1: Average = the average number of areas of l3-glucuronidase activity per cm2
• 

2: Sample size = number of individual bombardments analysed per treatment. 

p 3 

** 

** 

** 

3: P = probability that the differences in averages are due to random variation. Calculated by 
ANOV A. ** P<O.Ol. 
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4: Pre-culture = leaf discs were cultured on HR medium for 0, 1 or 3 days prior to bombardment. 
The number of areas of l3-glucuronidase activity were counted 2 days after bombardment. 

5: Target distance = distance from the point of ejection of the gold particles from the gene 
gun to the leaf tissue. 

6: Leaf size = maximum width of the leaf from which tissue to be bombarded was taken. 
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Table 3.3.2. Interaction between pre-culture and osmotic protection and their effect on the 

frequency of trans gene expression after particle bombardment. 

3 days 
pre-culturel 

Plasmolysis2 87.13 

No plasmolysis2 21.63 

Analysis of variance 

SOURCE 

Osmotic protection ............. . 

Pre-culture ....................... . 

Interaction between osmotic 

P 

0.09 . 

0.02 

protection and pre-culture...... 0.04 

o days 
pre-culturel 

4.83 

13.63 

1: Number of days leaf tissue was cultured on HR medium prior to bombardment. 

2: Plasmolysis was induced 5 hours prior to bombardment and maintained for 16 

hours after bombardment by maintaining leaf tissue on HR medium supplemented 

with O.4M mannitol. 

3: Average number of areas of f3-g1ucuronidase activity per cm2 1eaftissue. Includes data 

from two independent replicates. 



Table 3. 3. 3. Factors that increased transgene expression in H aurantiacum after co

cultivation with A. tumefaciens (pSLfJJJJ). 

Treatment Average! 'Sample size2 p3 

Pre-culture (expression measured 2 days after * 
co-cultivation) 
Pre-culture 4 10.2 13 
No pre-culture4 0.4 14 
Pre-culture (expression measured 10 days after -
co-cultivation) 
Pre-cultures 17.7 19 
No pre-cultures 21.73 18 
Edge of leaf disc bruised ** 
Bruising6 66.7 7 
No bruising6 10.2 13 
Timentin concentration * 
50mg/1 timentin7 31 12 
200-800mg/1 timentin7 51 38 
1: Average = the average number of areas of l3-glucuromdase actIvIty per 8mm leaf disc. 
2: Sample size = number of 8mm leaf discs analysed per treatment. 
3: P = probability that the differences in averages are due to random variation. Calculated by 

ANOV A. ** p<O.Ol, * p<O.05, - p>O.05. 
4: Pre-culture = leaf discs were cultured on HR medium for 3 days prior to co-cultivation 

with A. tumefaciens. No pre-culture = leaf discs were not cultured on HR medium prior to 
co-cultivation with A. tumefaciens. The number of areas of l3-glucuronidase activity were 
counted 2 days after co-cultivation. 

5: Pre-culture = leaf discs were cultured on HR medium for 3 days prior to co-cultivation 
withA. tumefaciens. No pre-culture = leaf discs were not cultured on HRmedium prior to 
co-cultivation with A. tumefaciens. The number of areas of l3-glucuronidase activity were 
counted 10 days after co-cultivation. 

6: Bruising = prior to cocultivation with A. tumefaciens leaf discs were damaged by 
squashing tissue inside the edge of the disc with an 8mm hole punch. 

7: The concentration of timentin in the medium on which the leaf tissue was cultured after 
co cultivation withA. tumefaciens. 
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Co-cultivation with A. tumefaciens was also examined as a method for DNA delivery to H 

aurantiacum. The expression frequency 2-5 days after co-cultivation with A. tumefaciens 

increased with pre-treatment on HR medium (see Table 3.3.3). However, pre-culturing 

plant tissue on HR medium prior to co-cultivation did not increase the expression 

frequency observed 10 days after co-cultivation, suggesting that pre-culturing decreased 

the time between co-cultivation and maximum uidA expression but did not increase the 

number of cells that eventually expressed uidA. 
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The effect of post-transformation exposure to spectinomycin (used to select for Ds 

excision events) and timentin (used to kill A. tumefaciens cells) on expression frequency 

was examined. Two weeks after co-cultivation withA. tumefaciens, expression frequency 

was not detectably changed by spectinomycin selection (600mg/l) and a broad range of 

concentrations oftimentin (200-800mg/l) applied 3 days after DNA transfer (Table 3. 3. 3). 

However, reducing the timentin concentration to 50mg/1 significantly decreased the 

expression frequency due to plant cell death probably caused by uncontrolled bacterial 

growth. Additional wounds created around the cut edge of the leaf discs by bruising the 

tissue with an 8mm diameter hole punch significantly increased expression frequency 

(Table 3. 3. 3). 

The optimised bombardment protocol (see materials and methods) could produce 

expression frequencies of over 100 expressing cells per cm2 of H aurantiacum leaf tissue. 

However, 3 fold higher expression frequencies were regularly achieved by co-cultivation 

with A. tumefaciens. A further advantage of co-cultivation with A. tumefaciens was 

concentration of transient expression at the cut edge of the leaf tissue where shoot initiation 

generally occured. After bombardment, p-glucuronidase activity was distributed across the 

leaf surface. Frequently p-glucuronidase activity was predominantly observed in stomatal 

guard cells. Such differences in the distribution of transient expression events could greatly 

alter the proportion of transient expressers that could be recovered. 

3. 3. 2. Transient uidA expression. 

The ratio of cells that transiently expressed uidA to the number of cells that stably 

expressed uidA was quantified. H aurantiacum leaf discs were co-cultivated with A. 

tumefaciens containingpSLJllll (uidA). Samples of discs were stained for p

glucuronidase activity 7 and 26 days after co-cultivation. In one experiment, the number of 

areas of p-glucuronidase activity per disc declined from an average of 153 at 7 days to an 

average of 48 at 26 days. This decline was statistically significant (ANOVA, p< 0.01). In 

two other experiments no decline in the number of areas of p-glucuronidase activity was 

detected. These results suggest, at most, a modest decline in the number of cells expressing 

the T-DNA marker gene over the four weeks immediately following T-DNA transfer. The 
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low ratio of transient to stable T-DNA expression was a potential problem for the use of 

transient Ac transposase expression in gene tagging in H aurantiacum. Ideally, transposase 

expression would be lost after Ds transposition creating a stable Ds integration locus. 

3. 3. 3. Particle bombardment. 

No evidence was found of Ds excision following delivery of a transposase construct to H 

aurantiacum by particle bombardment. Leaf discs from H aurantiacum plants previously 

transformed with the Ds source,pSLJ3621 (A3 3621 plants), were bombarded with gold 

particles coated with the Ac transposase source,pNT804. As a negative control A3 3621 

tissue was either not bombarded or bombarded with uncoated gold or gold coated with 

plasmid DNA lacking the Ac transposase gene (PART8). Shoots with low level resistance 

to spectinomycin (could form shoots but not roots on medium containing 600mg/l 

spectinomycin) were recovered in one of three experiments. Southern analysis of the 

shoots recovered after bombardment with pNT804 demonstrated that the Ds element had 

not transposed. DNA from the recovered shoots was digested with HpaI and BglII, size 

fractionated, transferred to a nylon membrane and hybridised to a probe homologous to the 

aadA gene (Figure 3.3.2). Where Ds excision had occurred, 5kb DNA fragments should 

have been detected. However, only 10kb fragments were expected if the Ds element had 

not excised and additional bands that could not result from precise excision of the Ds 

element were observed. The Southern produced evidence of other intragenomic events 

discussed in section 3.3.10. 

3.3.4. Ds excision within R4721 plants after co-cultivation. 

Following transfer oftheAc transposase gene to H aurantiacum by co-cultivation withA. 

tumefaciens, evidence of Ds excision was observed. H aurantiacum plants containing the 

T -DNA from the Ds source pSLJ721 (ElK) (R4 721 plants) were regenerated. In several 

experiments, leaftissue from the regenerated R4 721 plants was co-cultivated withA. 

tumefaciens carrying the Ac transposase source pNE5 and maintained on HR medium. Ds 

excision in R4 721 cells would restore expression of the uidA gene encoding ~

glucuronidase. Only one area of ~-glucuronidase activity was observed in more than 200 

8mm leaf discs suggesting a low frequency of Ds transposition (Figure 3. 3. 3). 
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3. 3. 5. Ds excision within A3 3621 plants after co-cultivation 

Co-cultivation of H. aurantiacum plants, previously transformed with the Ds source 

pSLJ3621 (A3 3621 plants), withA. tumefaciens containing the Ac transposase gene source 

pSLJllll or pNE5, resulted in recovery of fully spectinomycin resistant shoots. In five 

separate experiments, leaf tissue from H. aurantiacum A3 3621 plants was co-cultivated 

withA. tumefaciens containing either pSLJllll or pNE5. The leaftissue was then cultured 

on a regeneration medium containing 600mg/1 spectinomycin (HRS) (Figure 3. 3. 4). The 

negative control for these experiments was A3 3621 leaf explant that was not co-cultivated 

or co-cultivated with A. tumefaciens lacking the binary vectors pSLJllll and pNE5. Over 

the five experiments, 132 independent shoots initially appeared, and were capable of being 

propagated, on HRS medium (Figure 3. 3. 5). From these shoots, 84 fully spectinomycin 

resistant plants (capable of shoot and root formation under spectinomycin selection) were 

regenerated (Figure 3. 3. 6). The remaining 48 shoots either died on HRS medium or were 

not capable of root formation on medium supplemented with spectinomycin (Figure 3.3. 

7). 

In a selection of 14 of the 84 regenerated plants, the pSLJ3621 T-DNA locus was amplified 

by PCR to confirm transposition of the Ds element. A PCRamplification product of the 

predicted size was detected from all fully spectinomycin resistant plants tested. In three 

plants the Ds excision site was sequenced to confmn that repair of the spectinomyciu 

resistance gene was specifically due to Ds transposition rather than some other 

recombination event (Figure 3.3.8). The three excision sites had unique sequences 

indicating that the three plants had regenerated from independent excision events as 

expected. One plant contained a typical Ds excision footprint: the original 8bp target 

sequence duplication created by the Ds integration was retained with the two central bases 

being replaced by their complements. Ds excision in a second plant restored the original 

unduplicated target sequence. Target sequence restoration is also typical of AdDs 

transposition (39). The excision site in the third plant contained a 54bp deletion extending 

in one direction from the unduplicated target sequence. Although such large deletions have 

only rarely been observed in association with AdDs excision (39), the fact that the deletion 

extended precisely from the Ds integration site suggests the deletion resulted from 

transposition. 
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3. 3. 6. Transposase integration 

In order to facilitate the selection of those regenerated plants in which the Ds element had 

transposed but did not retain transposase sequences, a marker gene (codA or uidA) was 

incorporated into the transposase T -DNA. Histochemical analysis for p-glucuronidase 

activity revealed that following co-cultivation with A. tumefaciens (pSUllll) and 

selection for spectinomycin resistance, 24.6% (17 out of 69) of spectinomycin resistant 

plants lacked p-glucuronidase activity (Figure 3.3.9). Of the plants that had visible p

glucuronidase activity, many had tissue (even whole leaves) with no visible activity. This 

result suggests that either the uidA gene was lost from some cells during plant 

regeneration, or the plants were derived from a mixture of transformed and untransformed 

cells, or the uidA gene was present but not expressed in some cells. Following co

cultivation with A. tumefaciens (PNE5), 26% (4 out of IS) of spectinomycin resistant 

plants lacked cytosine deaminase activity (Figure 3.3. 10). Southern blotting and 

hybridisation to a p32-dCTP-Iabelled probe homologous to the Ac transposase sequence 

was used to test for the presence of pNE5 or pSUllll T -DNA. Total genomic DNA was 

digested with the restriction enzyme HindUI that was predicted to release a I.6kb fragment 

from within theAc transposase gene. Surprisingly, only 33% (7 out of2I) of ,,' 

spectinomycin resistant plants that did not express uidA or codA also lacked the 1.6kb 

HindIU fragment (eg. Figure 3. 3. 11, lanes 8, 9, 11-14). Thus, most plants that did not 

express the marker gene did retain the transposase gene. 

3.3. 7. Ds transposition 

Ds transposition was detected by Southern hybridisation in 6 of the 7 plants in which the 

Ac transposase gene was not detected. Total genomic DNA from the 7 plants lacking 

transposase sequences and two plants that retained transposase sequences was digested 

with HpaI and BglII and size fractionated by electrophoresis on a 1 % agarose gel. After 

Southern transfer, the DNA was hybridised to a labelled probe homologous to the aadA' 

gene. This probe would detect a IOkb fragment if the Ds element had not transposed and a 

Skb fragment if transposition had occurred (Figure 3.3. 1).6 ofthe 7 plants had the 

predicted Skb fragment (Figure 3. 3. 12, lanes 2,3, S-8). As the Ac transpo~ase gene was 

not detected in these 6 plants (detectable at less than one copy per genome (Figure 3.3. 

11)), and Ds excision depends on transposase activity, the transposase source was most 
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likely lost from these plants after transient transposase expression. One of the 7 plants 

(Figure 3.3. 12, lane 4) did not have the 5kb excision fragment, suggesting that Ds 

excision did not occur, the excision locus was subsequently lost or that the Ds element 

reintegrated within the Hpal-BglIl fragment. The lOkb fragment was also present in all 

samples, suggesting that there was more than one Ds (pSLl3621) locus. One plant (Figure 

3.3. 12, lane 5) had two additional fragments: one larger and one smaller than the 5kb 

band. These fragments are probably the result of recombination not associated with Ds 

excision or integration of truncated pSLl3621 T -DNA in the original A3 3621 parental 

plant. 

3. 3. 8. Ds transposition and chimaeric plants 

For gene tagging it is desirable that all cells in the regenerated plants have the transposed 

Ds element. That is, the entire plant should be derived from a single cell in which the Ds 

element transposed. All A3 3621 shoots regenerated under spectinomycin selection after 

transfer of the Ac transposase gene source (pSLJllll or pNE5) were maintained under 

selection on regeneration medium for several weeks, and in some cases for several months. 

No areas of bleaching were visible on leaves on HR medium, suggesting that the shoots 

were not chimaeric for Ds excision. Shoots that were maintained for several months on HO 

medium under spectinomycin selection did eventually bleach (Figure 3.3.6). However, 

this bleaching was not concentrated in sectors but covered most newly emerging leaves 

and was probably indicative of general, slow loss of chlorophyll due to loss of high aadA 

expression over time. Leaves that gradually bleached formed vigorous green shoots when 

transferred to HR medium supplemented with 600mg/1 spectinomycin, demonstrating that 

this tissue still retained the Ds excision locus. Further, the signal intensity in the 

autoradiographs of BglIIIHpal digested DNA suggested that the lOkb fragment and the 5kb 

fragment were present in roughly equal numbers. Equal signal intensity suggested that 

there were two pSLl3621 T-DNA loci. If the plants were chimeric for Ds transposition,· 

then variation in signal intensity would be expected (Figure 3.3. 12). 
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3. 3. 9. Control plants 

Ds transposition did not occur in tissue not exposed to the Ac transposase gene. No fully 

spectinomycin resistant plants were recovered from control tissue that was not co

cultivated withA. tumefaciens. However, in one experiment, 4 spectinomycin resistant 

plants were recovered on one petri dish from control tissue co-cultivated with an A. 

tumefaciens strain supposed to be lacking the transposase construct. DNA from these 

control plants was digested with HpaI and BgnI and hybridised to a probe homologous to 

the aadA gene to test for Ds excision. The 5kb fragment predicted to result from Ds 

excision was detected in all four plants (Figure 3. 3. 12, lanes 6-9). Histochemical analysis 

revealed that one of the four plants expressed p-glucuronidase suggesting that the 

transposase source pSLJllll had been transferred to that plant. Southern blotting and 

hybridisation to a transposase probe demonstrated that the p-glucuronidase-expressing 

plant also containedAc transposase sequences (Figure 3.3. 11, lane 10) and that the three 

plants not expressing p-glucuronidase lacked transposase sequences (eg. Figure 3. 3. 11, 

lanes 9 and 14). As all four plants arose from the same control treatment batch, no other 

fully spectinomycin resistant plants were recovered from any other control treatment, and 

transposase sequences and p-glucuronidase activity were detected in one plant, it is 

concluded that all four plants arose from a control treatment contaminated with A. 

tumefaciens containing pSLJllll. For this reason, these plants have been included in the 

results and analysis as test rather than control plants. 

3.3.10. Somatic variation in parent tissue 

Plants regenerated from A3 3621 leaf tissue without exposure to the transposase gene and 

without selection for spectinomycin resistance, frequently had evidence of recombination 

at the Ds locus that was not associated with Ds transposition. During the period when the 

co-cultivation experiments were carried out, some untransformed tissue from each parent 

plant was collected and in vitro plants regenerated without selection. Seven in vitro plants 

were independently regenerated from one parent plant (A3 3621#6). A3 3621#6 was the 

A3 3621 plant from which all but one ofthe spectinomycin resistant plants lacking 

transposase sequences were derived. DNA from six of the seven A3 3621#6 clones was 

digested with HindIII, size fractionated and hybridised to a labelled probe homologous to 

the aadA gene. HindIII does not cut within the pSLJ3621 T-DNA and should release a 
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~12kb (or bigger) fragment from each intactpSLJ3621 T-DNA insert. Although these 

plants were ostensibly clones, they did not all contain the same HindIII -aadA hybridisation 

pattern (Figure 3. 3. 13). Several of the bands were smaller than 12kb, suggesting either 

that only part of the pSLJ3621 T-DNA was integrated or that recombination has resulted in 

partial loss of the T-DNA. 

DNA from the seven A3 3621 #6 clones was also digested with BgnI and Hpal, and 

hybridised to the aadA probe to test for Ds excision. Several different hybridisation 

patterns were again evident (Figure 3.3. 14). None of the plants had the 5kb fragment 

predicted from Ds transposition. These results suggest that there has been a high frequency 

ofrecombination during the regeneration and maintainence of the in vitro A3 3621#6 

plants. The recombination was not associated with precise excision of the Ds element in 

the plants examined. 

3. 3. 11. Ds reintegration. 

For gene tagging to work, the transposed Ds element must reintegrate into plant genomic 

DNA. The 6 plants lacking transposase sequences in which the Ds excised, and 14 plants 

retaining transposase sequences in which the Ds excised, were tested for Ds reintegration. 

DNA from the 20 plants was digested with HindUI, size fractionated by gel 

electrophoresis, transferred to a membrane and sequentially hybridised to probes 

homologous to the spectinomycin resistance gene (aadA) and the bar gene carried on the 

Ds element (Figure 3. 3. 15). If the Ds element transposed and reintegrated, the Ds probe 

should have hybridised to a DNA fragment that the aadA probe did not hybridise to and 

different bands should be visible on the two autoradiographs. This result was seen in 2 of 

the 6 plants lacking transposase sequences (Figure 3.3. 15, lanes 12 and 13) and 9 of the 

14 plants that retained transposase sequences (eg. Figure 3.3. 15, lanes 5 and 7). This 

result suggests that Ds reintegration occurred from about half the transposition events 

which is consistent with previous reports of Ds reintegration in other plants (1, 8, 25, 43). 

However, in the negative control for this experiment (HindIII digested DNA from the A3 

3621 plant) (Figure 3.3. 15; lane 2), the Ds probe also hybridised to a band to which the 

aadA probe did not hybridise. This result is probably due to recombination unassociated 

with Ds transposition as the 5kb HpallBgnI DNA fragment resulting from Ds excision was 
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not detected in this A3 3621 clone (Figure 3. 3. 14, lane 1). Recombination unassociated 

with Ds transposition, rather than Ds reintegration after transposition, might account for 

separation of the Ds element from the spectinomycin resistance gene in some of the 11 

plants described above (Figure 3. 3. 15). The results obtained were not sufficient to 

discriminate between these two possibilities. However, as it is expected that Ds excision 

did occur in the 11 plants, Ds reintegration is a more likely explanation. The Ds probe also 

hybridised to the A3 plant from which the A3 3621 plants were derived (Figure 3. 3. 15, 

lane 1). This relatively weak, ~ 12kb band, umelated to the Ds element, did not detract from 

the results. However, to confirm that the DNA fragments that hybridised to the Ds probe 

but not the aadA probe contained Ds sequences and not just genomic DNA, the same 

membrane (as in Figure 3.3. 15) was re-hybridised to a new Ds probe (Figure 3.3. 16). 

This probe hybridised to the Ds element but not to A3 genomic DNA and confirmed that 

the relevant fragments did contain Ds sequences. 
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Figure 3. 3. 2. 
Autoradiograph of HpaIlBglII digested H aurantiacum DNA hybridised to a 
labelled probe homologous to the aadA spectinomycin resistance gene. 

lOkb 

5kb 

1 2 3 4 5 6 

Lane 1: DNA from the parental plant A3 3621 #6 

Lane 2: DNA from a fully spectinomycin resistant plant derived from A3 3621#6 
co-cultivated with A. tumefaciens (pSLJllll) showing both the 10kb fragment and the 
5kb fragment indicative of Ds transposition. 

Lanes 3 and 4: DNA from partly spectinomycin resistant (form shoots but not roots 
on medium containing 600mg/l spectinomycin) plants derived from A3 3621 
plants bombarded with pNT804. 

Lanes 5 and 6: DNA from partly spectinomycin resistant plants derived from A3 3621 
plants co-cultivated with A. tumefaciens (pSLJllll). 



Figure 3. 3. 3. 
H. aurantiacum R4 721 co-cultivated with A. tumefaciensd (PNE5) and stained for 
~-glucuronidase activity 

Arrow shows blue spot resulting from ~-glucuronidase activity that 
probably resulted from Ds transposition after transient expression 
from the Ac transposase gene encoded on pNE5. 
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Figure 3. 3. 4. 
H. LlurantiaCUlI'l A3 3621 leaf explant cultured on HR medium, 'upplemented with 
600mg/1 spectinOInycin, for four weeks. 

A 

B 

98 

A: Tissue co-cultivated with A. tumefaciens (pSLJ 1111) with shoot regeneration (arrow) 
on HR medium supplemented with spectinomycin. 

B: Negative control tissue showing no regeneration on HR medium supplemented 
with spectinomycin. 



Figure 3. 3. 5. 
H. aurantiacunl A3 3621 shoots regenerating on HR medium supplemented with 
600rng/J spectinon1ycin. 
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Figure 3. 3. 6. 
H. auranfiacUfn A3 3621 shoots regenerated after co-culti vation with A. 
tUlnefaciens (pSU 1111) and selection for spectinomycin resistance. 

Some areas of bleaching are visible on leaves (arrow). 
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Figure 3. 3. 7. 
H. aurantiacUfn A3 362 1 shoots regenerated after co-cultivation with A . tUf1ze./tlciens 
(pSL] / / / l) not fornling roots on HO medi um supplemented with 600rng/l 
spectinomycin . 

A3 3621 shoots regenerated on HR medium under spectinonlycin selection. 
Stunted growth, bleaching and fail ure to produce roots when plated on HO 
medium supplenlented with 600mg/l spectinornycin suggests these shoots are 
not fully spectinomycin resistant. 
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Figure 3. 3. 8. 
DNA sequences of Ds excision sites in three spectinomycin resistant H. aurantiacum 
plants. 

A GCGTGAC "-___ ----I GCGTGACC 

B GCGTGACg cCGTGACC 

c GCGTGACC 

D - CGTGACC 

A: DNA sequence oft e eight base pair repeat flanking the Ds element 
(represented by a red box) in the A3 3621 parental plants. 
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B, C and D: Sequences through the Ds excision site of three spectinomycin resistant 
plants. Lower case letters indicate base substitutions. Dash ( -) indicates a 
deleted base. In C, the deletion precisely removed one of the eight base pair 
repeats. In D, the deletion removed one of the eight base pair repeats, one 
base pair from the other repeat and a further 42 base pairs. 



Figure 3. 3. 9. 
H. aurantiacum A3 3621 shoots regenerated after co-cultivation with A. tuntefa ciens 
(pSLJ 1111), stained for 0-glucuronidase activity . 

A 

B 

A: Tissue from plants with detectable 0-glucuronidase acti vity. 

B: Tissue from plant with no detectable f)-glucuronidase acti vity . 

Some plants had both tissue with vis ible ~-glucuronidase activity and 
tissue without visible 0 -g1ucuronida e activity(arrows) . 
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Figure 3. 3. 10. 
H. [lurantiacurl1 A3 3621 shoots regenerated after co-cultivation with Agrobacterium 
tunlefaciens (pNES) plated on HO medjuol supplemented with 500ughnl 5-Flourocyto ine. 

Shoots that express'odA fail to t rm roots (arrows) . 





Figure 3. 3. 12. 
Autoradiograph of HpaJIBglII digested H aurantiacum DNA hybridised to a 
labelled probe homologous to the aadA spectinomycin resistance gene. 

1 2 3 4 5 6 7 8 9 10 

10kb. 

A 10kb HpaJIBgnI fragment was expected if the Ds element had not transposed. 
A 5 kb HpaJI B gnI fragment was expected if the Ds element had transposed. 

Lane1: 

lanes 2-8: 

A3 3621#6 parent plant (derived from H aurantiacum A3 by 
transfonnation with pSLl3621) 

spectinomycin resistant plants (derived from A3 3621 plants by 
co-cultivation withA. tumefaciens (pSLlllll» that lackedAc 
transposase sequences. 

Lane 9 and 10:spectinomycin resistant plants (derived from A3 3621 plants by 
co-cultivation with A. tumefaciens (pSLlllll» that retained Ac 
transposase sequences. 

Lanes 2-4 and 6-10: DNA extracted from plants derived from A3 3621 #6. 
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Lane 5: DNA extracted from a plant derived from another A3 3621 parent (ie. not 
A3 3621#6). The two additional bands in lane 5 are either due to recombination not 
associated with Ds transposition or integration of truncated pSLl3621 T -DNA in the 
original A3 3621 parental plant. 



Figure 3.3.13. 
Autoradiograph of HindIII digested H aurantiacum DNA hybridised to a 
labelled probe homologous to the aadA spectinomycin resistance gene. 

12kb -----. 

6kb -----. 

1 2 3 4 5 6 

Lanes 1-6: DNA from individual in vitro A3 3621#6 plants 
regenerated without selection from one greenhouse-grown 
A3 3621 #6 plant. 
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Figure 3. 3. 14. 
Autoradiograph of HpaIIBgllI digested H aurantiacum genomic DNA 
hybridised to a labelled probe homologous to the aadA spectinomycin resistance 
gene. 

lOkb 
-+ 

5kb 
-+ 

1 2 3 4 5 6 7 

Lanes 1-7: DNA from individual in vitro A3 3621#6 plants regenerated 
without selection from one greenhouse-grown A3 3621 #6 plant. 

Different banding pattern between clones suggests there has been 
rearrangement at the pSLJ3621 T -DNA locus during culture. 
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Figure 3. 3. 15. 
Autoradiograph of HindIII digested H aurantiacum genomic DNA hybridised to 
labelled probes homologous to the bar gene carried on the Ds element and the 
spectinomycin resistance gene(aadA). 
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A 1~ 1 3 4 10 11 12 13 14 

B 

5kb. 

3kb. 

3kb -----.. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

A and B: Two autoradiographs taken of the same membrane. In A the membrane has been 
hybridised to a probe homologous to the aadA gene and in B the membrane has 
been hybridised to a probe homologous to the bar gene. DNA fragments that hybridise 
to bar but not aadA are likely due to reintegration of the Ds element away from the 
pSLJ3621 T-DNA locus (eg. Lanes: 5, 7, 12 and 13). 

lane 1: DNA from H aurantiacum A3. Note faint band in B, see section 3.3. 11 for details. 
lane 2: DNA from A3 3621#6 derived from A3 by stable transformation with T-DNA frompSLJ3621. 
lane 3: pSLJllll; 
lane 4: Blank 
lanes 5-14: DNA from spectinomycin resistant plants derived from A3 3621 co-cultivated with 

Agrobacterium tumefaciens (pSLJllll or pNE5). 



Figure 3.3.16. 
Autoradiograph of HindIII digested H aurantiacum genomic DNA hybridised to 
a labelled probe homologous to the sub-terminal region of the Ds element. 

A 12kb 1 2 3 4 9 10 11 12 13 14 -. 

" x 

5kb :x ·X -. 
3kb -. 

B 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
12kb .. -. ...• 
5kb -. 
3kb -.. 
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A and B: Two autoradiographs taken of the same membrane. In A the membrane has been 
hybridised to a probe homologous to the Ds element. In B the membrane has been 
hybridised to a probe homologous to the bar gene carried on the Ds element. 
This membrane is the same membrane as in Figure 3. 3. 14. 

x: DNA fragments that hybridised to the bar and Ds probes but not the aadA probe 
(Figure 3. 3. 14) are marked on autoradiograph A with an x. 

0: DNA fragments that hybridised to the bar probe but not the Ds probe are marked on 
autoradiograph B with an o. 

Additional bands on A that are not on B are due to hybridisation of the Ds probe to the Ac 
fragment carried on pSUllll. 

The autoradiographs demonstrate that the DNA fragments that hybridised to the Ds and bar 
probes but not the aadA probe are not due to hybridisation to plant DNA. 
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3. 4. Discussion 

Pre-culturing H aurantiacum leaf tissue on medium supplemented with plant growth 

regulators prior to co-cultivation with A. tumefaciens (carrying pSLJllll T -DNA 

encoding ~-glucuronidase) increased the frequency of cells observed with ~-glucuronidase 

activity within the next few days. Pre-culture stimulates cell division and might enhance 

trans gene expression by increasing the number of cells passing through S-phase during co

cultivation (49). That pre-culturing also enhanced the frequency of cells expressing ~

glucuronidase after particle bombardment suggests that pre-culturing altered a step in the 

transformation process after DNA transfer to the plant cell. Therefore, T -DNA may 

typically be transferred to many more cells than it is expressed in. The expression 

frequency at three weeks was the same with or without pre-culturing. Therefore, high 

expression frequency was only delayed by not pre-culturing. 

The observation that pre-culture that enhanced transient expression shortly after co

cultivation did not enhance transient expression at 3 weeks after co-cultivation is not 

consistent with previous research (49). Villemont et al. (49) did not observe a high 

expression frequency three weeks after co-cultivation of Petunia hybrida leaf discs with A. 

tumefaciens without at least 2 days pre-culture on medium supplemented with plant growth 

regulators. The most obvious difference between their transformation protocol and the 

protocol used here is that after 2 days co-cultivation the P. hybrida leaf discs were washed 

in a high concentration of cefotaxime (750mg/l) which possibly killed or removed the A. 

tumefaciens. Here, the H aurantiacum leaf discs were placed on medium supplemented 

with 200mg/1 timentin, which may have allowed T -DNA transfer to continue for several 

days. 

Despite the efficiency of transient and stable transformation by co-cultivation of H 

aurantiacum with A. tumefaciens, the frequency oftransgene expression after particle 

bombardment was very low. The low frequency of detectable transient expression after 

bombardment limits the usefulness of this plant as a model to develop the Ds integration 

system that was to be applied to onion. The failure to recover Ds transposition events after 

particle bombardment was probably due to the low frequency of transgene expression and, 

in contrast to expression after co-cultivation, the predominant occurance of expression in 

cells from which shoots did not regenerate. A particular peculiarity of expression after 
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particle bombardment was that expression was often primarily observed in stomatal 

guard cells. Guard cells differ from surrounding epidermal cells morphologically, 

physiologically and even in plastid content. Any of these factors could account for the high 

frequency of transient expression observed in guard cells either through increased 

accessibility for DNA transfer or through increased expression of transferred DNA. Also, 

gene expression specifically concentrated in guard cells has previously been observed 

associated with a gene silencing phenomenon (50). Localised silencing of an endogenous 

gene was initiated by transfer of homologous DNA. Silencing spread through the plant 

body by a symplastically transmitted signal. Guard cells retained expression presumably 

because they were symplastically-isolated (50). Perhaps a symplastically-transmitted 

silencing signal is involved in suppressing expression. 

Six plants in which the Ds element had transposed, but which lacked transposase 

sequences, were regenerated from A3 3621 tissue after co-cultivation with A. tumefaciens 

(pSLJllll or pNE5). Of these six plants, one was obtained in experiment 1, and the other 

5 were obtained in two subsequent experiments. In experiment 1, tissue was taken at 

random from the seven A3 3621 plants. Control and test tissue was taken from this pooled 

tissue. Control tissue was cultured, without co-cultivation, on HR medium supplemented 

with spectinomycin. As it is possible that co-cultivation itself could conceivably alter plant 

regeneration characteristics, a further control was added in subsequent experiments. In this 

control, the A3 3621 tissue was co-cultivated with A. tumefaciens lacking the binary 

vectors carrying the Ac transposase gene. In these latter experiments, tissue from each A3 

3621 plant was kept separate and control tissue was taken specifically from each A3 3621 

plant to eliminate the possibility that control and test tissue was taken from different plants. 

In this discussion I have also included the four "control" plants discussed in section 3. 3. 9 

as being derived from co-cultivation of A3 3621 tissue with A. tumefaciens (pSLJllll). 

Given the results of the molecular analysis of these plants, it would have been 

inappropriate to treat them as control plants. Leaving them out of the discussion would not 

have altered the conclusions reached, but would have provided an incomplete picture of the 

data obtained. 
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After co-cultivation of A3 3621 tissue (containing the T-DNA from the Ds source 

pSLJ3621) withA. tumefaciens (containing the Ac transposase source pSLJllll) or 

bombardment with the Ac transposase source pSLJll 01, some shoots were recovered that 

had only low level resistance to spectinomycin. These shoots could grow on HR medium 

supplemented with 600mgll spectinomycin but did not form roots on HO medium 

supplemented with 600mg/l spectinomycin. However, they did form roots on HO medium 

without spectinomycin. Molecular analysis of four of these plants revealed that the Ds 

element had not transposed. Also, the autoradiograph band pattern observed after 

BgnIlHpaI digestion and hybridisation to the aadA probe suggested that the plants had 

multiple, incomplete copies of the (pSLJ3621) T -DNA. As the hybridisation band patterns 

of all four plants were identicle they might be clonally derived from tissue that possibly 

had low level resistance to spectinomycin prior to transfer of the Ac transposase gene. 

The plant tissue used in this study came from seven A3 3621 plants that were separately 

regenerated from H aurantiacum (A3) tissue after co-cultivation with A. tumefaciens 

(pSLJ3621). In the Ds excision experiment where A3 3621 tissue was bombarded with the 

Ac transposase source, and in the·first Ds excision experiment where A3 3621 tissue was 

co-cultivated with A. tumefaciens (pSLJllll), the plant tissue was taken from all seven A3 

3621 plants. Shoots with low level spectinomycin resistance could be regenerated from one 

of the seven A3 3621 plants without transfer of the Ac transposase source. Tissue from this 

particular A3 3621 plant was probably one souce of the plants with low level 

spectinomycin resistance isolated in the bombardment experiment and the first co

cultivation erxperiment. In subsequent Ds excision experiments, tissue from two 

genetically and molecularly characterised A3 3621 plants were used as the Ds source 

tissue. In these subsequent experiments, shoots with low level spectinomycin resistance 

were still occasionally observed. Such plants did not arise after the control co-cultivations 

of A3 3621 tissue withA. tumefaciens lacking the binary vectors. Such shoots probably 

arose after Ds transposition. The inability to form roots on medium supplemented with 

spectinomycin was probably due to poor expression of the aadA gene. Poor aadA 

expression could have been caused by mutation associated with Ds transposition. 

Transient transposase expression following transfer of an Ac transposase construct from A. 

tumefaciens to H aurantiacum rarely resulted in transposition of the chromosomal Ds 
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element without stable integration of the transposase construct into the plant genome. 

8.3% (7 out of 84) of spectinomycin resistant plants regenerated under selection for Ds 

excision did not retain Ae transposase sequences. Despite the lack of Ae transposase 

sequences, the Ds element had transposed in at least 6 of the 7 plants. This frequency of Ds 

transposition without integration ofT-DNA carrying the transposase gene is higher than 

has previously been reported (12). Selection for transposition of a chromosomal Ds 

element following transfer of an Ae transposase construct from A. tumefaciens into potato 

resulted in all regenerants retaining transposase sequences (12). 

Recovery of 6 regenerants with Ds transposition but lacking transposase sequences 

confirms the assumption that transient expression following T-DNA transfer can be 

associated with total loss of T -DNA. Proof of this conclusion has also been provided by a 

recent study in which transient ere expression mediated excision of chromosomal DNA 

flanked by lox sequences (17). In that study, plant cells containing chromosomal DNA 

flanked by lox sequences were co-cultivated with A. tumefaciens containing the ere gene 

within the T-DNA (T-DNA-ere) on the Ti plasmid. Transiently expressed ere recombinase 

could catalyse recombination at the lox sites resulting in excision of the intermediate DNA. 

After selection for cells that had precise recombination at the lox sites and did not express 

a marker gene carried on the T-DNA-ere, 33% (2 out of 6) of recovered cell lines lacked 

the ere gene. Similarly, Vergunst and Hooykaas (48) isolated a cell line in which erellox 

recombination occurred without ere T -DNA integration. Considering the high ratios of 

transient to stable expression previously reported after T-DNA transfer (24) it is surprising 

that in both the results reported here and by Gleave et al. (17), the proportion of recovered 

cells lacking T-DNA sequences (ere or Ae transposase gene) is so low. There are three 

possible reasons for the low proportion of cells lacking the T -DNA. Firstly, the 

recombination events (Ds transposition or lox recombination) might have been associated 

with stable T-DNA expression. Secondly, transient expression events might have been 

rare. Finally, expression might have been lost through gene silencing as well as T-DNA 

loss. 

High ratios of transient to stable expression have been reported after T-DNA transfer. For 

example, T-DNA transfer into Petunia leaf discs has been estimated to result in a 

frequency of transient expression 1000 fold higher than the frequency of stable expression 
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(24). However, such high ratios of transient to stable expression are not universal. The 

observed frequency of transient expression in H aurantiacum was no more than a few fold 

higher than stable expression. In two experiments no decrease in the frequency of 

expression was observed one month after co-cultivation. These ratios of transient to stable 

expression are very low compared to previous reports in other plants. It is possible that the 

gene tagging strategy reported here would be more effective in plant species with a higher 

ratio of transient to stable expression. 

Another possible explanation for the low frequency of spectinomycin resistant regenerants 

lacking transposase sequences is that Ds transposition from a chromosomal locus is 

associated with T-DNA integration. It has previously been demonstrated that cells in S

phase and M-phase are more likely than other cells to be stably transformed by T-DNA 

constructs (32, 49). Ac and Ds transposition is dependent on DNA replication (9, 18,52). 

Thus, cells that are predisposed to Ds transposition may also be predisposed to integrate 

the transposase gene construct. Stable transformation may also be associated with Ds 

transposition simply because the stably expressed transposase was available longer. 

The low number of cells that lost the Ac transposase gene might limit the practicality of 

this gene tagging system as the Ds element would be unstable in cells expressing 

transposase. Several strategies might increase the frequency of regenerants lacking 

transposase sequences. DNA transfer from A. tumefaciens mutants lacking the omega 

region of the virD2 gene has been reported to result in a relatively high frequency ofT

DNA transfer with a greatly reduced frequency ofT -DNA integration (33,34,42). While a 

role for the VirD2 protein in T -DNA integration has been disputed and is unproven (7,47), 

it is possible that mutations in the virD2 omega region do specifically inhibit T -DNA 

integration. A. tumefaciens strains harbouring the virD2 mutation could be incorporated 

into this gene tagging strategy. 

T-DNA might be highly protected from degradation by bound proteins when it enters the 

plant cell (36, 47,55). Direct transfer of plasmid DNA free from proteins might result in a 

high frequency of transient transposase expression with subsequent degradation of the 

transposase construct without stable integration. Also, it has previously been shown that 

direct transfer of trans po sase mRNA is sufficient to cause the transposition of Ds elements 
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(28). However, experiments on direct transfer to H aurantiacum have not yet produced 

a protocol as efficient as co-cultivation. Consequently, Ds transposition after direct transfer 

of a transposase construct or transposase mRNA to H aurantiacum, has not yet been 

demonstrated. 

Another obstacle to the development of this gene tagging strategy is presented by the high 

frequency of plants that did not express the T -DNA marker gene (uidA or codA) but had 

integrated the transposase gene. Emichment for plants that did not integrate the transposase 

gene was inefficient because plants that did integrate the transposase gene but failed to 

express the uidA or codA marker gene were not eliminated. The mechanism of loss of 

marker gene expression is unknown. Presumably the marker gene expression was either 

lost through partial T-DNA deletion or gene silencing. As the marker gene was adjacent to 

the left T-DNA border, small T-DNA deletions are likely to have curtailed marker gene 

expression without eliminating the transposase gene. Gene silencing could also have turned 

off marker gene expression without impeding transposase expression. No work has been 

undertaken to determine whether the marker gene was silenced or deleted and whether the 

transposase gene was expressed in the plants lacking marker gene expression. 

The gene-tagging strategy described here has advantages over conventional gene tagging 

systems. Transient transposase expression, while sufficient for Ds transposition, should 

produce stable Ds loci after transposition. The one-step production of stable Ds loci 

eliminates the need to genetically manipulate regenerated plants to separate the Ds and 

transposase loci. This strategy eliminates the need to cross plants containing the Ds 

element with plants containing the transposase gene and allows gene tagging to be carried 

out in an isogenic background. Further research into this system is required to increase the 

efficiency of selecting excision events that do not coincide with stable integration of the 

transposase construct. 

Another AciDs gene tagging strategy has been developed by other groups (14, 20). In that 

system both elements (Ac transposase source and Ds element) are transferred into the same 

plant cell simultaneously (co-transformation). Transient expression of the Ac transposase 

gene results in transposition of the Ds element from extrachromosomal plasmid DNA and 

insertion into the plant genome. As the Ds element is mobilised by transient transposase 
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expression, the Ac transposase source does not always integrate. When the transposase 

source does not integrate, transposase activity will be pennanently lost and the reintegrated 

Ds element will be stable (20, 45). Similar to the gene tagging strategy explored here, the 

co-transfonnation gene tagging strategy and the T-DNA gene tagging strategy (gene 

mutation and tagging simply through T-DNA integration) might be capable of creating 

mutations through repair of integration intennediates and in vitro culture (30). Such lesions 

and mutations, unlinked to the Ds integration site, could complicate any attempt at gene 

tagging. Further, a particular advantage of using AciDs transposons for gene tagging is that 

the transposable element preferably transposes to sites linked to the excision site in some 

plant species (25, 26, 29, 43). This property of AciDs has been successfully exploited by 

genetically linking the Ds excision locus to the target site, thus maximising the probability 

of tagging the gene of interest once the transposon is mobilised (eg. see: 6). Co

transfonnation and T -DNA tagging do not allow selection of plants with a stable Ds 

excision locus linked to the target gene prior to mobilising the Ds element. 

In order to evaluate the potential usefulness of the various available gene tagging systems, 

the relative frequency of three possible causes of phenotypic variation need to be 

considered. These are: variation due to tissue culture and transfonnation; variation due to 

stable Ds insertion; and variation due to Ds insertion and re.,.excision (secondary 

transposition). We know that the frequency of secondary transposition can be much higher 

than the primary transposition frequency (35). However, mutation due to transfonnation 

and tissue culture may also be high. Marton et al. (30) reported a 50% decline in plating 

efficiency of haploid tobacco protoplasts they attributed primarily to mutations caused by 

the transient presence of T -DNA in the plant cell after co-cultivation with a virulent A. 

tumefaciens strain. In vivo transfonnation strategies (eg. gene transfer to genn cells within 

the plant) andlor transfer of mRNA rather than DNA might eliminate the mutagenic effect 

of transfonnation. Combining such transfonnation approaches with the gene tagging 

strategy examined here might produce an ideal method for gene tagging in some plants. 
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Chapter 4. 

Transient GFP Expression in Nicotiana plumhaginifolia Suspension Cells Following 

Co-cultivation with Agrohacterium tumefaciens: the Role of Gene Silencing, Cell 

Death and T -DNA Loss. 

4. 1. Introduction 

Procedures based on the natural transformation system of Agrobacterium tumefaciens are 

widely used to transfer genes into plant cells. After co-cultivation of plant cells withA. 

tumefaciens, T-DNA expression and the frequency of plant cells expressing the transgene 

increases rapidly, peaks within a few days and then declines over subsequent weeks (14, 

24,27,46). This temporal profile of trans gene expression led to the conclusion that there 

was transcription from unstable extrachromosomal copies of the T-DNA that were not 

maintained in the plant cell (14,46). As a consequence of this conclusion, it has become 

widely assumed that T -DNA integration into the plant genome is a major factor limiting 

the frequency of "stable" transformation events following A. tumefaciens-mediated gene 

transfer (3, 27, 39). 

A substantial body of circumstantial evidence supports the current model of transient 

expression from T -DNA. The rate ofloss of expression after DNA transfer roughly 

correlates with the rate ofloss of extrachromosomal DNA in plant cells (43, 14,27,46). 

The temporal profile of transient expression after T -DNA transfer was precisely the same 

as transient expression after direct transfer of non-replicating, double-stranded plasmid 

DNA (14). Further, tissue lacking T-DNA was detected after shoot regeneration from 

samples of cells that had transiently or stably expressed aT-DNA (3, 8, 41). 

Transient expression is often used in the optimisation of transformation protocols as an 

indicator of gene transfer and expression efficiency (5, 7, 13, 15, 16, 17,22). 

Understanding the molecular determinants of transient expression is important, particularly 

where high levels of transient expression do not lead to high frequencies of stable 

transformation (22). Alternative interpretations of transient expression suggest contrasting 



strategies for enhancing stable transformation (eg. increasing transfer in order to 

increase integration or decreasing transfer to avoid gene silencing). 
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Our research into onion transformation floundered when the tissue culture and DNA 

transfer system, optimized for transient expression and plant regeneration, did not readily 

produce stable transformants. A DNA integration system (Ds transposition) was sought to 

overcome the low rate of conversion of transient expression into stable expression. The 

assumption behind that strategy was that transient expression was lost through failure to 

integrate transferred DNA. Until now, no study has isolated and analysed a random sample 

of transiently expressing plant cells to quantify the causes of loss of expression. The 

objective of this study was to determine to what extent transient expression, in our model 

system, was caused by total loss ofT-DNA, gene silencing or cell death. 

4. 2. Materials and Methods 

4. 2. 1. Cell growth and co-cultivation conditions. 

N plumbaginifolia suspension cells were maintained with twice weekly subculture 

(Sm1/40ml dilution) in CS-V medium (as per Lorz (18) but with O.OSmg/l kinetin and pH 

S.8) in 12S ml flasks on a rotating platform (166 rpm) at 22-26oC (16 hr lightl8 hr dark). A. 

tumefaciens LBA4404 containing the binary vector pBINm-gfP5-ER (32) was incubated 

for approximately 12 hours at 28°C in LB medium (36) with 100ug/ml kanamycin. 4 miA. 

tumefaciens saturated culture was diluted into SOml fresh LB medium containing SOmM 

acetosyringone. After 4 hr incubation, cells from S-lO ml were pelleted (3000xg, 10 

minutes), resuspended in Sm13-4 day old N plumbaginifolia suspension cell culture and 

co-cultivated without shaking, for 1hr at 28°C in 9cm petri dishes. Cells were pelleted 

(200xg, 2 minutes), liquid decanted and the cells were transfered to filter paper on solid 

CS-V medium for 3 days co-cultivation. 

4. 2. 2. Isolation and culture of transiently expressing cells. 

After 3 days co-cultivation, approximately SOul of cells were transferred to SOOul 

protoplast-isolation enzyme mix (cellulase 0.9% (Onozuka R-10, Yakult Honsha), 
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hemicellulase 0.45% (Sigma), driselase 0.45% (Kyowa Hakko Kogyo), MES 0.15%, 

sorbitol 9%, pH 5.5 with NaOH). Cells were incubated in enzyme mix in the dark for 

approximately 5 hr (22-26oC). 1 ml ASW (311mM NaCI, 6.9mM KCI, 18.8mM MgS04. 

7HzO, 16.7mM MgCh. 6HzO, 6.8mM CaCho 2HzO, 1.75mM NaHC03, 10mM MES, pH 

6.0) was added and protoplasts were pelleted (80-100xg, 3 minutes). Liquid was removed 

and protoplasts were washed in 1.5ml ASW and resuspended in 1ml CS-V medium (with 

O.4M sucrose). Protoplasts were diluted in CS-V medium (with O.4M sucrose, 1 % low 

melting point agarose (Life Technologies Inc."Ultra Pure")) at approximately 2 x 105 cells 

per litre. 1ml of protoplast culture was spread thinly over the bottom of each 9cm petri 

dish. This thin layer was allowed to set and was then overlaid with 4ml CS-V medium 

(O.4M sucrose, 1 % low melting point agarose). Once set, the solid CS-V medium was 

overlaid with 4ml of liquid CS-V (O.4M sucrose). To this liquid layer was added 10 0 III 

Nplumbaginifolia cell suspension culture as feeder cells and timentin to a final 

concentration of 200mg/1. Protoplasts were cultured at 22-26oC in the dark. The feeder cell 

layer was diluted weekly (or more frequently if required to control the density of feeder 

cells) by replacement of 3m I suspension culture with 3ml fresh CS-V medium (O.4M 

sucrose and 200mg/1 timentin initially then over the course of several weeks the 

concentration of sucrose and timentin was diminished). Care was taken to remove feeder 

cells that aggregated as solid surface growth. After 4 days culture, protop1asts were 

observed with a fluorescent microscope and well isolated, GFP expressing cells were 

marked by cuts to the under surface of the petri dishes. Once calli were several mm in 

diameter, the feeder layer was removed, and the solid medium was washed several times 

with liquid CS-V medium to remove feeder cells. All liquid was removed and calli were 

cultured until they were approximately 5mm diameter at which stage they were isolated 

and transferred onto fresh CS-V solid medium. Thereafter the cell lines were maintained 

by weekly subculture to fresh CS-V medium. 

4. 2. 3. Measurement of callus diameter 

The growing calli were measured in situ by the gradations on the microscope stage. One 

measurement across each callus was made at the widest point in the orientation in which 

they happened to lie. 
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4. 2. 4. DNA extraction for peR and Southern Blot analysis. 

Approximately 300)..l1 Nplumbaginifolia callus cells frozen in liquid nitrogen were ground 

in 600lli urea extraction buffer (urea 42%, 0.3M NaOH, O.1M Tris-HCl pH 8.0, 0.02M 

EDTA pH 8.0, Sarcosine 20%). DNA was purified by standard phenol/chloroform 

extraction, isopropanol precipitation, and desalted in 70% ethanol (36). RNA was digested 

in RNAseA for 60 minutes at 60°C. All DNA samples were quantified by ethidium 

bromide staining and comparison to a standard (lambda DNA digested with HindIII) of 

known concentration. 

4. 2. 5. Southern blot analyses. 

DNA (10ug) was digested with HindIII (Boehringer Mannheim) and size-fractionated by 

electrophoresis in 1 % agarose gels in Tris-borate-EDTA (TBE) buffer, transferred to nylon 

membrane (BioRad " Zeta probe" or Qiagen "Qiabrane") and hybridized to 32p-dCTP

labelled probes at 65°C for 12-24 hr. 32P-labelling was done with a random priming kit 

(Amersham). The probe for· the T -DNA was an 820bp fragment of pBINm-gfP5-ER 

amplified by PCR with Taq polymerase (Boehringer Mannheim) using primers flanking 

the gfP gene (5'-ACG TCT CGA GGA TCC AAG GAG ATA TAA CA-3' and 5'-ACG 

TCT CGA GCT CTT AAA GCT CAT CAT G-3'). These PCR-generated probe fragments 

were purified on a 0.7% agarose gel and extracted with the Qiaquick gel extraction kit 

(Qiagen). Restriction digestion, 32P-labelling, PCR, and probe isolation were done 

according to the manufacturer's instructions. Final washing was performed in 1 X SSC, 

0.1 % SDS or 0.5 X sse, 0.1 % SDS at 65°C. Hybridisation patterns were visualised by 

phosphor imaging on a Storm 840 laser scanner (Molecular Dynamics). 

4. 2. 6. Analysis for DNA methylation. 

The response of transient expressers to demethylation was tested. N plumbaginifolia cells 

were transferred to solid CS-V medium supplemented with 5-azacytidine (OmM, O.2mM, 

0.5mM, 0.8mM, 1.0mM, and 5.0mM). After 3 or 14 days, the cells were returned to CS-V 

medium with no 5-azacytidine. GFP activity was monitored by observation using a 

fluorescent microscope. A direct assay of DNA methylation w~s also used. In this assay 
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genomic DNA was extracted and quantified as described above. 100-500ng from each 

sample was digested with Sau3A1, digested with NdeII, or incubated without restriction 

enzymes. After 3-12 hour digestion, DNA was precipitated in isopropanol and resuspended 

in 10mM Tris.CI pH 8.0. After dilution in ddH20, PCR (as described below) was used to 

amplify the gfp gene fragment. lO!l1 from each reaction was size fractionated by 

electrophoresis on a 0.7% agarose gel and visualised under UV light after staining with 

ethidium bromide. 

4. 2. 7. peR analyses 

PCR was performed on approximately 100ng total genomic DNA in a Techne 

Thermocycler PHC-3 with 0.625 units Taq polymerase (Boehringer Mannheim) in a total 

volume of 25!l1. Amplification of the gfp gene (primers: 5'-ACG TCT CGA GGA TCC 

AAG GAG ATA TAA CA and 5'-ACG TCT CGA GCT CTT AAA GCT CAT CAT) was 

for 35 cycles of 1 minute at 94°C, 1 minute at 58°C, 1 minute at 72°C. The 35 

amplification cycles were preceded by 1 cycle for 1 minute at 94°C and followed by 1 

cycle of 72°C for 8 minutes. Amplification of the virG gene using primers GMT24 (5'

GCG GTA GCC GAC AG-3') and GMT25 (5'-GCG TCA AAG AAA TA-3') used the 

same programme as amplification of the gfp gene except that annealing was at 42°C. 

Sensitivities of the virG and gfp PCRs were compared using DNA extracted (as per DNA 

extraction method described above) from a mixture of plant cells and A. tumefaciens cells 

carrying the pBINm-gfp5-ER vector. 

4. 2. 8. Statistical Analysis. 

The relationship between time of protoplast first division and stable T-DNA integration for 

9 transient expressers from experiment 2 (figure 4. 3. 9) was analysed by probit analysis 

(33). Only transient expressers were analysed. The percentage of plants showing transgenic 

loci for each time of first division was modelled with a logistic curve, with 100% of cells 

retaining gfp sequences at the maximum, declining to 0% of cells retaining gfp sequences. 

The curve was described by the equation: 

% with loci = 100 

1 + e slope * (time - T50) 
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Where slope is related to the steepness of the curve at time = T50, and T50 is the time 

where only half the cells produced loci. The analysis included a weighting for the number 

of cells dividing at each time. The curve was tested to see whether it described the data 

significantly better than fitting a constant value (ie, no significant changes with time). The 

analysis was carried out by Crop and Food biostatistician Ruth Butler using Genstat 5. 

4. 3. Results 

4. 3. 1. Transient gfp expression 

N plumbaginifolia suspension cells were co-cultivated with A. tumefaciens LBA4404 

containing the binary vector pBINm-gfP5-ER (9). pBINm-gfP5-ER encodes the green 

fluorescent protein (GFP) from the jellyfish Aequorea victoria as a visual marker. 4 days 

after co-cultivation, the protoplasts were embedded in low melting point agarose (Figure 4. 

3. 1 and Figure 4.3.2). Individual GFP-expressing protoplasts were marked and cultured 

without selection (Figure 4. 3. 3 and Figure 4. 3. 4). 4 weeks later, the resulting calli were.· 

again screened for GFP expression (Figure 4.3.5). GFP activity was observed in 10-20% 

of the protoplasts within one week from co-cultivation. Over three experiments, 50% of 

growing calli had lost visible GFP activity by 4 weeks post inoculation (58%,54% and 

32% in experiments 1-3 respectively). Only calli completely lacking visible GFP activity at 

4 weeks were recorded as being transient expressers. However, some stably expressing 

calli contained some cells without GFP activity at 4 weeks and nearly all regularly 

produced sectors with no GFP activity during subsequent culture, and a few "stable" 

expressers eventually lost all GFP activity (Figure 4. 3. 6). A sample of both transiently 

and stably expressing calli were recovered and maintained as cultured cell lines. 

4. 3. 2. Cell death 

In three separate experiments, the maj ority of GFP expressing cells died (as judged by 

cessation of cytoplasmic streaming and cell membrane collapse) shortly after plating 

(Table 4. 3. 1). Thus, in this system, the transient nature of GFP expression was principally 

associated with cell death. To test whether the high mortality of cells was specifically 



132 

associated with T-DNA transfer, the mortality rate of pro top lasts expressing GFP 

shortly after co-cultivation was compared with protoplasts from the same co-cultivation 

experiment that did not express GFP. In three experiments no difference in average 

mortality was found between healthy cells that had expressed GFP 4 days after co

cultivation and healthy cells that had not expressed GFP (Table 4.3. 1). In experiments to 

optimise protoplast culture without co-cultivation withA. tumefaciens, mortality rates of 

70-100% were regularly observed (data not shown). Therefore, the high frequency of cell 

death shortly after plating is likely to be primarily a result of stress associated with cell 

manipulation and natural cell turnover rather than a direct consequence ofT-DNA transfer. 

Table 4. 3. 1: Frequency of cell death following co-cultivation, isolation and plating of N 

plumbaginifolia suspension cells. 

Experiment 

1 

2 

3 

Protoplasts expressing GFP 

4 days post inoculation 

Proportion 

dead! 

67% 

70% 

57% 

Sample size 

46 

103 

116 

Overall mortality 64% 

Protoplasts not expressing GFP 

4 days post inoculation 

Proportion 

dead! 

70% 

50% 

Sample size 

69 

28 

64% 

1: Proportion dead = the proportion of isolated protoplasts with cell membrane collapse and 

that lacked cytoplasmic streaming two weeks after co-cultivation. 

2: NR = Not Recorded 
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4.3.3. T-DNA loss. 

Some calli were lost through contamination and smaller calli failed to survive transfer to 

fresh medium. However, 17 transiently expressing calli and 33 stably expressing calli were 

isolated. The 17 transient expressers and 11 of the 33 stably expressing cell lines were 

tested for the presence of the T-DNA by peR amplification using primers specific to the 

gfjJ gene (eg. Figure 4. 3. 7). peR detected gfjJ sequences in 10 of the 17 transient 

expressers and all of the 11 stable expressers. To test that the positive peR results were not 

due to contamination of the transiently expressing cell lines by A. tumefaciens, primers 

specific to the Ti plasmid virG gene were substituted for the gfjJ primers and the peR assay 

was repeated. No virG sequences were detected in any transiently expressing cell lines. 

The peR assay for virG sequences and the peR assay for gfjJ sequences were compared to 

test that the different results obtained with the two assays were not due to differences in 

assay sensitivities. DNA was extracted from a mixture of untransformed N 

plumbaginifolia cells and the A. tumefaciens strain used in this study by the same method 

as used to extract plant genomic DNA for peR. peR amplification of virG and gfjJ 

sequences was then attempted from dilution series of the DNA sample. The peR for gfjJ 

sequences could amplify a product from DNA 100 times less concentrated than the lowest 

DNA concentration at which virG sequences were detectable. This experiment was 

repeated with the same result. To test that gfjJ sequences amplified from DNA extracted 

from transient expressers were not fromA. tumefaciens, a dilution series of DNA from 4 

transient expressers was used as the template for peR amplification of virG and gfjJ 

sequences. virG sequences were not detectable at any DNA concentration. gfjJ sequences 

could be amplified from DNA at a concentration 1000 times lower than the highest DNA 

concentration used in the virG peR assay. gfjJ sequences could be amplified from DNA at 

the higest concentration used in the virG peR assay and there was no indication that peR 

amplification was inhibited at that DNA concentration. It is most likely that the gfjJ 

sequences amplified by peR are from T -DNA integrated into plant DNA and not due to 

contaminating A. tumefaciens. 

The integration of gfjJ sequences in plant DNA was tested by Southern analysis of all 17 

transient expressers and 11 stable expressers (Figure 4. 3. 8). For this analysis, plant DNA 

was digested with HindIII (pBINm-gfjJ5-ER has a single HindIII recognition site). The 

average number of bands from transiently expressing cell lines was essentially the same as 
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that from the stably expressing cell lines, suggesting there was not an extreme 

difference in the number ofT-DNA integration loci. However, of the 10 transient 

expressers carrying the gfp gene, 7 contained a distinctive, 5-7kb band approximately the 

size of the T-DNA (Figure 4.3.8). The size and intensity of this band suggests it 

represents tandem T-DNA integrations. Tandem integrations have previously been 

reported to be associated with gene silencing (reviewed in 6). Prior to Southern analysis, 

the cell lines were cultured for several weeks with weekly sub-culture. Over this period, 4 

of the 33 "stably" expressing cell lines lost all visible GFP activity. Southern analysis was 

used to test for the presence of the gfp sequence in 3 of these cell lines. 2 of the cell lines 

lacked gfp sequences and 1 had multiple bands including the high copy number 5-7kb 

band. 26 of the 33 stable expressers produced sectors with no visible GFP activity during 

the culture period. Southern analysis of DNA from 7 of these cell lines was unable to 

detect gfp sequences in 2 and detected less than one copy per genome in 1. The remaining 

4 cell lines showed no evidence of T -DNA loss and 1 had the high copy number 5-7kb 

band (Figure 4.3.8). 3 cell lines stably expressed GFP throughout the experiments 

without producing any observable sectors lacking visible GFP activity. gfp sequences were 

detected by Southern analysis in all 3 cell lines and none had the high copy· number band. 

4. 3. 4. Gene silencing 

In the 10 transient expressers that retained T -DNA sequences, loss of GFP activity could 

be due to gene silencing. However, it is also possible that only mutated or partially deleted 

copies of the gfp expression cassette were retained in the host genome and that functional 

gfp genes responsible for transient expression were lost from the cells. This latter 

explanation seems unlikely given that 9 of the 10 cell lines contained many copies of T

DNA. The 10 transient expressers that retained T-DNA sequences were monitored for GFP 

activity weekly over a two-month period. During the two months, 4 cell lines produced 

cells with visible GFP activity suggesting that these cell lines contained silenced, intact gfp 

sequences. Thus, if mutation is the mechanism behind the apparent silencing, over time it 

must revert or be repaired by recombination. In the latter case, repair requires two 

templates with different mutations. Whereas this remains a formal possibility, other 

mechanisms of gene silencing with less complex requirements could explain the results. 
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To further test for evidence of gene silencing, the 10 cell lines were sub-cultured onto 

medium containing 0.5mM 5-azacytidine, an agent that inhibits the maintenance of 

cytosine methylation (Figure 4.3. 9). Methylation has been implicated in epigenetic 

control of gene expression. After 3 days growth on this medium, the cells were transferred 

to medium lacking 5-azacytidine. Within a week of transfer, all cell lines produced one or 

two small sectors of GFP activity. These sectors typically involved only a few cells, 

representing only a small percentage of the cells plated on 5-azacytidine. GFP activity 

faded over a period of a few days. 

This initial experiment was repeated in three further experiments with a range of 5-

azacytidine concentrations (O.2mM, 0.5mM, 0.8mM, 1.0mM and 5mM). In these 

experiments, the cells were maintained on the medium containing 5-azacytidine for at least 

14 days. Six cell lines regularly produced high numbers of cells with strong GFP 

expression. 3 cell lines produced cells strongly expressing GFP in one or two treatments 

and 1 cell line did not produce any cells with visible GFP in any of these 3 experiments. 

Gene silencing was probably a cause ofloss of gfp expression in at least 9 of the 10 

transient expressers that retained T-DNA sequences. 

If the treatment with 5-azacytidine caused the observed GFP activity by demethylating 

silenced loci, then it should be possible to detect methylated gfp sequences within the non

expressing cell lines. To test for methylation, genomic DNA from five cell lines lacking 

GFP activity and DNA from two cell lines with GFP activity were digested with Sau3AI 

and PCR was used to test for the presence of undigested gfp sequences. There are 4 

Sau3AI restriction sites within the gfp gene. Cleavage by Sau3AI is inhibited by cytosine 

methylation. If all four restriction sites were methylated, digestion with Sau3A1 would 

leave the gfp gene intact and PCR amplification of the gfp gene would be possible. If any 

of the Sau3AI restriction sites were unmethylated the gfp gene would be cut by Sau3AI 

and PCR amplification would not be possible. The PCR results demonstrate that 

amplification of gfp sequences from the two cell lines that contained GFP activity, after 

digestion with Sau3AI, requires 10-500 fold more DNA than amplification of gfp 

sequences from the 5 cell lines containing silenced gfp sequences (Figure 4. 3. 10). While 

this result might indicate that gfp sequences are more highly methylated in cell lines that 

do not express those sequences, it is also possible that the difference in PCR amplification 
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is due to differences in the DNA samples (eg, gfp copy number, DNA purity and 

concentration). As a control for variation between DNA samples, a dilution series of 

undigested DNA from each DNA sample was also tested for the presence of gfp sequences 

by peR amplification (Figure 4.3. 11). While there were differences between the cell lines 

in the quantity of DNA required for peR amplification of the gfp sequence, these 

differences were not sufficient to account for the differences in peR amplification after 

Sau3AI digestion. 

As a further test for cytosine methylation, DNA from 4 transiently expressing cell lines 

was digested with either Sau3Al or Ndell. Sau3Al and Ndell both cleave DNA at the 

sequence GATe. However, while cleavage by Sau3A is inhibited by cytosine methylation, 

cleavage by Ndell is not. If all four GATe sites within the gfp gene are methylated, 

digestion with Sau3Al will leave the gfp gene intact while Ndell digestion should leave no 

gfp sequences intact. After digestion, peR amplification from primers flanking the gfp 

gene was used to detect undigested gfp sequences. The results suggest that Sau3AI 

digestion was inhibited but that Ndell digestion was not inhibited in 4 of the 5 cell lines 

tested. This result suggests that the 4 cell lines contained methylated gfp sequences (Figure 

4.3. 12 lanes 1,2,4,5). The differences in peR amplification after restriction digestion 

was unlikely to be due to Sau3AI being less active than Ndell as Ndell was approximately 

30 fold less active than Sau3Al when cutting unmethylated plasmid DNA (Figure 4. 3. 

13). However, there were some unexpected results in this experiment. Some peR 

amplification product was observed after Ndell digestion (eg. Figure 4. 3. 12, lane 17). 

This result was consistently observed and possibly reflects the unexpectedly low activity of 

the Ndell enzyme used. DNA methylation would only be indicated ifthere was 

consistently a peR product from Sau3A-digested DNA and no peR product from NdeII

digested DNA. Also, peR consistently did not amplify undigested DNA taken from one 

cell line (Figure 4.3. 12, lane 11). Further, a faint band was occasionally seen in one 

negative control (DNA from an untransformed cell line) (Figure 4.3. 12, lane 20). While 

these anomalies make this particular experiment unconvincing they do not detract from the 

previously described experiment that indicated that GFP gene sequences in the transient 

expressing cells were methylated. 
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Some causes of gene silencing (eg. T-DNA integration into heterochromatin and 

pairing of homologous loci) would stop expression from all genes on the T-DNA. Some 

stable and all transient expressers were tested for loss of expression of the kanamycin 

resistance gene (nptII) which was also carried on the T-DNA ofpBINmgfP5-ER. The 

expression of the nptII gene was examined by culturing cells on CS-V medium 

supplemented with kanamycin at a range of concentrations (Omg/l, 50mg/l, 100mg/l, 

200mg/l, 300mg/l, 400mg/l, 50Omg/l) (Figure 4. 3. 14). Ofthe 10 transient expressers that 

retained gfP sequences, only 1 was resistant to kanamycin. Of the 6 stable gfP expressers 

tested, 5 were resistant to kanamycin. This result suggests that, in some instances, the gfp 

gene was silenced by a mechanism that effects the T-DNA loci generally. 

4. 3. 5. Growth rate of calli 

During experiment 1, calli that had lost GFP activity appeared to grow more slowly than 

those that retained GFP expression. To investigate this further, the diameter of calli four 

weeks after T-DNA transfer was recorded in experiments 2 and 3. In both of these 

experiments, the average diameter of transiently expressing calli was smaller than both the 

diameter of stably expressing calli and calli derived from protoplasts that never expressed 

GFP (Table 4.3.2). There was no difference in diameter between proto-calli stably 

expressing GFP and calli that had never expressed GFP. In an analysis (ANOVA) of data 

pooled from both experiments, the average diameter of transiently expressing calli was 

significantly (at the 5% level) less than the average diameter of pro top lasts that had never 

expressed GFP. The difference between the average diameter of stably and transiently 

expressing cell lines, while consistently high, was not significant at the 5% leveL These 

results suggest that the transiently expressing cell lines have an attenuated growth rate. 



Table 4.3.2: Diameter of N plumbaginifolia calli four weeks after co-cultivation. 

Pooled data from experiments 2 and 3. 

Untransformed3 

Average diameter (mm) 0.635 0.444 0.700 

Mean LSD 5%=, 0.2103, df= 65 

I: GFP+ calli with GFP activity four weeks after co-cultivation. 

2: GFP- calli with GFP activity four days after co-cultivation but with no activity at four 

weeks. 

3: Untransformed = calli with no GFP activity at four days and at four weeks after co

cultivation. 
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The least significant difference (LSD) is derived from an analysis of variance. Because the three 

samples contain different numbers of replicates, a mean LSD at 5% is given. There is no difference 

between GFP+ and untransformed cell lines. There is a significant difference at the 5% level 

between GFP- and untransformed cell lines. The difference between GFP- and GFP+ cell lines is 

not significant at the 5% level. 

The time of first division of a sample of marked protoplasts was also recorded. There was 

no correlation between the time of first division and either transient expression or calli 

size. However, amongst protoplasts that transiently expressed GFP, those that divided 

relatively soon after co-cultivation more often contained transgenic loci than late dividers 

(Figure 4.3. 15). Only the 9 transient expressers recovered from experiment 2 were 

included in this analysis. Not enough data from experiment 3 was obtained for analysis. 

These results suggest that there may be two distinct phenomena: the relationship between 



time of first division and T-DNA integration; and the relationship between growth rate 

and transient expression. 
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Figure 4. 3. 1. 
N. phanbaginijc)/ia protoplasts after 5 hours digestion with cell wall degrading enzymes. 

-lOOum 

Image illuminated with white light. 



Figure 4. 3. 2. 
N. plumbagin~t(Jlia protoplasts embedded in O.4M CS-V ITlediUlTI 
solidified with 1 % agarose . 

Image illuminated with blue and white light. 

A: N. plwnbagin(lolia protoplast without vi ible GFP activity. 

B: N. plum.baginij'olia protoplast wi th visible GFP activity. 
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Figure 4. 3. 3. 
N. plllmbof(in(folio protoplast first division after 14 days 
culture eInbedded in OAM CS-V rnedium, 1 % agarose 

A 

-lOOum 

Irnage illuminated with white light. 

A: Locating .narks scratched on surface of petri di sh. 
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Figure 4. 3. 4. 
N. phunbaginij()lia proto-callus after 14 days culture elnbedded in 
OAM CS-V mediulll 1l7£ agarose . 

-100un1 

Image illuminat d with white light. 
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Figure 4. 3. 5. 
N. plumb([gin~l()lia callus with stable GFP activity enlbedded in O.4M 
CS- V mediunl. 1 % agarose after 4 weeks growth . 

Irnage iliUlninated with blue light and white light. 
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Figure 4. 3. 6. 
N. pltunbaxinijr lia calli deri ved froro indi vidual protoplasts 
showing sectoring for visible OFP activity . 
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Images illuminated with blu light and white light. Green areas are expressing GFP. 



Figure 4. 3. 7. 
pe R of N pl1l11lba in~t()li(/ cell lin with primers pec'fie to th m.-gfp5-ER gen . 

A 

nos .~ CaMV Right nos 
nptII m-gfp5-ER nos 

Border promoter ter ~ promoter ter • • 
~~ 

p BINm gfp 5-ER 

B 
HindIII 

A: Map of plasnlid pBIN m-gfp5-ER. 

...... peR primer ites u ed to amplify m-gfp5-ER gene. 

B: Pr duct of R using gjp-specific prinl rs . Lane I: I kb ladder. lane 2: wat r control ; 
Ian s 3 and 4 : untran ~ fonn d sus ension cell : lanes 5- 10: tran ientI), expr ssing cell li ne ; 
lane 11- 14: tably expressing cell lin s 

• peet d 820bp P R anlpli fieation product 

np lH: anamycin re i tance gene In-gfp5-ER: GFP gene Hind II : recognition ite for 

f. 

re tric ti n enzyme HindII I. Right and left borders: R ight and left -DNA border equen es. 
CaMV prollloter' califlow r mosaic viru 35S prornoter, no ter: transcription tenninator 

quence from nopaline Ti plasmjd . nos prom t r:promoter from nopaline i pIa mid . 
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Left 
Border 



Figure 4. 3. 8. 

Autoradiograph of Hin III dig ted N. p/umba}?in((o/ia g nomic DNA hybridLed to 
a pr be specific to the Rfp g ne. 

HindIII 

pBIN m-gfpS-ER a 

nos ~ CalV[V Right nptII nos ~~ In-gfpS-ER 
Border promoter ter ~ 

promoter 

• . ~ • 
Lanes 

1 2 3 5 6 7 8 9 10 11 12 

Lan 1: untran formed cell lin ; lane 2-6: tran ient expressers~ 
lanes 7-10: stable expre er ' lane 11 and 1 : T-DNA copy numb r 
controls (2 and 1 py per g non1 , re pectively). 

__ .... po 'tion o f high copy number bi111d of approximately 5kb. 
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.~ 

nos .. 
ter • 

nptll: kananlyci n re istanc gene ,n-gfp5- R: G gene , HlndfU : recogni tion site for 
restriction enzyme Hindfll. Right and left border: Right and left T -DNA bord r equence . 
CaMV prOITloter: cali ow r rno aie viru ;; 35S promoter, n s t r: transcription tenl linator 
sequence fr nl nopalin i pIa m'd, no r mot,r: promot r from nopal in Ti plr nl i . 

a: p 12 dCTP-Iabelled probe h n logou" to lh In-gfp5-ER gen 

Left 
Border 



Figure 4. 3. 9. 
N. plumbaginifolill cell line treated with 5-azacytidine resulting in re toration of GFP 
activity . 

A 

B 

A: Transiently expressing cell line prior to treatment. 

B: The same cell line two weeks after tr atnlent with 5·-azacytidine . 

• Cells with GFP acti vity . 
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Figure 4. . 10. 
P R ampli fication of th gfp gen frOll1 N. p/wnbaginU()lia gen n ic D A 
dige ted wi th SU1I3A. 

1 2 34 5 6 7 8 9 10 11 12 13 14 15 16 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

Lane I and J7: lkb I dder Lane 2: water CI ntrol 

L ne. 3-9: P R product from amplifi ati on of 2ul Sau3 digested oen mic 
D A from A2.0 13, 0A32, NZ. OB23. OB2.:1- ( tabl GFP), 
and 0 16 ( table GFP). r -speetively. 

L nes 10-16: P R produ t from mplifi tion o f 1/5ul Sau3A digested genomic 
DN from A2. OE 13 , OA32, NZ. OB23. OB24 (stable GFP), 
and 0 16 ( table GFP). respectively 

Lane 1 -24: R product from aI plification f I/SOu l Salt3 digested genorruc 
DNA from 2. 0 13. AJ2. Z. OB23. I 824 (stable G P) , 
nd OAl6 (stable GFP) . respectively . 

Lanes 25-31 : P R product from, mplification o · 1I250ul Sall3A digested genomic 
DNA from NA2, 0 J3 . OAJ2, NZ. OB23 ( B2..J. (stable GFP) . 

nd OA 16 ( table GFP). r pectively. 
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he pe R a ay to d teet gjj) equen e: in lh stable expres. ers OB24 and 0 16, fief Sau3A digestion. 
requires 10 fold mo e t mpl te DNA than th a s y to et ct fp sequences in the transient expres er OB 3: 
100 fold more Di A than the ass y to d tect gfp s quence in the tran tent expre er Z· nd 00 fold m re 
ON A than the a say to de ~ct gjjJ sequen es in N 2. OE 13 and 0 32. 



:Figure 4. 3. II. 
pe R alnplificati n of the gfp gene fro n un igested N. pluntb(/gin~f("ia g n mic DNA 

Lane. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

- WIlt 

16 17 18 t 9 20 21 22 23 24 

anes I and 16: I kb ladder. L ne 2- W ler control. 

Lane 3-8: P R pro lu t from ump lifi arion of 2ul genomjc DNA fr m 
\ Z. OEU. NA2. OA32. OAJ6 ( table G P). 82-\. ( t' ble GF ). 
re .. pectiv ly. 

R amplifi ati n product from I/IOui genomic DNA from 
L • NA2. OA32. OAI6. 8 24. re pectively. 

from 
Lane 15 and lanes 17-2 1: P R produ t ampli lcation of 111 OOul 
o non-U ON from NZ. 0 ~ 13. 2,0 32. OA16. OB2-1-, re pectively 

Lanes 22-24: P R product from amplifi cati on of 111 OOul genorru 0 A from 
OEI3 .! 2 nd 2rspectively . 

The en itivitie of the P R a says to detec t :fp equ nce in undioe ted D. A fro m the. tablt! 
FP e pr ssers OA 16. 0824 and the transie t ex.pres er NZ ar essential ly the am . T h 

says to det ct gfp equ nc in undi ge ted DN from the tr nsi nt xpresser 0 13. 
and O A are appr imate ly 10 'old more sitive. 

j 0 



151 

Figure 4. 3. 12. 
peR of N. plumbagillifolia cell ]ines with pri1ners specific to the m-gfP5-ER gene 
after digestion with either Ndell or Sau3A. 

RB Nos 
promoter 

• 
nptII 

pBLNm-gfp5-ER 

L 2 3 4 5 

.. .. 
16 7 

CaMV 35S 
promoter ---. 

8 

r 
f 

9 

I • 

10 

• 

15 16 17 18 19 20 21 

....... 

. ,.-. 

m-gfpj-ER Te LB 

NdeIIISau3AI 

11 12 13 14 

-

Lanes 1-6: peR anlplification product after genonlic DNA digested with Sau3A(DNA fronl 
t~ansient expressers NZ-, NA2, OE13 , NZ+, OB23 and untransfornled cell line ODG 
respectively. Lanes 7-12: peR amplification product after genomic DNA incubated without 
digestion (DNA in SaIne order as lanes 1-6). Lane 13: water control. Lanes 15-20: peR 
alnplification product after genomic DNA digested with Ndell (DNA in same order as lanes 
1-6). Lanes 14 and 21: 1 kb ladder. Arrows show position of expected 820bp gfp peR product. 

.... peR prinlers. nptII: encodes kanamycin resistance, m-gfp5-ER: encodes GFP, Sau3AI: 
cleavage site for restriction enzynle Sau3AI, NdeII: cleavage site for restriction enzyme NdeIL 
Ter: transcription terminator sequence , RB: right T-DNA border sequence; LB: left T-DNA border. 



Figure 4. 3. 13. 
Re triction dig t of unnl thylated plasmid DNA with Sau3A and Nde ll . 

1 2 3 4 5 6 7 8 9 10 11 

Lane 1-5: Ndell digested DNA. [n each co ecutive I ne (from lane 1 
to lane 5) a three fo ld higher con ntration f Ndell was u ed in th DNA 
dige ti n. 

Lane 6: ] kb ladder. 

Lane 7-11 : Sau3 A digesLd DNA. In each consecuti e lane (froIll ian 7 
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to Ian I 1) a thr e fold higher con~ ntration 0 Sau3A was used in the ON A 
diges tion. he s m con entration f re triction enzyme wa u d in Ian 1 and 
7 etc . 



Figure 4. 3. 14. 
N plumbagin?folia cell lines 
plated onto CS-V medium supplemented 
with kanamycin. 

B 

A 

c 
A: Omg/l kanamycin, B: 100mg/1 kanamycin, C: 300rng/1 kanamycin. Cell lines are in the saIne 
order on each plate. Transient GFP expressers are numbers: 1, 2, 4-10, 15 . Stable GFP expressers 
are numbers: 12-14, 16-18. U ntransformed cell lines are numbers: 1, 11 , 19. 

Some kanamycin resistance is evident in 5 stable expressers (numbers: ]2,13,14,16 17) and 
1 transient expresser (number 10). 
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Figure 4. 3. 15. 
Relationship between the time of first division of N. plumbaginifolia protoplasts 
that transiently expressed GFP and the presence of T -DNA loci in the resulting cell lines. 

100 

BO 

60 

40 

20 

2 4 6 

Parameter 
slope 
T50 

8 10 12 14 

Time of first division (days) 

Estimate 
0.476 
11.01 

s.e. (df=7) 
0.429 
2.09 

18 20 22 
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The percentage of cell lines showing transgenic loci for each time of first division was modelled with a 
logistic curve, with 100% of cell lines retaining transgenic loci at the maximum, declining to 0% 
of cell lines retaining transgenic loci: 

% with loci = 10011 + eslope '" (time-T50) 

Where: slope is related to the steepness of the curve at time = T50, 
and T50 is the time where only half the cell lines produced transgcnic loci. 

The total number of cell lines at each time of first division is shown adjacent to the data. 
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4. 4. Discussion 

The transient nature of GFP expression in this system is primarily associated with, and 

presumably caused by, cell death. The extent to which cell death affects stable 

transformation rates following A. tumefaciens-mediated gene transfer is unknown and not 

widely considered in the literature. One study of micro projectile bombarded tobacco leaf 

explant found that 90% of transiently expressing cells were dead 2 days after bombardment 

(11). Cell death could account for all transient expression events observed in that study. In 

A. tumefaciens-mediated gene transfer, cell death may result specifically from T -DNA 

transfer, either directly from genomic integration or from genetic lesions caused by error 

prone repair of integration intermediates (20). However, we found no relationship between 

T-DNA transfer (as measured by GFP activity) and cell mortality. The high mortality rate 

in our study was probably primarily due to natural cell turnover and the harshness of the 

culture conditions required to isolate individual transformed cells. Cell mortality, in our 

experiments, was similar to mortality rates observed by other researchers using similar 

plant culture systems (18). 

Contrary to expectations, we found that most recovered transient expressers (10/17) 

contained multiple T -DNA inserts. This result contradicts previous studies, which 

suggested that transient expression was primarily associated with loss ofT-DNA 

sequences (3, 41). In one study, De Buck et al. (3) transferred two T-DNA constructs 

(carrying different selectable marker genes) into tobacco cells by co-cultivation withA. 

tumefaciens. After co-cultivation, cell lines were recovered without selection and then 

screened for expression of the two constructs. Clones that expressed only one of the two 

marker genes were then tested for the presence of the unexpressed construct by 

hybridisation to a labelled probe homologous to the transferred DNA. A sample of clones 

that did not express either marker was also examined. Transformants with a silenced 

marker gene were very rare (3). However, as this study shows, transient expressors may 

grow more slowly than other untransformed cells. Also, the method used to enrich for 

transient expressers may have left unsampled those cells that simultaneously silenced both 

genes. Therefore, it is possible that De Buck et al. did not obtain a representative sample of 

transient expressers. It is also possible that our N. pulmbaginifo/ia cell suspensions, and the 

N. tabacum leafprotoplasts used by De Buck's group, reacted differently to T-DNA 

transfer. In particular, leaf mesophyll cells are at GO-G 1 in the cell cycle whereas our 



suspension cells were unsynchronized at the time of co-cultivation. The phase in the 

cell cycle probably has an important role in T-DNA stabilisation. 
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In a further study, Vergunst and Hooykaas (41) concluded that the transient nature ofT

DNA expression was not due to the absence of cell proliferation or gene silencing, but to 

loss of gene copies. In an experiment where T-DNA carrying the ere gene and T-DNA 

carrying lox sites were transferred into A. thaliana plant cells, they isolated lox 

recombinants lacking the ere vector. As ere expression was probably required for lox 

recombination, ere was most likely transiently expressed and subsequently lost from the 

plant cells. However, 5 of the 15 lox recombinants retained ere sequences. Furthermore, 

the regenerants were probably not a representative sample of transient expressers as their 

sampling method required more than just loss of T -DNA expression. Even in the very 

direct sampling approach undertaken here, a random sample of transient expressers was 

not obtained as some ofthe slowest growing calli were lost. With this exception, a 

representative sample of all transient expressers was obtained. I propose that gene 

silencing and cell death are at least as significant causes of loss of expression as is total 

loss ofT-DNA. 

It is now known that the expression of transgenes integrated into plant chromosomes is not 

constant but is subject to epigenetic regulation (reviewed in 21 and 40). Most studies of 

trans gene silencing involved changes in expression in regenerated plants (12, 31, 37, 45). 

Little is known about transgene silencing events that occur immediately after gene transfer. 

However, we do know that gene transfer can quickly lead to co-suppression of homologous 

genes that are stably integrated into the plant genome (2, 35, 43). Co-suppression of a 

chromosomally integrated gfp trans gene has been shown to occur within 8 days of 

inoculation with plasmids containing the gfp gene (35). Also, silencing of a chromosomal 

gfp gene in tobacco had occurred by 2 days after transfer ofT-DNA carrying a 

promoterless gfp gene to the tobacco leaf cells (43). Our results indicate that some 

expression is routinely lost through gene silencing. That gene silencing provides a 

substantial barrier to stable transformation has previously been suggested by the 

observation that co-cultivation of tobacco cells with anA. tumefaciens strain carrying a 

mutation in the Ti plasmid virC resulted in a relatively low frequency of T -DNA transfer 

(as judged by transient T-DNA expression) but a high frequency of stable transformation 
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(24). The high stable transfonnation frequencies obtained using a transfer defective A. 

tumefaciens strain is consistent with the observation that gene silencing is frequently 

associated with multiple trans gene integrations (1, 4, 31, 45). Also, the efficiency of 

transfonnation of Arabi do psis thaliana with T-DNA has been increased by treating 

regenerating cells with the C-methylation inhibitor 5-azacytidine (19). This result 

suggested a role for gene silencing in transient expression as C-methylation of promoter 

sequences has been implicated in gene inactivation (32). 

A significant proportion of recovered transient expressers (7117) lacked gfp sequences. It 

is not certain whether transient expression in these cases occurred from extrachromosomal 

T-DNA or from T-DNA integrated into the plant chromosomes and subsequently lost. 

Some T -DNA may be converted to a double-stranded fonn prior to integration (28). 

Expression may be possible from such extrachromosomal elements. It is also possible that 

extrachromosomal T-DNA is integrated into other plant replicons such as chloroplast DNA 

and lost from the plant through loss of that replicon. Loss ofT-DNA after integration into 

the plant genome may be a common occurrence. In our study, loss of GFP activity in 

previously stably expressing cell lines was attributable to both gene silencing and loss of 

T-DNA. Loss ofT-DNA from stably expressing cell lines presumably can result from 

removal of chromosomally integrated T-DNA. Risseeuw etal. (34) proposed that T-DNA 

loci are inherently unstable in cultured cells. They found T-DNA was deleted in up to 20% 

of calli grown from transgenic leaf protoplasts. Also, Marton et al. (20) observed high rates 

of genetic lesions associated with T -DNA transfer but independent of stable T -DNA loci. 

They attributed these genetic lesions to T-DNA integration and subsequent removal (20). 

Transiently expressing protoplasts that first divided soon after co-cultivation were likely to 

maintain silenced transgenic loci. Transient expressers that divided relatively late after co

cultivation were less likely to retain transgenic loci. This result has never been previously 

reported and is worth exploring further. The simple cell tracking system developed here 

would provide an ideal experimental system for further examination of this phenomenon. 

Physiological factors (eg. cell division, DNA replication, metabolic activity) that might 

alter T -DNA integration or stability could be manipulated at the time of gene transfer and 

specific cell lines isolated using the system described here. 
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Why might the time of first division be associated with T-DNA maintainence? It is 

likely that the time of protoplast first division was related to the cell cycle stage at the time 

ofT-DNA transfer. It has previously been reported that stable transformation and transient 

expression are cell-cycle dependent (23, 42). The frequency of stable T -DNA integration 

within an individual cell might depend on cell cycle phase at the time of T -DNA transfer. 

Transgene stabilization appears to be associated with both replication of genomic DNA (S

phase) and cell division (M-phase). It is not clear on which aspects of S-phase and M

phase T-DNA expression and stabilisation would be dependent (eg. DNA replication, high 

metabolic activity, breakdown of the nuclear membrane). In the experiment reported here, 

there was no apparent difference in the time of first division between protoplasts that 

expressed GFP and protoplasts that did not express GFP. Therefore, if time of first division 

reflects cell cycle stage at the time of co-cultivation, the probability of a cell expressing gfp 

shortly after co-cultivation was independent of cell cycle in our experiments. However, cell 

cycle stage may have influenced the number ofT-DNA copies transferred to each cell or 

the efficiency with which they were maintained. The time of first division might be more 

indicative of cell activity than cell stage at the time ofT-DNA transfer. Metabolically 

active cells might integrate T -DNA more readily than less active cells. However, if early 

dividers were initially above average proliferators, they eventually lost this characteristic 

as there was no apparent relationship between time of first division and size of proto-calli 

four weeks after co-cultivation. 

In all three experiments we observed that transient expressers produced smaller calli than 

other cell types. Transiently expressing protoplasts produced significantly smaller 4 week 

old calli than non-expressing protoplasts (Table 4. 3. 2). The difference in calli size 

between transient and stable expressers was not significant at the 5% level. However, the 

difference in size was very high ("significant" at the 7% level). The consistent difference 

between GFP- and GFP+ cell lines and the significant difference between GFP- and 

untransformed cells leads to the conclusion that the GFP- cell lines grew more slowly than 

other cells. It is uncertain why the growth rate of transient expressers was aberrant. As 

mentioned above, it is possible that cells that were less active were more likely to fail to 

stabilize transferred T -DNA. If this were so, there would have been a correlation between 

size of calli at four weeks and the number of transgenic loci. We did not observe such a 

relationship. However, the disproportionate loss from the study of the slowest growing 
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calli prior to molecular analysis may have masked any relationship between calli size 

and integration frequency. It is also possible that genetic lesions or epigenetic phenomena 

associated with transient expression inhibited the growth rate of transient expressers. 

A simple system was developed that made it possible to isolate, culture and monitor the 

expression status of individual cells following co-cultivation with a gfjJ T -DNA construct. 

Further research using this approach should allow a more complete understanding of early 

processes involved in T -DNA expression and stabilization. A better understanding of these 

processes could provide the basis for new strategies to improve the efficiency of plant 

transformation. Transient expression has been defmed as extrachromosomal T-DNA 

expression as opposed to stable expression in which T -DNA is integrated stably into the 

host genome (42). However, transient expression examined here was primarily associated 

with cell death. Both transient and stable expressers lost GFP activity through gene 

silencing and total loss ofT-DNA. While expression from extrachromosomal T-DNA may 

happen, I suggest that there is no reason to assume that the frequency with which cells lose 

expression shortly after co-cultivation reflects the frequency of cells failing to integrate any 

expressed T-DNA. 
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At the inception of this research, three models were proposed to account for the transient 

nature of gene expression following T-DNA transfer to plant cells: 

Modell Expression from the transferred DNA ceases when the T-DNA is 

lost. 

Model 2 Loss of expression is caused by plant cell death. 

Model 3 Expression is turned off epigenetic ally. 

Simple predictions can be made from each of these models. If expression were lost through 

death of the transformed cells then, obviously, transient expressers would die shortly after 

gene transfer. If expression were lost through loss ofT-DNA, then tissue derived from 

transient expressers would not contain T-DNA sequences. Neither cell death nor gene 

silencing was predicted to result in the elimination ofT-DNA sequences. However, the 

possibility that expression was lost by gene silencing prior to loss ofT-DNA sequences 

could not be tested. If expression was lost through gene silencing of stably integrated T

DNA, then tissue derived from transient expressers would contain copies of the T-DNA. 

The results presented in this thesis demonstrate that such simple models cannot 

individually explain transient expression. Of all cell lines that were transiently expressing 

the gjp gene 4 days after T-DNA transfer (Chapter 4),64% died. Of the 17 surviving 

transient expressers examined, 10 (59%) retained some T-DNA sequences and 7 (41 %) 

lost all T-DNA sequences. Gene silencing was demonstrated in 9 of the 10 cell lines that 

retained T -DNA sequences. The results demonstrate that in most surviving cells expression 

was lost by gene silencing. Where transient expression was associated with T -DNA loss, it 

is not known whether the expressed T -DNA was integrated into the plant genome or not. 

The current model of transient expression after T -DNA transfer was derived by analogy 

with the model of transient expression after double-stranded plasmid transfer (6). Plasmid 
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DNA transfered to plant cells is, it is thought, expressed extrachromosomally. Some 

plasmid DNA integrates into plant genomic DNA and some does not. DNA that is not 

integrated is eventually degraded preventing further expression. The observation that 

transient expression also occurred after T -DNA transfer led to assumptions about 

expression ofT-DNA. T-DNA is primarily transferred as single-stranded DNA, but 

expression is from double-stranded DNA. The accepted model of transient T-DNA 

expression is that single-stranded, extrachromosomal T -DNA is made double-stranded in 

the plant nucleus, expressed and then degraded without integration into the plant genome 

(6). However, there is no direct evidence that extrachromosomal, single-stranded T-DNA 

is made double-stranded. The data availible are equally compatible with transient T-DNA 

expression being from T -DNA that is integrated into the plant genome. It should be 

possible to decide whether transient expression was from unintegrated, chromosomal, or 

plastid T-DNA. T-DNA carrying a strong plant promoter directing transcription outward 

from near the left or right border could be transferred to plant cells. Analysis of mRNA a 

few days after co-cultivation could distinguish (by transcript !;::ngth and sequence) between 

transcription from chromosomal T-DNA, unintegrated T-DNA or T-DNA integrated into 

plastid DNA. 

There are two transient expression phenomena. One is the flux in enzyme activity after T

DNA transfer and the other is the change in the number of cells expressing the T -DNA. It 

is demonstrated here that the change in the number of cells expressing a T -DNA gene 

within 4 weeks ofT-DNA transfer, is the result of three processes and is not predominantly 

due to T-DNA loss. However, it is still quite possible that the flux in T-DNA 

transcription/enzyme synthesis/enzyme activity that is observed as an average 

measurement from a sample of cells is substantially due to expression and loss of 

extrachromosomal T -DNA. 

A principle role for gene silencing in the change in the frequency of recovered cells 

expressing the T-DNA is strongly suggested by the research presented here. The observed 

frequency of gene silencing (nearly 60% of surviving transient expressers) is certainly an 

underestimation of the true frequency as cell death and total T-DNA loss potentially 

obscure prior silencing events. The reverse is not true but some T-DNA was probably lost 

from transient expressers that lost m-gfP5-ER expression through gene silencing. That T-
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DNA loss, in some transient expressers, occurred after T -DNA integration is suggested by 

the observation that T-DNA loss was not restricted to transient expressers. 26 out of33 

stable expressers cultured without selection regularly produced sectors lacking GFP 

activity. Southern analysis of 7 of these cell lines found evidence of T -DNA loss in 3. This 

result suggests that integrated T-DNAs are regularly lost during culture. An alternative 

explanation is that T-DNA integration occurred after division of the recipient protoplasts 

and the resulting cell lines were mosaics of transformed and untransformed cells. However, 

cell lines were maintained for many months with weekly subculture. During subculture, 

cells from GFP positive sectors only were selected. By this process untransformed cells 

would be rapidly lost from a mixture of transformed and untransformed cells. Yet sectors 

with no GFP activity regularly occurred from some cell lines over the months of culture. It 

is clear from these results that integrated T -DNA is unstable during cell culture as has 

previously been reported (8, 11). Where T -DNA was not detected in transient expressers, 

T-DNA loss could have occured at any time prior to DNA isolation and cannot be 

specifically associated with transient expression. Similarly, while death of transient 

expressers occurred within 2 weeks of the initiation of co-cultivation, those cells possibly 

had already lost transcription from the m-gfp5-ER gene by silencing or T -DNA loss. 

I put forward a model of transient T-DNA expression to explain the rapid decrease in the 

frequency of plant cells expressing T -DNA within a few weeks of co-cultivation. I suggest 

that after T-DNA transfer to the plant nucleus there is expression from T-DNA 

(chromosomal and possibly extrachromosomal). Gene silencing is initiated in some plant 

cells and is passed to neighbouring cells by symplastic transport of a propagable silencing 

signal (13). Silencing might also be initiated in and passed on from cells that receive but do 

not express T-DNA. Subsequently, some cells die and there is an ongoing process of 

initiation of gene silencing and T-DNA loss in viable cells. Gene silencing, cell death and 

T-DNA loss all contribute to the rapid flux in the frequency of cells expressing trans genes 

after T-DNA transfer. 

The concept that gene silencing can be a major cause of the transient nature of expression 

after T -DNA transfer is proven by the results presented here (Chapter 4). An unproven, 

novel, aspect of this model is the suggestion that a transmitted silencing signal might be 

partly responsible for the extent of loss of expression. I put forward this idea as we know 



169 

that gene silencing can be transmitted from cell to cell (13) and it is one possible 

explanation for the observation (Chapter 3, section 3. 1) that sometimes, after DNA 

transfer, transgene expression can only be observed in (symplastically isolated) stomatal 

guard cells. This part of the model could easily be tested, as the magnitude ofloss of 

expression should depend on the extent to which transformed cells are symplastically 

connected. 

The observation that gene silencing and cell death contribute to loss of expression has 

implications for research that uses transient expression. Transient expression is used as a 

measure ofT-DNA transfer and the difference in the frequency of transient to stable 

expression is used as a measure of integration efficiency. Assumptions about transient 

expression have been important in research into the processes ofT-DNA transfer, 

expression and integration. Also, assumptions about the mechanism of transient expression 

are of practical importance to researchers trying to optimise stable expression. Also, 

increasingly, researchers are using transient expression itself for processes such as gene 

tagging and molecular farming (manufacture and purification of specific chemicals that 

result from expression of foreign genes in transformed tissue). 

The results presented here suggest that it may not be appropriate for researchers to use 

transient expression as a comparative estimate ofT-DNA transfer. There is no 

experimental evidence demonstrating that two tissues with the same frequency/quantity of 

transient expression have received approximately the same amount ofT-DNA. The 

frequency/quantity oftransient expression probably reflects both the quantity of transfer 

and the number of plant cells competent to receive and express the T -DNA. It may be true 

that transient expression is limited by the quantity ofT-DNA transfer. Equally, cell 

competence for expression might be limiting. Pre-culturing H aurantiacum leaf discs on 

medium supplemented with phytohormones prior to co-cultivation with A. tumefaciens 

significantly increased the frequency of transient expression (Chapter 3). As the same 

effect was observed with DNA transfer by particle bombardment, it seems unlikely that the 

effect of pre-culture was to increase the quantity ofT-DNA transfer. This result suggests 

that T-DNA might be transferred to more cells than it is expressed in. T-DNA transfer may 

not limit transient expression. 
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Several research groups have used the ratio of transient expression to stable expression as a 

measure of the frequency ofT-DNA integration (eg. 12). This research suggests that gene 

silencing and cell death are at least as important as T-DNA loss in stopping expression. In 

fact, the assumption that the difference between transient and stable expression is T-DNA 

integration has no direct experimental support. A more direct way to compare the rate of T

DNA integration between two systems would be to extract DNA from plant cells 

periodically after co-cultivation, separate chromosomally integrated T-DNA from 

unintegrated T-DNA and quantitate T-DNA in each fraction by hybridisation to a labelled 

probe or by PCR. This method would still confuse differences in stability of integration 

with differences in the frequency of integration. 

Researchers trying to improve the frequency of stable plant transformation usually adjust 

transformation parameters to optimise transient expression. This strategy is based on the 

assumption that if more DNA can be transferred to more cells then there is a higher 

probability that DNA will be integrated into the genome of regenerating cells. This is 

probably a useful strategy in systems where DNA transfer and integration limit stable 

transformation. However, higher frequencies of transient expression may not lead to more 

stable transformation in some systems for two reasons. Firstly, additional copies of the 

transferred DNA in each cell may increase the probability of gene silencing (1, 2, 10, 14). 

Secondly, the more cells that are exposed to the transferred DNA the more opportunity for 

gene silencing to be initiated in the tissue. Once initiated, gene silencing can be transmitted 

through the symplasm to neighbouring cells (13). Where high levels of transient expression 

do not lead to a high frequency of stable expression it might be sensible to try the reverse 

strategy and limit DNA transfer. 

Interestingly, providing a dedicated integration system improved the frequency of stable 

transformation (4, 5, 7). Lebel et al (7) reported a 4-fold increase in the frequency of stable 

transformation when Ds transposition was used to integrate plasmid DNA into the plant 

chromosome. Integration of foreign DNA into the plant genome by Ds transposition might 

have had two effects. Firstly, transposition might have increased the frequency of DNA 

integration. Secondly Ds transposition might have increased the stability of integrated 

DNA. It has been suggested that plants integrate DNA by illegitimate recombination at 

genetically unstable sites (11). Certainly, the results reported here and elsewhere (8, 11) 
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suggest that DNA that is integrated into the plant genome by the normal host processes is 

highly unstable during tissue culture. It is possible that Ds transposition increased the 

frequency of stable transformation by not integrating at genetically unstable sites. It has 

been suggested that DNA integration sites become unstable during tissue culture (11). 

More research into the stability of integrated DNA is urgently required as T -DNA stability 

has important implications for emerging plant transformation technologies. Currently, 

transformation is primarily used to introduce single, dominant genes linked to a selectable 

marker gene into the plant genome. The stability of the transferred DNA during tissue 

culture is not a critical problem because cells that lose the transferred DNA are destroyed 

through the selection process. It is highly unlikely that this limited application is the future 

of plant transformation. Increasingly, germplasm enhancement will require the addition of 

genes to already transformed tissue. Transferred genes will not remain linked to selectable 

genes and the stability of previously transferred genes during transformation with new 

genes will be important. Alternative transformation strategies (such as transposition, site

specific integration and homologous recombination) will need to be developed to [md 

techniques that minimise genetic mutation during transformation and ensure the stability of 

the integrated DNA. It will also be important to develop transformation systems that do not 

involve tissue culture to avoid excessive mutation during transformation. 

Models of transient expression also have implications for researchers seeking to use 

transient expression to effect a change in the target cell or for molecular farming. Here 

transient expression of the Ac transposase gene was used to mobilize a Ds element for gene 

tagging in H aurantiacum (Chapter 3). This strategy depended on the assumption that 

transiently expressed T-DNA would be lost from the cells. If expression was more often 

stopped by gene silencing than by T-DNA loss, then the results of the Ds transposition 

experiments (most spectinomycin resistant plants lost T-DNA marker gene expression but 

retained T-DNA sequences) are not surprising. As silencing of the marker gene does not 

ensure silencing of the Ac transposase gene, the usefulness of this gene tagging strategy, in 

its current state of development, is questionable. A similar strategy was employed to 

remove chromosomal DNA flanked by lox sequences in tobacco (3). In that strategy, the T

DNA carried the ere recombinase gene which catalyses recombination at lox sequences. 

The T-DNA also carried the conditional lethal, dominant marker gene codA. After transfer 

of the T-DNA, 6 regenerated plants had evidence of recombination mediated by ere 
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recombinase and lacked codA expression. Similarly to my gene tagging experiments, 4 out 

of the 6 plants retained the ere T-DNA. It may be generally true that after T-DNA transfer, 

selection for cells that do not express a marker gene on the T-DNA may not provide an 

effective mechanism to eliminate cells carrying the T-DNA. Similarly, researchers who 

seek to optimise transient expression to maximise enzyme production should not ignore 

gene silencing. Increasing the quantity of transient expression might be achieved by 

applying the cytosine-methylation inhibiter 5-azacytidine to A. tumefaciens prior to T

DNA transfer or the plant tissue after transfer, thus reducing gene silencing immediately 

after T -DNA transfer (9). 
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