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The molecular basis of gene expression variability in transgenic tobacco 
plants. 

Abstract of a thesis submitted for the degree of Ph.D. at the Department of Biological 
Sciences, University of Durham by Edward J. Laverty B.Sc. 

An extensive investigation into and characterisation of factors influencing transgene 
expression following introduction of the transgene into tobacco via Agrobacterium
mediated transformation was carried out. Characterisation of material supplied at the 
outset of this project revealed that this material was unacceptable for further analysis. It 
was thus deemed necessary to obtain large populations of transgenic tobacco 
heterogenous for levels of trans gene expression.· Characterisation of these populations 
( CaMV-lecA and ssRubisco-lecA plants) showed that all plants fell into one of four 
segregation classes based on segregation of the kanamycin-resistance selectable marker. 
Results showed that the majority of regenerants contained multiple nptll-containing 
inserts, while the presence of one or two such inserts was also found, albeit at a much 
lower frequency. Segregation analysis based on detection of the lecA trans gene agreed, 
in the majority of cases, with these results. However, in a few cases it was found that 
data obtained from both segregation analyses did not agree, with the presence of a 
single lecA -containing transgene being detected in plants shown to contain two copies 
of the nptll-containing transgene. This result indicates the occurrence of T-DNA 
rearrangement either within the tobacco genome or during T-DNA transfer and 
integration. Southern blot analyses allowed a detailed characterisation of T-DNA 
structure, copy number and number of integration sites to be undertaken. Results from 
these analyses revealed a higher frequency of T-DNA rearrangement within plants 
containing multiple inserts. However, such rearrangements did not correlate with a 
significant reduction in levels of trans gene expression since all detected rearrangements 
were found to occur at or towards the left hand border of the T -DNA, that border 
distant to the lecA tranSgene. Plants containing more than one T -DNA were also 
frequently found to contain these T -DNAs arranged as an inverted repeat at a single 
locus although no significant relationship between copy number and the presence of 
such structures was found. Correlating transgene expression levels, as determined by 
radioimmunoassay-based quantitation of lectin protein in tissues of transgenic plants, 
with T -DNA copy number, organisation and structure revealed no significant 
relationship. It is thus feasible to conclude that the major contributory factor 

. influencing levels of transgene expression is the location of T-DNA integration within 
the plant genome. Subsequent work concerned with investigating the nature of those 
integration site-specific factors i.e. 'position effect' indicated a possible role for 
methylation-induced modulation of gene expression. Results presented in this thesis 
provide an insight into the fate of transgenes following introduction into the plant 
genome and clearly demonstrate the importance of further exploring the molecular 
mechanisms underlying transgene expression variability. 
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Chapter 1: 

Introduction. 

In higher plants recombinant DNA technology is being viewed with increasing 

· importance for its potential in breeding allowing the direct modification of useful plants 

to improve their production as well as providing an important contribution in attempts to 
~ . 

understand the molecular basis of the control of plant gene expression. 

Many of the advances in plant molecular biology have been promoted by the 

development of efficient procedures for introducing in-vitro manipulated DNA into 

plant cells. The plant transformation system which has proved to be the most 

successful is that based on the · Ti plasmid of Agrobacterium tumefaciens. The 

production of transgenic plants via this route is efficient and routine with some selected 

plant species and varieties (Gasser and Fraley, 1989). However, for the majority of 
r . 

agronomically important plant species and varieties, efficient and reproducible 

production of transgenic plants is still an unsolved problem. 

1.1 Gene transfer techniques. 

The numerous methods for gene transfer to plants may be divided into two general 

types. The first approach utilises the soil bacterium A. tumefadens as a vector for 
.. 

introducing foreign DNA, whereas the second approach involves the application of 

naked DNA. Methods for introducing naked DNA include treatment of protoplasts with 

DNA in the presence of polyval~nt cations and polymers such as PEG (Paszkowski et 

al., 1984), electroporatiori (Fromm et aL, 1986) and microbombardment (Klein et al., 

1988). Each of tl,ese methods has its specific merits and drawbacks and there is no 

single method which has the potential to solve every practical problem or utility with 

every plant species. For example, frequent multimerisation and rearrangement of the 

foreign DNA sequences prior to integration are observed following transformation with 

1 



naked DNA. As a consequence, Agrobacteriwn-mediated DNA transfer is the most 

favoured method for producing stable transgenic tissue. On the other hahd techniques 

involving the application of naked DNA have been used extensively in studying 

transient gene expression and in combination with the microprojectile gun may prove to 

be a sufficiently versatile alternative to Agrobacteriwn to be a universal method for plant 

transformation. 

1.2 Transformation using Agrobacterium. 

Agrobacterium tumejaciens and Agrobaderiwn rhizogenes cause crown gall tumours 

and hairy root disease, respectively, on a wide range of dicotyledonous plants and 

gymnosperms and on some monocotyledonous plants. Virulent strains of 

Agrobacterium harbour a large tumour-inducing (Ti) or root inducing (Ri) plasmid 

During the process of infection at wound sites in susceptible plants, a specific segment 

of the plasmid, T-DNA (transferred DNA), is transferred from the bacterium to host 

cells and is inserted into the nuclear genome. The t -DNA contains genes for the 

synthesis of cytokinin and auxin, phytohormones that cause proliferation of plant cells 

to form a gall. The plant cells are also directed by T-DNA genes to produce unusual 

amino acids called opines, such as octopine and nopaline, which serve as particular 

nutrients for the Agrobacterium (Zambryski, 1992) and are often specific to type Ti 

plasmids. T-DNA on the Ti-plasmid is bordered by directly repeated 25-bp sequences 

that are required in cis for its efficient excision and transfer. No other part of the T-

, DNA. is necessary for its transfer. 

1.2.1 vir genes. 

Excision and transfer functions ofT-DNA are mediated by so called virulence functions 

that map on the Ti plasmid outside the T-DNA and are encoded by several vir genes and 

operons. Extensive biochemical and genetic studies of the vir genes have shown that 

the virulence region (35Kb) on the Ti plasmid consists of 6 loci 

(virA,virB ,virG ,vil(:,virD and vim) (Koukolikova-Nicola etal., 1987, and Zambryski 
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et al., 1992). Stachel et al., (1988) identified plant signal molecules that induced 

expression of most of the vir genes. This was demonstrated using .8-galactosidase as a 

reporter for inducible gene promoters to monitor A.tumefadens specific gene 

expression. The coding sequences for .8-galactosidase were incorporated into a 

transposon and then inserted randomly throughout the Ti-plasmid. These fusions 

showed that most genes were not expressed during vegetative growth. However when 

A.tumefadens was grown in the presence of plant cells the .8-galactosidase fusions in 

the vir-region were -induced specifically to high levels of expression. Subsequently 

these .8-galactosidase fusions were used as a bioassay to purify and identify the plant 

cell factors responsible for the activation of vir-gene expression. Molecules isolated 

from wounded tobacco cells found to be most efficient in activating vir gene expression 

were identified as low molecular weight phenolic compounds acetosyringone and 

hydroxy-acetosyringone. Other phenolic compounds found to induce vir genes such as 

catechol, pyrogallic acid, syringyl alcohol, and certain chalcone derivatives have also 

been identified (Winans, 1992). These molecules share features with lignin (cell wall 

subunits, breakdown products, and precursors such as synapic acid. Agrobacterium 

may recognise these inducers as indicators of the wound environment mediated via gene 

products of the chromosomal virulence ( Chv) genes. The expression of the Chv loci is 

constitutive and their genes may therefore play a general role in a mechanism allowing 

Agrobacterium to seek out plants. 

The phenolics act through two component sensor/regulator systems that are highly 

conserved in a variety of prokaryotes. In Agrobacterium the sensor component is 

encoded by virA and the regulator by VilG. The constitutively expressed virA gene 

produces a protem located in the inner membrane that functions as a chemoreceptor to 

sense the presence of plant wound metabolites (Zambryski, 1992). The resulting 

autophosphorylation of Vir A protein activates the intracellular signal transducing protein 

VirG by phosphorylation of an aspartic residue (Jin et al., 1990). The activated VirG 

binds to vir gene promoters and acts as a transcriptional activator of virulence genes {I in 

etal., 1990; Pazour etal., 1992). 
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1.2.2 T-DNA transfer. 

The mobility of the T -DNA is largely determined by its flanking 25bp repeat sequences, 

the T-DNA borders. Genetic analysis has emphasised the importance of the right 

border sequence, whereas deletion of the left border sequence does not have a severe 

effect. The molecular mechanism of the process was shown by Miranda et al., ( 1992), 

who reversed the orientation of the right border and showed that the entire 200Kb Ti 

plasmid can be transferred, proceeding clockwise around the plasmid with the actual T

DNA transferred last. This indicates that the T-DNA transfer normally occurs in a polar 

fashion from the right toward the left border sequence and also that large lengths of 

DNA can be transferred. 

T -DNA transfer involves production of a single-stranded DNA molecule termed a T

strand (Stachel etal., 1986). Recently strong support for a single stranded intermediate 

has come from two very different strategies used to assay the nature of the T -DNA copy 

upon arrival in the plant cell. Yusibov et al., (1994) monitored the synthesis and 

disappearanceoftheT-DNA element within Agrobacterium and the appearance of T

DNA segment in tobacco protoplasts as detected by PCR The disappearance of the T

DNA copy from Agrobacterium was correlated with the appearance in the plant 

cytoplasmic fraction of the T -DNA segment. The latter product was not amplified if the 

plant fraction was first treated with Sl nuclease absent from double stranded DNasel 

activity therefore indicating the transfer of a single stranded T-DNA molecule. In a 

second study conducted by Tinland et al., (1994) a sensitive' extrachromosomal 

recombination assay was used. The strategy employed was to develop aT-DNA with a 

gus gene divided into two overlapping segments. In planJa recombination is then 

required to yield a full length functional gene. Extra-chromosomal recombination that 

takes place early after the entry of the T -DNA into the nucleus can discriminate between 

the transfer of ssDNA or dsDNA. H the transfer intermediate is dsDNA, recombination 

should produce an intact gus gene regardless of whether the segments in the T -DNA are 

of the same or opposite polarity. If the transfer intermediate is ssDNA, however, then a 
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complete gus gene can be obtained through recombination only if the segments are of 

opposite polarity. GUS activity in infected protoplasts was an order of magnitude 

greater from the T-DNA bearing gus segments of opposite polarity relative to gus 

segments of the same polarity. Thus both the above studies proVide strong evidence 

for a ssDNA transfer intermediate. 

Essential to the production of a single stranded intermediate (T-strand) are the vir D1 

and virD2 gene products (Filichkin and Gelvin, 1993). Together, VrrD1NirD2 

recognise the 25bp border sequence and produce a singe-stranded endonucleolytic 

cleavage in the bottom strand of each border. The 5' end of the T -strand is formed at 

the right T -DNA border. After nicking, VirD2 remains tightly associated with the 5' 

end of the T -strand and it is hypothesised to assist T -strand transfer out of the bacterial 

cell and into the plant nucleus. To preserve the integrity of the T -strand during its 
-

transfer from the bacterial cell to the plant nucleus it was hypothesised that the T -strand 

is transferred as a ssDNA-protein complex. Vir E2 is a wound inducible single 

.stranded nucleic acid binding protein without sequence specificity encoded by the vir E 

locus. The VirE2 is thought to completely coat the T -strand preventing its degradation 

by nucleases and is also involved in the unfolding and extension of ssDNA to a narrow 

diameter of 2nm which may facilitate its transfer through membrane channels. The T

strand together with VirD2 and VirE2 are termed the T -complex. The exit of the T

complex from the bacterial cell and its entry into the plant cell are as yet not fully 

understood. However it has been hypothesised that the nuclear uptake of the T

complex is assisted by its associated proteins VirD2 and VirE2. Support for this 

hypothesis comes from deduced sequence analysis of virD2 and vir E2, which shows 

in tlie last 30 amino acids of the C-terminus a sequence homologous to the bipartite type 

of NLS(Nuclear localisation signal) (Howard et al., 1992). The nuclear localising 

function of this sequence was confirmed by fusing its coding region to the gus reporter 

gene and transiently expressing this construct in tobacco protoplasts. The nuclear 

localisation of the fusion protein was inferred from the accumulation of blue product in 

the nucleus. When the putative NLS was deleted from full length VirD2 fused to gus, 
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the g14s gene product was only in the cytoplasm. Nuclear accumulation of transiently 

expressed VirD2 has also been demonstrated by immunolocalisation (Tinland et al. , 

1992). Sequence analysis has also revealed two·potential bipartite NLS's in VirE2. As 

with VirD2 the nuclear localisation of VirE2 was tested by fusing its coding regions to 

the gus gene. Although mutants in which one or other of the NLS wei"e deleted 

exhibited some nuclear transport, both NLS sequences were required for maximum 

accumulation in the nucleus (Citovsk.y etal., 1992, Citovsk.y et al., 1994) Therefore it 

can be envisaged that VirD2 initiates uptake into the nucleus ensuring that the 5' end of 

the T -strand enters the nucleus firsts and the multiple NLS 9f VirE2 may be important 

for uninterrupted nuclear import of the T -complex, e.g. keeping the cytoplasmic and 

nucleoplasmic sides of the nuclear pore open simultaneously. 

1.2 .3 Similarities with conjugative transfer systems in other 

prokaryotes. 

The mechanism by which the T -DNA integrates into the host chromosome is not known 

and is currently one of the most intriguing questions in plant molecular biology. It has 

been proposed that the polarity of transfer as well as the occurrence of single stranded 

copies of the T -region are evolutionary related to othei" bacterial systems that produce 

ssDNA, during bacterial conjugation. 

More recently functional and molecular similarities ofT-DNA transfer and conjugation 

have been completely characterised with respect to the conjugative transfer system 

encoded by the broad host range plasmid RP4 (IncP). The plasmid RP4 (60Kb) was 

originally identified in a Pseudomonas clinical isolate, in which nearly half of the 

plasmid genome is devoted to conjugative transfer functions. These are encoded by 

two distinct regions of the plasmid, known a& Tro1 and Tro2. Tro1 encodes the gene 

products essential for the initiation of conjugative DNA synthesis and contains the 

replicative start point or the so called origin of transfer (ori n. Functions of Tra2 

together with one component of Tra1 are needed to establish physical contact between 

the donor and recipient cell. The RP4 transfei" apparatus can mobilise DNA to a variety 
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of phylogenetically distinct micro-organisms, including Gram-negative, Gram-positive 

bacteria and yeasts. The detailed analyses of the RP4 conjugative machinery has 

provided data confirming the predicted analogies between most of the processes 

occurring in the donor cell (i.e. cell-cell contact, initiation of DNA transmission, and 

DNA transport through the membranes) for Agrobacterium-plant and conjugative DNA 

transfer systems. An essential prerequisite for DNA transfer is an intimate contact 

between donor and recipients cells. In conjugation with Gram-negative bacteria a 

plasmid-encoded pilus is necessary for the establishment of the initial contact between 

mating cells. Experiments with donor specific phages indicate that for RP4, most 

probably all functions of the Tra2 region in concert with TraP of Tra1 are responsible 

for donor-recipient contact (Lessl et al., 1992). Electron microscopy studies confirm 

that these so-called mating pair formation (Mpt) determinants are involved in the 

production of an RP4 conjugative pilus. To date only chromosomally encoded 

products have been identified to be involved in the attachment of Agrobacterium to the 

plant cell with no evidence to confirm whether a Ti-plasmid encoded pilus like structure 

is also involved. However six of the Tra2 gene products show significant similarities 

to the proteins encoded by the Ti virB region. (Lessl and Lanka, 1994), especially in 

features that suggest membrane localisation, e.g. hydrophobic domains. The genes for 

five of these Tra2 proteins are collinear with their virB counter parts and show sequence 

similarities to the pilus subunit of TraA of the Escherichia coli F factor (Lessl and 

Lanka, 1994). It is also interesting to consider since most of the RP4 Tra2 and the Ti 

virB gene product functions are thought to be membrane associated that mch might 

form a transmembrane pore allowing the transferring DNA to be exported from the 

donor and imported into the recipient (for a review see Zupan and Zambryski, 1995). 

In additiol). to the similarities in the transport machinery used for conjugation and 

Agrobacterium-plant cell interaction, recent studies demonstrate that the initiation of the 

DNA transfer -process follows similar mechanistic principles in both systems. 

According to the current model (Lessl and Lanka, 1994), components of the RP4 

relaxases (Tral, TraJ) and the Ti VirD (VirD1,VirD2) operon specifically interact with 
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their cognate targets (nick region of onT or T-DNA border sequences respectively) to 

catalyse a site- and strand-specific cleavage reaction. 

Comparison of the right border (T-DNA) and the nick region of onT (RP4) sequences 

identified a 12-nucleotide consensus sequence (AC/TCJAT/CATCCTGC!fCJA) that has 

also been found among various rolling circle-typereplicons (Waters and Guiney, 1993, 

Lessl and Lanka, 1994). Functional analogy between a conjugative transfer origin and 

a T -DNA border sequence was originally shown in experiments conducted by 

Buchanan-Wollaston etal., (1987). They demonstrated that the origin of transfer oriT 

of the conjugative IncQ plasmid RSF 1010 together with its cognate Mob functions can 

substitute for the T-DNA borders in directing DNA transfer to plant cells from A. 

, tumifadens . This hybrid transfer system required an intact Ti-plasmid vir-region and 

a region ofRSFIOIO encoding polypeptides involved in plasmid mobilisation. The ori

T of RSF1010 and its cognate mobilisation proteins presumably generate a conjugative 

DNA transfer intermediate which is then mobilised to plant cells by using Vir specific 

transfer machinery. Similarly VirD1, D2 form a complex on the right border(T-DNA) 

as does Tral, along with TraH assemble at the nick site on RP4. Site specific cleavage 

observed by VirD2 is also observed by Tra1 where both remain attached to the 5' end 

of the DNA to be transferred. In vitro Tra1 and VirD2 are each sufficient in the 

presence of Mg2 + to produce nicks in single stranded oligonucleotides bearing their 

respective cognate sites. Also in the presence of cleavage products, both Tra1 and 

virD2 can catalyse the opposite reaction joining two pieces of ssDNA. At the 

molecular level, Tra1 has three highly conserved domains at the N-terminus that it 

shares with VirD2 and relaxases of other conjugative systems (Pansegrau and Lanka, 

1994). Critical amino acids for functionality ofTra1 have been identified in both motif 

I and ill which are also predicted to be conserved in VirD2 based on sequence 

comparison. A role for VirD 1 may also be deduced by comparison with its counterpart 

in the RP4 system. In RP4 TraJ first binds to the 3' site of the oriT and then recruits 

Tral. By analogy, VirDl may first recognise and bind the T-DNA border, which 

promotes VirD2 binding. The transfer intermediates in both systems are single 
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stranded, however unlike the T-DNA transfer system in which aT-complex is formed 

after the <XH>perative binding of the single stranded binding protein VirE2 no such 

ssDNA binding proteins have been identified in the RP4 system. T -DNA transfer and 

single stranded DNA conjugative transfer both occur directionally from 5' to 3'. 

Therefore the Agrobacterium plant cell interaction appears to represent novel adaptations 

of two general prokaryotic processes, activation of gene expression in response to 

external stimuli and conjugab1e transfer of DNA from donor to recipient cell. 

1.2.4 T -DNA integration. 

The sequences of several T-DNA host plant DNA junctions have been determined. 

Gheysen etal., (1987) pointed out that these junctions, in general appear more variable 

than the junctions created by insertions of . transposons, retroviruses, or 

retrotransposons. Rather they are similar to the junctions created by insertions of non

retro-transforming viruses such as simian virus 40 or adenovirus. 

The target sites of T -DNA integration before and after have been sequenced in several 

studies (Gheyson et al., 1987, Matsumoto et al., 1990, Mayerhofer et al., 1991). 

Gheyson etal., (1987) examined a single integration event ofT-DNA into the tobacco 

genome. This insertion caused a duplication of 158bp of host DNA, a small d~etion, a 

translocation, and several single base pair transitions. In a study conducted by 

Matsumoto et al., (1990), seven different integration events into the genome of 

Arabidopsis thaliana were examined. As in earlier studies, the left junctions between T

DNA and plant T -DNA showed less precision than the right junctions. At the left 

junction, only two insertions contained all sequences found on the T -strand, including 

the 22 bases derived from the left border. The other insertions lacked either, 7, 16, 29, 

31, or 100 bases from the left end of the T -strand. At the right junction, four of the T

DNA inserts contained all sequences found at the right end of the T -strands, including 

the three bases derived from the right border, while two inserts lacked two bases and 

one insert lacked 32 bases ofT -strand DNA. In all cases, the target sequences suffered 
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small (29- to 73-base) deletions. In three cas~, either 9, 15, or 19 bases of filler DNA 

separating T-DNA and host DNA were found. Perhaps most significantly, in four 

inserts a limited sequence identity (5 to 7 bases) was found between the extreme ends of 

the inserted T-DNA ~d the corresponding target sequences. Mayerhofer et al., (1991) 

compared T -DNA junctions with target sequences, investigating a single insertion into 

the tobacco genome. In this study, the junctions between the T-DNA and host DNA 

occurred 350bp internal to the left border and 7.3kb intemai to the right border. As 

observed by Matsumoto etal., 1990, a small deletion (23 bases) occurred at the target 

site and the target site contained limited but significant sequence similarity to the 

boundaries of the inserted T -DNA sequences. It is therefore possible that the short 

stretches of homology (5-1 0 bases) between the T -DNA ends and plant target sites may 

play a ,:-ole in integration. The characteristics of the integration events are classically 

analogous to illegitimate recombination events exemplified by those involving the 

integration of vital or transfected DNA in mammalian cells. It is suggested that the 

VirD2-bound 5' end of the T -DNA joins a nick in the plant DNA. The plant DNA may 

further unwind to form a gap, ~d the 3' end of the T -strand may pair with another 

region of plant DNA close by. Plant repair and recombination enzymes may then 

function to covalently join the 3' end to plant DNA. Theses reactions would result in 

the introduction of a T -strand into one strand of plant DNA, torsional strain would then 

result in the introduction of a nick into the opposite strand of plant DNA. Gap repair 

and DNA synthesis using the T -strand as template result in the final integration product. 

It may thus be seen that this system has the potential to be exploited in the introduction 

of specific genes into the plant genome, having targeted that gene for integration by 

introducing its sequence into the Ti plasmid. 

1.3 Agrobacterium transformation vectors. 

The cloning and genetic manipulation of genes to be transferred to the plant genome are 

first performed in E.coli and then the gene construct containing the gene of interest is 

transferred by conjugation into Agrobacteriwn. Many of the pBR322-like vectors from 
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E.coli cannot be directly conjugated into Agrobacterium since they do not nonnally 

encode the transfer and mobility functions. However they usually retain the born site 

where conjugative transfer is initiated by mob functions. Therefore if the mob and tra 

functions are provided in trans by a helper plasmid (such as R64drdll, pGJ28, or 

pRK2013), mob- plasmids (pBR322) can be mobilised to Agrobacterium or any other 

Gram-negative bacteria Conjugative transfer of pBR322-like vectors from E. coli to 

Agfobacterium can be achieved either as a two step conjugative process or via a 

triparental mating method. The two-step conjugative process involves conjugation of 

the helper plasmid into the clotP.ng vector containing the strain. The strain containing 

both sets of plasmids is then isolated and used to mate with the Agrobacterium acceptor 

strain. A 'triparental' mating may be carried out where the strain containing the cloning 

vector, that containing the helper plasmid and the Agrobacterium strain are mixed 

together and E.coli-E.coli-Agrobacterium conjugations occur simultaneously. The 

transformation vectors used with Agrobacterium are divided into two types, binary or 

co-integrative vectors. 

This system is based on the fact that the vir region and the T -DNA need not be linked 

on the same replicon for functional T-DNA transfer to occur. The binary vector system 

consists of two components. A cloning vector consisting of an origin of replication 

both active in E.coli and Agrobacterium, a selectable marker functional in both bacteria 

and a small T-DNA. The T-DNA is composed of the 25bp border sequences flanking 

multiple restriction sites for cloning desired sequences and a dominant selectable marker 

gene functional in plant cells. The acceptor Agrobacterium strain contains a Ti-plasmid 

depleted of its T -DNA, however ptovides the vir region which can act in trans 

mediating the transfer of the gene of interest and selectable gene marker in plants 

between the right and left border to the plant cell. Binary vectors contain origins of 

replication and selectabie markers functional in Escherichill coli and A tumefadens and 

hence can be maintained in both types of bacteria e.g. pBin19 (Bevan, 1984). These 

vectors can be transferred between bacteria by either conjugation or introduced directly 

as naked DNA by transfonnation (Ebert et aL, 1987). Moreover binary vectors contain 
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. the 25bp repeats between which are located the appropriate cloning sites for insertion of 

foreign DNA and selectable markers functional in plant cells. 

The disarmed Ti-plasmid vector pGV3850 (Zambryski et al., 1983) is an example of a 

co-integrative vector in which all of the oncogenic phytohormone biosynthetic genes 

were. removed from the T -region and replaced with the linearised plasmid pBR322. 

The pBR322 DNA provides homology for co-integration of the T -region of pGV3850 

with any of the commonly used pBR322-type vectors carrying a cloned gene of 

interest. The pBR322 intermediate vector is introduced into the Agrobacterium 

harbouring the co-integrative vector by conjugation. As the pBR322 vector lacks an 

origin of replication which is functional in Agrobacterium, it is lost during growth and 

cell division. However, homologous recombination between the co-integrative and 

intermediate vectors results in the foreign DtfA being integrated between the border 

repeats o{the T-DNA and can be selected for by the appropriate genetic markers usually 

antibiotic resistance genes. Urilike the binary vector system, both the T-DNA and vir

region are present on the same Ti plasmid 

Both vector systems have advantages, but also limitations. Co-integrative vectors have 

the disadvantage that their efficiency relies on the frequencies of both conjugal transfer 

and homologous recombination, both of which are relatively low. The major 

disadvantages of binary vectors are that most ~f them are still very large and carry a 

limited number of cloning sites. Stability of theses plasmids is not always optimal in 

Agrobacterium and it has also been witnessed that the efficiency of transfer by binary 

vectors is significantly lower than that using co-integrative vectors for some plant 

species. 

The use of Agrobacterium-m~ed plant transformation systems are now firmly 

established. Tobacco remains the plant species of choice in gene transfer experiments, 

simply because it is so amenable to tissue culture and plant regeneration can be rapid 

with plants being regenerated in as short a period as 6-8 weeks. In time Arabidopsis 

may replace tobacco as the 'model' plant species because of the additional benefits it 
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offers by its small genome and stature, rapid life cycle and extensive genetics. 

1~4 Chimaeric genes: Selectable marker and Reporter 

genes. 

Chimaeric genes are usually constructed to contain a fragment from the gene of interest 

ligated to some heterologous DNA, which is not present in the host system. The 

chimaeric genes also provide efficient dominant selectable marker genes for use with 

disarmed Ti-plasmid vectors to allow the selection of cells that have acquired new 

genetic information as well as to provide convenient reporter genes to facilitate the 

functional analysis of gene regulatory mechanisms in plants. 

The first of these chimaeric genes linked 5' (upstream) and 3'(downstream) sequences 

of opine synthase genes derived form the Ti-plasmid T-regions with the coding 

sequences of bacterial genes for enzymes such as chloramphenicol acetyltransferase 

(CAT), neomycin -phosphotransferase (npt.l,l), hygromycin phosphotransferase (hpt), 

mouse.methotrexate resistant dihydrofolate reductase, and the bleomycin resistant gene 

from Tn5. 

At present the most widely used selectable marker genes are based on the nptll gene 

from the bacterial transposon Tn5. This gene confers resistance in plant cells to 

aminoglycoside antibiotics, such as kanamycin and G418. The nptll gene has been 

shown to be an effective dominant marker conferring kanamycin resistance in tobacco 

protoplasts, callus, tissue explants, germinating seedlings and whole plants (Deblock, 

1984). The hygromycin phophotransfera~ (hpt) gene from E.coli has also been used 

for the construction of selectable marker genes for plant cells and not as widely used as 

the nptll gene, has also been successfully used with sev~ plant species. In contrast, 
I . 

while chloramphenicol acetyltransferase (CAT) can be used to confer resistance to 

chloramphenicol in germinating seedlings it is not effective at other developmental 

stages. Bleomycin is a glycopeptide which interacts with DNA producing single- and 

double strand- breaks. The bleomycin resistance gene was also found on Tn5 and has 
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been used successfully as a selectable marker gene in Mcotiana plumbaginifolia. Other 

selectable marker genes such as the dihydrofolate-reductase, have been used, but are 

not generally useful as those based on the nptll or hpt genes. 

Reporter genes are those which are well characterised both genetically and 

biochemically, and have a coding region which can be easily fused to the regulatory 

sequences of other genes. The enzym~tic activity of most reporter genes is not 

normally present in the host plant, or is easily distinguishable from other endogenous 

activities. This allows the study of a gene under different environmental conditions or 

in different organs of a plant. 

Two types of particular attractive reporter enzymes commonly used are the luciferase 

genes from either firefly or bacteria (Ow et al., 1987) and .6-glucoronidase(GUS) 

(Jefferson et aL, 1987). The enzymatic activity of GUS can be detected histochemically 

in plant tissues or accurately measured in fluorimetric assays on very small (milligram) 

amounts of transformed plant tissues. The activity of luciferin can also be assayed 

accurately in different plant tissues by simple luminometer measurements. However, it 

still remains difficult to quantify levels of expression of such markers due to difference 

in cell size, metabolic activity and penetration of substrate into the cell. 

1.5 Promoters and enhancers. 

In higher plants initial experimental studies using a combination of in-vitro mutagenesis 

and Agrobacterium -mediated or direct gene transfer identified two distinct types of cis

acting regulatory sequenCes: promoters which are located close to the transcription 

initiation site and act in_ a position-dependent fashion and enhancers which can be 

located far from the transcription initiation site and act in a position and orientation

independent fashion. 

Promoters can be sub-divided into proximal cis-elements including the cap site itself, 

the TATA box located 25-30bp upstream from the transcription start site, and also a 

CCAA T box approximately 80bp upstream form the transcription initiation site, as well 
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as distal regulatory cis-elements which ~ spread over several hundred base pairs. 

Both the TAT A box and CCAA T boxes perform vital functions in transcription. The 

TAT A box functions to position the start site for RNA synthesis. However many 

promoters particularly those of the house keeping genes lack TATA boxes and are 

instead composed of GC rich elements that are often located within methylation free 

islands (Bird et al., 1995). Transcription from this latter class of promoters often 

initiates at multiple sites. 

The cis-acting elements have been defined as short DNA segments or motifs whose 

integrity is required for promoter activity. These motifs reside in functional domains or 

modules which by themselves have no or only weak enhancing activity, but which act 

synergistically to give high levels of activity. Enhancers are also organised much like 

promoters in that they too are composed of many individual modules. Unique promoter 

specificity and regulation can be conferred by the particular composition and 

organisation of cis-acting DNA sequence elements found in the promoter and enhancer 

regions. The cis-acting elements operate by interacting with specific trans-acting 

nuclear protein factors, many of which have been identified by gel retardation and foot 

printing assays and some of which have been purified to homogeneity. In some cases 

the corresponding genes have been cloned. The promoter-specific transcription factors 

function by binding the cis-acting elements and the overall rate of transcription initiation 

is determined by protein-DNA and protein-protein interactions. 

1.5.1 Plant pathogen promoters. 

Plant specific promoters derived from functioning in plant pathogen interactions i.e. T

DNA or CaMV, have been used most extensively to direct the expression of foreign 

genes in plants. Initially it was considered that these promoters were constitutive in 

their mode of expression i.e.. expressed at all times in all cells. However, with the use 

of sensitive reporter genes such as .6-glucoronidase or luciferase which are capable of 

detecting cell-specific expression it has become clear that these promoters can be 

affected by subtle environmental and developmental changes in the levels of growth 
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substances within the plant. For example, the nopaline synthase promoter ofT-DNA 

has been found to be most active in the basal region of plants with its activity lower in 

the upper parts of the plants suggesting that it may respond to differing levels of auxin 

(An et al., 1988). Following flowering, the activity of the promoter in vegetative 

organs declines whereas in flower tissues there is a generally higher level of activity. 

Other T-DNA promoters also appear to respond to endogenous plant growth 

substances. The gene 5 promoter is most ~ctive in callus, stems and roots while activity 

in leaf tissue is barely detectable whereas the 1'/2' dual promoter is the most active in 

the basal region of the plant suggesting that auxin& control its expression (Langridge et 

aL, 1989). Promoters ofT-DNA genes such as the nopaline synthase (nos) promoter, 

the octopine synthase (ocs) promoter and the mannopine synthase (mas) promoters 

have all been studied in transgenic plants using sensitive reporter genes. Although 

these promoters are active in undifferentiated cells and in v¢ous plant organs, a tissue 

or organ preference has been reported, with the highest activity often in the roots or 

wounded leaf tissue (An et al., 1988, Teeri et aL, 1989). 

Ellis et aL, (1987) have defined within the octopine synthase promoter a specific 16bp 

palindromic cis-regulatory sequence, known as the ocs-element. The ocs-element can 

function as an enhancer in dicot (tobacco) and monoco~(maize) cells. The insertion of 

synthetic oligonucleotides containing the ocs-element upstream of the maize Adhl 

promoter, inactivated by deletion, reactivated the expression of this promoter in maize 

· and tobacco protoplasts. The transcriptional enhancing activity of the ocs-element 

correlated with the in-vitro binding of a transcription factor OCSTF. The ocs-element 

has now been identified in six other opine synthase genes and also in promoters of 3 

caulimoviruses. The 8bp direct repeats of the 35S promoter overlap the pentanucleotide 

direct repeats of the 35S promoter that make up the as-1 cis-element. 

1.5.1.1 Cauliflower mosaic virus promoter. 

Cauliflower mosaic virus (QzMV) is a DNA. virus that has a specific host range 

infecting only members of the Crociferoe. The double-stranded genome is 
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approximately 8Kb long and its complete nucieotide sequence has been determined 

(Hohn etal., 1982). Replication occurs via reverse transcriptase and does not involve 

integration into the host genome. Transcript mapping experiments have identified two 

viral promoters, designated 19S and 35S. During the virus life cycle the 35S promoter 

is transcribed from the viral DNA minus strand to produce an 8Kb transcript referred to 

as 35S RNA (Guilley et al., 1982). The 5' and 3' termini of the RNA have been 

determined by S 1 nuclease analysis and shown to have an overlapping sequence o~ 

about 200 nucleotides (Covey et al., 1981, Guilley et al., 1982). In addition to serving 

as template for translation, the 35S RNA with its direct terminal repeat sequence also 

functions as an intermediate for viral DNA synthesis through a reverse transcription 

process (Pfeiffer and Hohn 1983). Rapid viral replication in infected cells requires a 

copious supply of the 35SRNA. Therefore it is not suprising that this RNA is a major 

transcript in infected cells (Guilley et al., 1982). · The high levels of production of the 

35S RNA is evidence of the strength of this promoter. The promoter is also nominally 

constitutive which is beneficial in allowing successful reproduction within most plant 

cells. 

The CaMV 35S promoter has somehow evolved ru-elements regulated by cellular 

factors, not viral proteins. Information on the 35S transcriptional start site as well as 

the availability of cloned CaMV sequences have encouraged the use of the 35S 

promoter as a model system to characterise the modular organisation and interactions of 

enhancers which function in higher plant gene expression. CaMV fragments containing 

400 to 1000 base pairs of 35S upstream sequences have been shown to be active in 

most organs of transgenic plants (Odell et al., 1985, Jefferson et aL, 1987, Kay et al, 

1987; Sanders et aL, 1987). -In the early studies conducted by Odell et aL, (1985) 

various 5' deletions of the promoter were fused to human growth hormone as a reporter 

gene and integrated into the tobacco genome. This work demonstrated that sequences 

up to 46bp upstream from the transcriptional start site were able to produce a low level 

of transcript. The levels of transcript were increased about 2()-fold if the region up to 

168bp from the transcriptional start site were used. The promoter can also be expressed 
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transiently in protoplasts of several dicots and monocots (Onlee et al., 1986, Ow et aL, 

1987; Fromm et al., 1986). Ow etal., -(1987) continued the 5' deletion analysis of the 

35S promoter using the luciferase gene as a reporter in transient expression assays in 

carrot cells. Analysis of the expression levels led to several conclusions. At least three 

functional domains were identified: a proximal region (PR) composed of a TAT A box (-

46 to +9); a medial region (MR) containing a CCAA T -like box ( -46 to -86); and a distal 

region (DR) with three elements similar to the SV 40 core enhancer ( -86 to -148). This 

however did not define the exact boundaries of the elements. Apart from the discovery 

of the three regions, these results also varied from those of Odell et al., (1985): the Pr 

fragment was found to have more activity when integrated compared with those found 

by Ow et al., (1987). This was suggested to be due to the effects of heterologous 

flanking sequences upon genome integration which may then activate the proximal 

element. The DR element was orientation independent when both MR and PR elements 

were present indicating enhancer-like activity. It was however position dependent, 

although possibly distant effects could be seen with more copies of DR Multiple DR 

elements were effective and additive at close range. Further analysis using CAT as a 

reporter gene in transgenic plants showed that the majority of promoter strength was 

conferred by an upstream fragment between -343 and -46 (Fang et aL, 1989). Fang et 

al., ( 1989) found that the addition of the -343 to -208 region to the promoter at -90 can 

activate transcription. A deletion between -343 and -105 led to a 75% decrease in 

promoter strength, and duplication of this region can enhance transcription 10-fold. It 

therefore seems likely that -343 to -208 contains an enhancer sequence. 5' and 3' 

internal deletion mutants indicated the presence of three regions between -343 and -46 

which are needed for Iilaximum promoter activity. The first lies between -343 and -208 

and is responsible for 50% of total 35S activity. It also requires the presence of the -90 

to -46 region to function. The second is between -208 and -90, and when deleted leads 

to a severe decrease in expression of approximately 40%. This therefore may contain 

an enhancer sequence as its function is orientation independent and a linear increase in 

transcription with multimerisation of up to 4 copies occurs. A chimaeric promoter 
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containing the enhancer elemen~ of the 35S promoter (-208 to -46 fragment) and a 

truncated promoter of wheat alpha amylase was shown to function in maize cells and 

tissues (Omirulleh et al., 1993). The highest GUS specific activity was found in 

younger leaves with progressively less activity in older leaves, stem and root. The third 

region lies between -90 and -46 and plays an accessory role in increasing the 

transcriptional activity of upstream enhancers. The presence of CCAAT boxes in the 

region would facilitate the activity of enhancers, as observed in animal systems where 

some enhancers require the presence of these boxes Zenke et aL, (1986). These results 

indicate that maximal expression requires the co-operation of these multiple cis

elements. 

Benfey et al., (1990a) divided the promoter into two domains: domain A (-90 to +8) 

and domain B (-343 to -90) as illustrated in figure 1.1. Each domain is able to confer 

tissue specific and developmental regulated expression in transgenic plants. Domain A 

(which also contains the TATA box at -31 to -25) is able to confer expression 

principally in root tissue. A cis element located between -85 and -64 appears to 

primarily responsible for this expression. The element termed activation sequence (as-

1) contains a tandem repeat of the sequence TGACG and binds a nuclear factor 

activation sequence factor (asF)-1 in tobacco nuclear extracts (Lam et 'aL, 1989). A 

eDNA clone for factor that binds to the as-1 motif was isolated by (Katagiri et al., 

1989) and dtmlonstrated to give increased levels of hybridisation to RNA from root than 

in leaf tissue. Domain B is almost entirely within an open reading frame(ORF) that 

codes for proteins implicated in host range specificity and disease symptoms. Domain 

B is able to confer expression in most cell types of leaf and ~tern as well as vascular 

tissue of the root (Benfey· et aL, 1990b). Extensive detailed deletion analysis of this 

region has revealed 5 cis-elements residing within domain B which are responsible for 

this expression profile. Constructs containing various combinations of the 5 

subdomains fused to domain A during the expression of the E.coli teporter gene GUS 

were used to compare the patterns of expression throughout the development of 

transgenic tobacco lines. Only three of these sub-domains were able to confer 
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expression during the early stages of development when fused to a minimal promoter. 

Each sub-domain with only domain A conferred a different expression pattern. These 

findings indicate that three are active cis-elements in each sub-domain. The different 

expression patterns obtained from each sub-region suggest that interactions with 

different trans-factors is occurring, implying a modular organisation of dotpain B. 

Synergistic interactions were also found to occur between the subdomains as well as 

between domains A and B. Sub-domain B2 was found to be orientation independent 

suggesting that it has enhancer like activity. B3 produced different expression patterns 

in different seeds. This may have been due to overlapping cis-elements which are 

affected differently in different insertion sit~ in the host genome. An accompanying 

paper by the same authors analysed the expression patterns from the B subdomains in 

mature transgenic plants. Developmental regulation of expression was found, as low 

expression was apparent in sub domains giving none in earlier deveiopment. Specific 

cell type expression was also found, for example B4 only gives expression in immature 

vascular tissue and B2 expression was found specifically in phloem cells. B 1 and B5 

required fusion to domain A to confer expression in non-vascular tissue of the leaf and 

stem. B3 has a complicated expression pattern depending on the age of tissue, and the 

type of tissue. This may indicate that it contains many active cis-elements. Synergistic 

interactions were also described, for example a combination of B4 and B5 produces 

expression in root phloem tissue which is not obtained with either subdomain alone. 

Comparisons of expression patterns conferred by various combinations of 35S 

enhancer elements suggested that synergistic interactions among cis-elements may play 

a role in defining tissue specific expression. 

Evidence has therefore been accrued for both additive and synergistic interactions 

among the B subdoniains of the 35 S promoter. The combinatorial properties of the cis

elements and the exact function of the trans-acting factors that control developmentally 

regulated and tissue-specific expression in plants, still need to be precisely defined. 
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Figure 1.1: 

Schematic representation of regions of interest within the CaMV 35S promoter. 

For a detailed interpretation see section 1.5.1.1. 
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1.5.2 Light-inducible plant promoters. 

The plant promoters that have been studied in most detail are those that respond to 

environmental stimuli such as light, anaerobic or heat stress, wounding, induction and 

or developmental cues such as leaf, seed, flower and fruit development. Moreover 

tissue specific expression has been investigated in green tissue, seeds, nodules, tubers 

and flowers. 

Genes encoding proteins of the photosynthetic apparatus, such as Chlorophyll alb 

binding (CAB) proteins and proteins of ribulose-1,5-bisphosphate carboxylase 

oxygenase small subunits (ssRUBISCO) exhibit light regulated expression. For rbcS 

genes this light regulation has been shown to be mediated primarily at the level of 

transcription and involves both phytochrome and the blue light photoreceptor (Tobin

Silverthorne 1985). Furthermore the expression of these photosynthetic genes is under 

developmental regulation and is commonly restricted to chloroplast containing 

photosynthetic tissues (Fluhr et al., 1986). Agrobaderium-mediated gene transfer 

studies with reporter genes have demonstrated that 5' flanking DNA sequences of the 

rbcS genes from several plant species confer light inducible and tissue\organ-specific 

expression (Nagy et aL, 1985). There have been a number of reports demonstrating the 

existence of both positive and negative cis-acting elements within the 5' flanking 

sequences of light regulated genes including rbcS and chlorophyll alb binding genes. 

The level and pattern of expression of members of the rbcS gene family has been found 

to be highly variable (Sugita and Gruissem 1987). When a 1.1KB fragment containing 

the tomato rbcS-3A promoter was fused to the CAT coding sequence and transferred to 

tobacco plants, high level CAT activity was measured in mature leaves (Ueda et al., 

1989). In contrast, no or very low expression was detected in roots, stems, flower 

buds, sepals, petals, stamens, ovaries or stigmas. The activity in young leaves was 

approximately 10% of that in mature leaves. When the region fused to the CAT gene 

was restricted to the 37 4bp sequence located upstream of the transcription start, the 

tissue-specific and light-inducible expression was maintained but the level of expression 
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was 5 times lower than that obtained with the full length promoter. During the 

development of the leaves the enhancement of expression level was only visible in 

mature leaves, suggesting that the modulation of expression level is established via the 

interaction of trans-acting factors with cis-elements present in this upstream region and 

that the activities of these trans acting factors are under developmental control. The 

levels of expression given by the full length tomato rbcS-3A-CAT fusion was estimated 

to be 50-70% of that of the 35S-CAT construct. 

Extensive cis-element analysis of the 5' upstream region of the pearbcS-3A gene (Green 

et aL, 1987) revealed multiple light responsive elements (LRE's). One such element 

located between -166 and -50 can confer light responsive expression upon the 

homologous pea promoter as well as heterologous promoters (35S and nos). 

Moreover, transcription of -166 pea rbcS-3A in transgenic etiolated seedlings is induced 

by red light and suppressed by far red light, indicating that it contains a phytochrome 

responsive element (Gilmartin etal., 1990). 

The -166 to -50 region contains two conserved sequences, boxes II and III that serve as 

binding sites for the nuclear factor GT -1. Analysis of site-specific mutants of pea rbcS-

3A promoter demonstrated that GT -1 binding in-vitro is correlated with light responsive 

expression of the rbcS promoter in transgenic plants (Gilmartin et al., 1990). Indeed a 

synthetic tetramer of box II inserted upstream of the -90 CaMV 35S promoter was 

sufficient to confer light responsive transcription in chloroplasts containing cells of 

transgenic plants. Recently Krapp et al., (1993) have shown that the level of 

carbohydrates can regulate the expression of rbcS and other photosynthetic genes. It 

was reported that both the addition of carbohydrate, and the accumulation of 

carbohydrate due to inhibition of export lead to a rapid and reversible inhibition of the 

expression of several genes for proteins involved in photosynthesis in autotrophic cells 

and in detached leaves and whole plants. De novo ribulose-1,5-bisphosphate 

carboxylase oxygenase protein levels were found to decrease followed by a gradual 

decline in ribulose-1,5-bisphosphate carboxylase oxygenase activity, as well as the 
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activity of other photosynthetic enzymes. 

1. 6 Factors influencing transgene expression in stable 

transformants. 

In the analysis of transgenic plants very little is currently known about the actual 

molecular processes acting upon the foreign DNA during uptake, intracellular transport 

and stable integration into the genome of plant cells. It is clear that genetic material 

newly introduced into plant cells must be subject to considerable modification and 

processing between its entry into the target cell, and its subsequent expression as part of 

the structurally organised chromatin of the resulting transgenic plant. Of specific 

importance to the genetic engineer is the question of how the process of genetic 

transformation affects both the character, level of expression and stability of expression 

of chromosomally integrated genes. One such widely reported effect in both animals 

and plants is a seemingly random clonal variability in the level of expression of newly 

introduced transgenes. 

Expression level variability between different transgenic lines has been observed after 

introduction of many unrelated genes, both natural and chimaeric into numerous plant 

species (Jones et al., 1985, Shirsat et al., 1989). The observed variability has often 

been referred to as 'position effect' based on the assumption that expression levels of 

an introduced gene are directly influenced by host DNA sequence or chromosomal 

structure at or near the site of integration (Hobbs etal., 1990, Prols and Meyer, 1992). 

Much of the work has focused on the structure, organisation and number of plant T

DNA inserts in transgenic plants generated using disarmed Agrobacterium T -DNA 

vectors carrying foreign chimaeric genes. 

1.6.1 T -DNA structure. 

Southern hybridisation analysis has reVealed that usually between one and three T -DNA 

copies are frequently found to be integrated into the genomes of various plant sp'ecies, 
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including tobacco, petunia, tomato, sunflower, morning glory, and Crepis capilaris by 

the transformation system used. Although with one type of Agrobacterium strain C58, 

multiple copies of inserted DNA can be preferentially obtained. Multiple insertions of 

T-DNA of between 20 and 50 copies have been detected (Chyi et al., 1986, Jorgensen 

et al., 1987, Spielman and Simpson, 1986). These multiple insertions can occur at 

different loci on different chromosomes and may result from the Agrobacterium 

transferring more than one copy of the T -DNA prior to its integration. Multiple copies 

can also be either linked in tandem arrays or unlinked at different chromosomal 

locations. These results coupled with the ability of A.tumefadens to transform a wide 

range of dicotyledenous plant species indicate that the T-DNA insertion is not specific to 

target sequence. This issue is both of fundamental interest and practical importance in 

the use of A.tumefadens as a generalised vector for gene transfer to plants. 

Tandem arrangement of the T -DNA can be composed of either direct or indirect repeats 

. and both inverted and direct repeats may be present in a single T -DNA array. It has 

been demonstrated in mammalian cells that when two genes are placed in tandem, 

transcriptional read through from the first into the second reduces the expression of the 

second gene (Proudfoot 1986). Similar observations were made by lngelbrecht et al., 

( 1991) using hybrid constructs Consisting of the nos promoter driving the nptll gene in 

one direction and the 35S CaMV promoter located downstream in the opposite 

orientation to the nptll gene. It was demonstrated that transcriptional activity interfered 

with the expression of a downstream gene in the opposite orientation both in transient 

expressien systems and also in transgenic plants. One possible explanation is that the 

RNA polymerase transcribing from convergent promoters interfere with one another or 

alternatively the production of antisense nptll RNA and subsequent base pairing with 

sense nptll RNA could be responsible for the reduced expression levels. Although the 

above possibility cannot be ruled out, the majority of reports have shown both single 

C9PY and repeated T -DNA structures to be equally capable of expressing internal T

DNA sequences. The variability in expression is most often due to the insertion into 

different chromosomal sites i.e. position effect. There is, however, some evidence that · 
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multipleT -DNA copieS, especially inverted copies are unstable and possible targets for 

rearrangements within the plant genome (Jones et aL, 1987). Therefore in minimising 

transgene expression level variability, it would be best to use transformants with single 

or few directly repeated T-DNAs. 

1.6.2 T-DNA integration site specificity. 

The T -DNA is thought to integrate at random positions in the plant chromosome. DNA 

regions undergoing transcription are presumably more accessible to invading 

exogenous DNA owing to requisite unravelling of nucleosomes and other chromatin 

structures. Eckdahl et al., (1989) have shown that the T-DNA borders possess 

segments with the structural and sequence features for autonomous replication in yeast. 

The function of these segments in the plant cell is not known however, it is possible 

that initiation within the integrated T -DNA sequences results in their synchronous 

replication during the s-phase of the cell cycle. For example replication early in s-phase 

could ensure that each integrated T-DNA is transcribed, since early replicating 

sequences are packaged into a potentially active chromatin conformation. Evidence put 

forward by Koncz et al., (1989) suggests that DNA introduced into plant cells using 

Agrobacterium vector systems is preferentially integrated into actively transcribed 

regions. In this work the T-DNA was engineered so that a promoter-less aph(3) II 

(amino glycoside phosphotransferase IQ reporter gene was linked to the right end of the 

T-DNA and transformed into plants along with a plasmid origin of replication and a 

selectable hygromycin resistance gene. Transcriptional and translational reporter gene 

fusions were identified by screening for aph(3')ll enzyme in transgenic tobacco and 

Arabidopsis. 

The results indicated that the T-DNA insertions in Arabidopsis and tobacco induced 

transcriptional and translational gene fusions at similar sequences. This is intriguing 

because the genome organisation of these species is strikingly different. Arabidopsis 

has a small genome (lC = 0.07pg, Bennet and Smith, 1991) with a low content of 

repeated DNA, whereas the tobacco genome is large (1 C = 3.3pg, Bennet and Smith, 
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1991) and consists of 60% repeated and 40% single copy DNA. This suggests that the 

T-DNA preferentially inserts into potentially active regions of the plant genome, 

however given the close proximity of the selectable marker gene in the T-DNA vector to 

the reporter gene, selection pressure may have been biased in favour those 

transformants with T -DNA inserts in regions of active chromatin and thus eliminating 

many transformants with low expression levels. 

A desirable goal in gene transfer is to direct DNA into defined sites in the genome. 

Site-specific integration can potentially control the variability caused by 'position 

effects' by placing introduced DNA into the same genomic locus. It might also be 

useful for clustering trans genes and thereby ease the introgression of multiple traits into 

elite field varieties. Moreover, the placement of DNA into a known locus will remove 

the possibility of random insertions behaving as insertional mutagens. In principle, site 

selectivity of DNA insertion into eukaryotic cells can be achieved through homologous 

recombination as in some fungal and animal systems. Recombination via homology 

also permits the replacement of genomic sequences with introduced versions. 

Unfortunately, gene integration through ·homologous recombination has yet to be 

practical with plant nuclear DNA (Lichtenstein and Barrena, 1993). Alternative 

strategies for gene targeting in plants include recombinase-mediated systems, such as 

the Cre-lox system derived from bacteriophage Pl (Sauer, 1987) and the FLP-:frt 

system ofthe2-J.tm plasmid of Saccharomyces cerevisiae (Broach, 1981). These site

specific recombination systems are shown to be induced in various heterologous 

organisms including plants (Kilby et al., 1993, Qin et al., 1994, Lloyd and Davis, 

1994). The frequency of recombination with the above systems is found to be 

remarkably high (Sauer and Henderson, 1988, Broach, 1981), ·unlike that of 

homologous recombination which usually occurs only rarely in the somatic cells of 

higher eukaryotes (Paszowski et al., 1988, Swoboda et al., 1993). Qin et al., (1994) 

conducted an investigation into the Cre-lox system for site specific integration of DNA 

into the tobacco genome. The bacteriophage P1 encodes a site specific recombination 

system where the 38Kd Cre protein encoded by the Cre gene mediates recombination 
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between 34bp lox sites. Thus recombination between a lox site on a circular molecule 

and a lox site on a chromosome results in the insertion of the circular molecule into the 

chromosome. To test for site specific insertion into the plant genome, Qin etal., (1994) 

first placed a 35S-lox-Cre construct into the tobacco genome by Agrobacterium

mediated gene transfer. The resultant transgenic lines were used to produce protoplasts 

harbouring the 35S-lox Cre for PEG mediated transformation with an insertion plasmid 

containing a promoter-less lox-hpt transgene, where hpt encodes hygromycin 

phosphotransferase. The integration of the plasmid via the lox-site recombination 

would produce a 35S-lox-hpt-lox-Cre linkage, thus terminating Cre transcription by 

displacement of the 35S from Cre and selection of plants with this specific integration 

via their hygromycin-resistant phenotype. To assess the efficiency of random 

integration a plasmid that confers hygromycin resistance under the control of the 35S 

promoter was used. Tens to hundreds of hygromycin resistant calli per million 

protoplasts recovered were found to be 10-100% the frequencies obtained with the 35S

hpt reference plasmid. It was therefore concluded that DNA can delivered by Cre-lox 

recombination into genomic lox sites at a workable frequency approaching that of 

random integration. It was also noted that DNA was found as a single copy inserted at 

the target locus and additional insertions in the genome were infrequent. When mutated 

lox sites were used no rearrangements of the integrant DNA were observed in a large 

majority of cases. Thus it would seem that Cre-lox recombination may offer a method 

for precise single copy insertion of the DNA into genomic targets. 

1.6.3 Chromatin structure. 

The regulation of gene expression is also directly related to structure of the 

chromosome; for the most part the DNA is compacted too tightly to be available to the 

transcription apparatus. Therefore the chromatin structure of genes which are 

transcribed (approximately 10-20% of the total DNA) has to be different from that of 

the bulk DNA. Both the 'housekeeping' genes, which are expressed in all cell types in 

the organism, and the genes which distinguish one cell type from another, exist in the 
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active conformation. 

In the first level of chromatin organisation, DNA is wrapped in 13t4 turns around the 

histone octamer (2 x H2A, 2 x H2B, 2 x H3, and 2 x H4) to form nucleosomes and the 

11-nm nucleosome fibre. A fifth histone H1 is associated with the DNA linking each 

nucleosome and is thought to be involved in the second level of organisation resulting 

in the folding of nucleosome fibers into a higher order structure, the 30-nm chromatin 

fibre (solenoid model). In the next higher level of organisation, loop domains are 

postulated to form by attachment of the DNA sequences, scaffold or matrix attachment 

regions (SARs/MARs) to the proteinaceous network of filaments that runs throughout 

the nucleus, known as the nuclear scaffold or nuclear matrix. The different levels of 

chromatin organisation are illustrated in figure 1.2. 

The importance of studies of plant nuclear architecture and the three dimensional 

structure of chromosomes has been recognised as studies on gene expression have 

progressed. Not surprisingly plant nuclei have been shown to have many features in 

common with those of other eukaryotes. Extraction of plant nuclei with non-ionic 

detergents, high molarity ·salt solutions and treatment with nucleases, has resulted in 

preparations of the nuclear matrix, a proteinaceous network within the nucleus. The 

nuclear matrix together with the associated nuclear lamina underlying the nuclear 

envelope, is likely to be of considerable importance for interphase chromosome 

structure. Field emission scanning electron microscopy has recently revealed a plant 

chromosome structure that appears consistent with the organisation of DNA into 10-

15nm beads on a string fibres, which are then wound into 30-nm solenoids and 

probably into loops. Such an organisation is known to exist in animal cells. Further 

condensation of these loops is believed to lead to structures visible in the light 

microscope. 
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Figure 1.2: 

The structure of chromatin. 

(a): A diagrammatic structure of a single nucleosome with eight histone molecules in the 

centre and 1. 75 turns of DNA on the outside. 

(b): Several nucleosomes in an oligonucleosome showing the internucleosomal position of 

histone 1. 

(c): The coiling of an H !-containing polynucleosome into a helix. 

(d): A polynucleosome loop restrained so that the removal of the histone protein Hlleads to 

a loop of superhelical DNA. 

From :Adams, et al., 1981. 



(a) 

(c) 



1.6.3.1 The role of chromatin structure in gene expression. 

The control of gene expression at th~ chromatin structure level involves access of RNA 

polymerase and transcription factors to their binding sites on DNA. These binding sites 

can be inaccessible because of the highly C()mpact structure of chromatin fibres. A 

partial unfolding to a less compact, more 'open' structure can render the binding sites 

accessible. The transcriptional potential of large genomic regions is thought to be 

controlled by the extent to which the 30-nm fibre (inactive chromatin) is unwound to the 

level of the 11-nm nucleosome fibre thus permitting access to the DNA by RNA 

polymerases and transcriptionally regulatory proteins. One of the hallmarks of 

unfolded, transcriptionally competent chromatin is heightened general sensitivity to 

endonuclease DNasei (Weintraub and Groudine, 1974). 

In contrast to the abundant information on changes in chromatin organisation of animal 

genes very few reports have been published investigating the effect of chromatin 

organisation on the control of gene expression in plants. Murray and Kennard(1984) 

demonstrated that in nuclei isolated from broad bean cotyledons the genes encoding 

phaseolin exhibit a higher degree of sensitivity to DNasei than in nuclei of leaves in 

which the phaseolin genes are not expressed. However no hypersensitive sites were 

detected. Similar experiments were conducted on the chromatin structure of legumin 

gen~s in nuclei isolated from leaves and cotyledons of pea (Sawyer et al., 1987). It 

was reported that the transcriptional activity of the legumin genes in pea cotyledons 

correlated with greater DNasei sensitivity than that of leaf tissue where the legumin 

genes are inactive. Similar positive correlations between transcription and enhanced 

DNasel sensitivity were demonstrated in maize for the endogenous histone H3 

promoter. (Brignon et al., 1993). Both general DNasei sensitivity and DNasei 

hypersensitive sites were observed in nuclei isolated from 4-day germinated maize 

embryos, the point at which expression of the histone genes reaches a maximum. The 

hypersensitive sites were found to be located within consensus sequences of the 

promoter known to act as cis-elements. Steinmuller and Apel (1986) conducted an 
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investigation into the DNasel activity of three plant genes; the NADPH

protochlorophyllide oxidoreductase (an actively transcribed gene in etiolated barley leaf 

tissue) ; hordein seed storage protein and 26S ribosomal DNA (known to be inactive in 

leaves). The hordein and rDNA genes were found to be resistant to low levels of 

DNasel, while the gene for the NADPH-protochlorophyllide oxidoreductase was highly 

sensitive to DNasel. It was found during the course of digestion of the NADPH

protochlorophy llide oxidoreductase gene, discrete cleavage products were generated, 

indicating the presence of DNasel hypersensitive sites in the vicinity of the NADPH

protochlorophyllide oxidoreductase gene in etiolated leaves. Coates et al., (1987) 

investigated the chromatin structure of the T-DNA when integrated in tumour lines. 

This work set out to correlate transcriptional activity of the T -DNA genes with an 

altered chromatin configuration using non-specific endonucleases, micrococcal nuclease 

and deoxyribonuclease I (DNasel). In active or potentially active sequences, the 

chromatin was found to exhibit an enhanced sensitivity to digestion with DNasel. 

Coates et al., (1987) concluded that the integrated T-DNA sequences were found in 

'open' (active) nucleosome confirmations displaying enhanced sensitivity to DNasel. 

This indicated that the majority of the T-DNA integrated sequences were 

transcriptionally oompetent. 

Gorz etal., (1990) detected increased DNasei sensitivity and the a~ce of DNasei 

hypersensitive sites in the 5' upstream regulatory sequences and coding regions of 

transcriptionally active pea rbcS genes (light grown pea plants) when compared with 

transcriptionally inactive pea rbcS genes (dark grown pea plants). It was demonstrated 

that Within the same organ individual members of the pea rbcS multigene family are 

differentially sensitive to DNasel suggesting differential chromatin structure in the 

nuclei. During light activation general DNasel sensitivity increases in some genes, 

especially their 5' upstream regulatory sequences. DNasei-hypersensitive sites were 

constitutively present in 5' upstream regulatory sequences around positions -335, -465, 

-650 and -945(5' constitutive domain) and in the coding region around position +340, 

+450, +530, +640, and +810 (3' constitutive domain). One additional hypersensitive 
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site appears after light induction, this region is centred around position -90 and flanked 

by light responsive elements (LREs). In spite of the changes in chromatin structure of 

the pea rbcS genes during their transition from an inactive to active state, their cytosine 

methylation in the promoter region remained un,iform. However it was not certain that 

the methylation sites investigated were those involved in the transcriptional control of 

the rbcS genes. Similar observations to those of Coates et al., (1987) and Gorz et al., 

(1990) have also been noted in animal systems where the level of DNA methylation 

does not correlate well with either transcriptional activity or specific chromatin 

confqrmations. It is however thought that if repression of transcriptional activity were 

mediated via nucleosomes, the combined effects of both systems would be weakened. 

Therefore the multiplication of effectiveness is only possible if the two systems achieve 

their effects through independent mediators (Bird, 1995). Methylation specific DNA 

,binding proteins have been identified in nucltm extracts of peas (DPB-m) (Zhang et al. , 

1989) and mammalian cells (MeCP-2 and MDBP-2) (Meehan et al., 1989; Pawlak et 

al., 1991). MeCP-2 has been found to be associated with heterochromatin (Lewis et 

al., 1992) whereas MDBP-2 shares sequence homology to histone H1 (Jost and 

Hofsteenge, 1992), implying a function for both proteins 'in heterochromatin formation. 

1.6.3.2 Covalent modification of histones. 

A fundamental manner in which chromatin conformation can be varied is by covalent 

modification of its histones. Post-synthetic histone modification by phosphorylation, 

acetylation, methylation and poly-ADP ribosylation are well characterised features of 

chromatin. Attempts have been made to link these modifications, particularly 

acetylation, to transcriptional activation Csordas (1985). However even though there 

are numerous correlations between an increase in histone acetylation and increased 

RNA synthesis, and considerable evidence for the enrichment of acetylated histones in 

transcriptional chromatin, it seems unlikely that acetylation alone is sufficient either to 

produce an active chromatin conformation ot to increase transcription rate. Studies of 

in vitro assembled simian virus 40 complexes have shown that acetylation does not 
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destabilise or open up the nucleosome structure, and the kinetics of transcription of 

these complexes by calf thymus RNA polymerases A or B is not affected by 

acetylation. Moreover, no difference is observed on comparing the DNAsel digestion 

rates of the nucleosome particles from control cells and those treated with butyrate 

which inhibits cellular deacetylase, implying that acetylation of core histones is not 

necessarily correlated with DNasel sensitivity. So although histone hyperacetylation is 

a characteristic of active genes its function in transcription, is not fully understood. 

1.6.3.3 DNA methylation. 

Some of the work on T -DNA integration has been concerned with determining which 

aspects of the plant DNA structure, such as DNA methylation and chromatin 

arrangement contribute to the integration and transcription of the T -DNA. Recently 

there has been much interest in the possible role DNA methylation may play in the 

regulation of gene expression in plants. 

Methylation of DNA is used by a wide range of prokaryotes and eukaryotes for the 

marking or tagging of DNA sequences as part of a range of epigenetic processes, 

including restriction-modification systems, DNA replication and repair, and regulation 

of gene expression. Methylation occurs subsequent to DNA synthesis by the activity of 

a DNA methyl-transferase catalysing the transfer of a methyl group from S-adenosyl-L

methionine to the C5 position of cytosine. The mechanism of methyl group transfer has 

been studied in detail for the human and murine DNA methyl-transferases (Bestor, 

1992, Smith et al., 1992) and the prokaryotic methylase Hhal (Wu and Santi, 1987). 

In addition, an enzyme-S-adenosyl methionine (AdoMet) complex has recently been 

crystallized (Cheng et al., 1993). A single mammalian methyl transferase enzyme 

which has been characterised and the gene cloned (Bestor, 1992), displays two 

methylating activities namely maintenance methylation of the symmetrical cytosine in a 

hemi-methylated CG doublet and de novo methylation of unmethylated CG 

dinucleotides. In vitro and in mammalian cell lines, de novo methylation occurs at a 

lower rate than maintenance methylation, in fact the N-terminal domain of the enzyme 
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acts to inhibit de novo methylation (J;Jestor, 1992). Although it is not known how 

tissue-specific methylation patterns are established in mammalian cells, it appears that 

ex,tensive de novo methylation occurs predominantly in the embryo, the methylation 

patterns are then subsequently inherited via maintenance methylation which occurs 

throughout development (Razin and Cedar, 1991). Plant cells are also found to exhibit 

a tissue specific methylation pattern which is maintained for many generations in tissue 

cultured cell lines (Kovarik eJ al., 1994, Philips eJ aL, 1994). In plant genomes it is 

well established that 5-methyl cytosine is present in both CG dinucleotides and in CNG 

trinucleotides, wheie N can be any base. Besides symmetrical methylation at CG 

doublets and CNG triplets a non-~ymmetrical cytosine methylation has been recently 

detected in a plant transgene (Meyer eJ al., 1994). Recently eDNA sequences for 

Aribidopsis thaliana DNA methyl-transferases have been cloned (Finnegan and Dennis, 

1993, Schiedt eJ al., 1994). These have been shown to contain regions of homology 

with DNAs coding fo~ prokaryotic DNA methylases. As for methylation of CG 

doublets and CNG triplets in highei plant genomes, it is still not certain whether it is 

accomplished by a single multi-specific DNA methylase or by multiple enzymes. 

Southern studies using probes for cloned DNA methylases have revealed multiple 

homologous sequences in the genome of Arabidopsis thaliana which could reflect the 

existence of a family of DNA methylase genes (Finnegan and Dennis, 1993, Scheidt eJ 

al., 1994). Investigation of DNA substrate specificity of pea methylases indicates that 

more than one enzyme or its several isoforms may exist (Roulston eJ aL, 1993). These 

data suggest the existence of a complex methylation system in plants. 

Information about the distribution -of methylated cytosines in plants has come almost 

exclusively from studies with a pair of isoschizomeric restriction endonucleases, Mspl 

cleaves CCGG sequences whether or not the internal cytosine is methylated, Hpall will 

act only on unmethylated DNA. Using each enzyme on the same genomic DNA will 

allow conclusions to be made about the methylation status of the DNA containing a 

gene of interest. Cleavage of genomic DNA with the restriction enzyme, followed by 

electrophoresis, Southern transfer and probing with the appropriate fragment of the 
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clQned gene, gives a pattern of bands from which the presence of methyl groups in 

particular CCGG sequences can be determined. The disadvantage of this is that only 

about 4% of methyl cytosines occur in the sequence and so the analysis is at best 

patchy. The alternative and a more superior method involves genomic sequencing and a 

recent modification of this method (Clark et al., 1994) allows the high sensitivity 

mapping of methylated cytosines on both strands of the target sequence. In this method 

sodium bisulphite is used to convert cytosine residues to uracil residues in single 

stranded DNA, under conditions whereby the 5-methyl cytosine remains non-reactive. 

The converted DNA is amplified with two sets of strand specific primers to yield a pair 

of fragments, one derived from each strand, in which all uracil and thymine residues 

have been amplified as thymine and only 5-methyl cytosine residues have been 

amplified as cytosine. The position of each methyl cytosine is given by a distinct band 

on a sequencing gel. This approach is able to give information as to the location in vivo 

of all methylcytosines in a gene and its flanking sequences. 

1.6.4 DNA methylation and the regulation of gene expression. 

It is generally assumed that once a sequence becomes methylated it will remain so 

through subsequent rounds of replication via the action of a maintenance methylase, 

however the signals for the initial de novo methylation of the unmodified DNA are not 

completely understood. Accumulating experimental support for methylation of foreign 

DNA sequences in plants suggest that methylation may occur in response to foreign 

DNA (Meyer and Heidmanil, 1994), via DNA-DNA (Flavell, 1994) pairing and as an 

RNA -directed process (Wassenegger etal., 1994). 

DNA methylation is correlated with decreased expression of many eukaryotic genes, a 

process which has been studied extensively in animal systems (reviewed by Adams, 

1990). In animals, where methylation occurs at CG sites, DNA methylation has been 

implicated in the control of gene expression (Bestor, 1990), epigenesis (Holliday, 

1987), carcinogenesis (Counts and Goodman, 1995) and genomic imprinting Monk, et 

al., 1987). Methylation also appears to be involved in the regulation of plant gene 
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expression. An association between methylation and gene expression was observed for 

genes in crown gall tumours (Hepburn et al., 1983), maize transposable elements 

(Denpis and Brettell, 1990, Schlappi et al., 1994 ), endogenous storage protein genes 

(Bianchi and Viotti, 1988), parental imprinting (Lund et al., 1995a) and ribosomal 

RNA genes (Torres-Ruiz and Hemleben, 1994). Using a construct containing the 

CaMV 35S promoter and the gus reporter gene methylated at every cytosine using 

methyl-dCTP, Weber et al., (1990) showed that both transient and long term gene 

expression in transformed tobacco cells was inhibited and that the integrated DNA from 

non-expressing plants was methylated at both CG and CNG sequences. It has become. 

clear from several studies that transgene inactivation has been associated with an 

increased level of DNA methylation (Hobbs et al., 1990, Linn et al., 1990, Matzke et 

aL, 1989, Prols and Meyer, 1992) which in two cases analyses led to promoter 

inactivation (Meyer et al., 1993, Neuhuber et al., 1994). It has been reported that 

methylation towards the 3' end of the gene can also be as effective as methylation at the 

5' end (Keshet et al., 1986, John and Amasino, 1989). 

Inactivation associated with methylation occurs to DNA introduced into plant cells using 

Agrobacterium twnefaciens or by direct DNA transfer methods.(Amasino et al., 1984, 

Peerbolte et al., 1986, Matzke et al., 1989). Gelvin et al., (1983) investigated the 

methylation of T-DNA in several crown gall tumours using the isoschizomeric 

restriction endonucleases Mspl and Hpall. Using Southern blot hybridisation they 

determined the T -DNA was unmethylated at this sequence, however in tumour lines 

containing multipleT-DNA insertions, T-DNA methylation occurs. In a petunia line 

carrying three copies of a tms2 gene construct as a negative selectable marker the 

expression of the transgene was also efficiently shut down and the sequence became 

hypennethylated, while plants containing one transgene copy did not lose its activity 

during vegetative culture (Renckens et al., 1992). Multiple transgene copies integrated 

into the plant genome have frequently been observed to undergo inactivation 

accompanied with the methylation of cytosine residues in the promoter regions of the 

transgenes. Linn et al., (1992) employed the Al marker gene to analyse certain 
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parameters that influence DNA methylation and to define the molecular mechanism by 

which DNA methylation influences gene transcription in plants. The AI gene of Zea 

mays encodes a dihydroflavanol reductase (DFR) an enzyme of the anthocyanin 

pathway. Due to a block in the anthocyanin pigmentation pathway petunia line Rl 01 

produces very low amounts of cyanidin and delphinidin, the two pigments that 

determine floral pigmentation in petunia. The white flowers of Rl01 accumulate 

dihydrokaempferol, a substrate of maize DFR. Introduction of a chimaeric maize A1 

gene from Zea mays under the control of the 35S CaMV promoter into a flowering 

mutant of Petunia hybrida Rl01, resulted in the conversion of dihydrokaemfrol into 

leucopelragonidin for further processing by endogenous enzymes into a red 

pelargonidin pigment. Primary transformants generated could be classified into three 

groups, plants with whitish flowers without any indication of A1 activity, 

transformants with salmon red flowers exhibiting continuous Al activity and plants 

carrying variegated flower with A1 activity present in some petal cells. The uniformity 

of petal pigmentation was inversely ~elated with the number of integrated A1 copies 

Most plants with white flowers had multiple copies of the transgene integrated at one or 

more si.tes, while flowers with uniform pigmentation generally occurred in plants which 

carried a single intact copy of the introduced gene. Inactivation of the chimaeric gene 

was associated with increased methylation of sites within the 35S CaMV promoter. 

Transgene inactivation and the existence of more than one T-DNA copy was also 

observed to correlate with DNA methylation in studies conducted by Matzke et aL, 

(1989, 1993). In this study doubly transformed tobacco plants were created following 

sequential transformation steps using two T-DNAs encoding different selection and 

screening markers. In 15% of the double transformants the phenotype of the gene 

conferring kanamycin resistance (introduced first) was lost after introduction of the 

second gene conferring hygromycin resistance. The loss of kanamycin resistance was 

accompanied by methylation of a specific CpG residues in its nopaline synthase 

promoter sequence. Segregation of the hygromycin gene away from the kanamycin 

gene resulted in the restoration of kanamycin activity corresponding with the partial or 

36 



complete demethylation of the promoter. It was also observed that different transgene 

combinations produced no, partial (unstable) or complete (stable) trons-inactivation of 

kanamycin resistance. The results imply that the ability to trons-inactivate or to be 

trons-inactivated is defined by the state of the gene loci. The results seemed to indicate 

that silencing H loci (encoding resistance to hygromycin) contained multiple, 

methylated copies of the H transgene construct and that the degree of methylation of a 

silencil1g locus could determine the extent to which it is inactivated and methylated the 

K locus (encoding resistance to kanamycin). The two loci are homologous in 300bp of 

their nopaline synthase promoter regions. To account for the apparent imposition of 

methylation from the silencing H loci to the target K locus, Matzke et al., (1994) 

proposed a DNA-pairing-dependent process that takes advantage of the fact that 

maintenance methylase prefers hemimethylated DNA as a substrate. It was also 

interesting to note that methylation occurred predominantly in the promoter regions and 

was associated with inactivation at the level of transcription. 

Reversible methylation and activation of genes can be induced using the substrate 

azacytidine (5-azaC), a chemical analogue of, which is incorporated into the nucleic 

acids in place of cytosine. When DNA methylase interacts with azacytidine containing 

DNA it forms a dead-end complex in which the enzyme is. covalently linked to the 

azacytidine (Santi et aL, 1983). This depletes the cell of active enzyme (Tanaka et al., 

1980) and DNA subsequently replicated fails to become methylated, i.e. it is hemi

methylated after one phase. In plants, 5-azaC treatment had already been shown to 

result in demethylation and subsequent expression of T-DNA genes. (Klaas et al., 

1989, Weber et al., 1990). Azacytidine was used by Renkens et al., (1992) to 

reactivate the T-DNA 2 gene of A.tumefaciens in transgenic petunia after it had been 

silenced by methylation resulting in the reactivation of gene 2 expression. Further 

evidence for reversible methylation was presented by Weber et al., (1990). A hemi-

. methylated chimaeric gene, containing the cauliflower mosaic virus 35S promoter, the 

B-glucuronidase coding region and the poly-adenylation signal of nopaline synthase 

was introduced into tobacco protoplasts by polyethylene glycol mediated transfection. 
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Hemimethylation led to complete inhibition of transient gene expression. In regenerated 

transgenic plants the integrated gene was constitutively hypermethylated at the 

sequences CG and CNG and this was correlated with an inactivation of .8-glucuronidase 

in 12 out of 18 plants analysed. Shoots regenerated from 5-azaC treated calli revealed 

stable enzyme restoration and demethy lation of the integrated transgene. 

1.6.4.1 Homology-dependent gene silencing and methylation. 

In work carried out by Linn et al., (1990) and Matzke and Matzke, (1994) both have 

related transgene inactivation in petunia and tobacco to involve transcriptional 

inactivation and methylation of repeated genes. Both linked and unlinked repeated 

genes are observed become methylated and silenced (cis- and trans-inactivated 

respectively). The possibility that a methylated transgene allele or locus can impose by 

means of a DNA-DNA pairing a hypennethylated state on a homologous, 

undermethylated allele or an unlinked locus have also been shown (Meyer et al., 1993, 

Matzke et al., 1993). Analysis of such homology dependent or repeat induced gene 

silencing (RIGS) (Assad et al., 1993) in plants has revealed intriguing parallels to 

related phenomena in some fungi. The first discovered instance of this phenomenon, 

repeat induced point mutation (RIP), occurs in the filamentous fungus Neurospora 

crassa (Selker, 1990). RIP is a DNA pairing dependent process in which duplicated 

sequences become riddled with point mutations in the form of C-T transitions and also 

become methylated. RIP presumably exists to increase sequence divergence between 

repeated sequences. This reduces the possibility of ectopic recombination, an yvent that 

could lead to deleterious genome rearrangements in the Neurospora genome which is 

otherwise deficient in repetitive DNA. Selker et al., (1993) described the initial events . 

in RIP as cytosine methylation followed by conversion of 5-methyl cytosine to 

thymine, howeva- methylation minus mutants are still subject to RIP, such that point 

mutations appem- in the absence of methylation. It should be noted that Ca'tain otha

fungi inactivate duplicated sequences by a reversible methylation process that is not 

associated with point mutations; the so caUed MIP (Methylation induced pre-
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meiotically) phenomenon has been described in Ascobulus, another filamentous fungi 

(Rossignol and Faugeron, 1994), and in a basidomycete, Coprinus cinereus (Freedman 

and Pukkila, 1993). 

The extent to which gene silencing in plants is mechanistically related to RIP is not 

known. In that RIP occurs pre-meiotically in a few haploid cells during the sexual 

phase of Neurospora whereas homology dependant silencing events in plants take place 

in diploid (or polyploid) somatic cells. Furthermore unlike RIP mutations, point 

mutations do not seem to occur to any great degree with methylated plant genes, as 

demonstrated by the reversibility of silencing (Matzke et al., 1994). The plant 

mechanism may therefore more closely resemble MIP than RIP. It is suggested that 

such mechanisms in plants may have evolved to help silence the many copies of 

transposable elements thus reducing their detrimental and mutagenic effects on the 

genome. 

1.6.4.2 Paramutation. 

Accumulating evidence to date suggests that the behaviour of transgenes in which one 

gene induces an epigenetic change in another is strongly reminiscent of paramutation 

phenomenon where differences in DNA methylation are also found to be associated. 

In plants the term paramutation was coined by Brink, (1973) who discovered and 

characterised the phenomenon at the maize R locus, which encodes a transcription 

factor that is involved in the anthocyanin biosynthet:ic pathway. Paramutation refers to 

an allelic interaction in which the activity of a sensitive allele [the 'paramutatable' allele] 

is heritably weakened following an interaction with an inducing [or 'paramutagenic1 

allele in a heterozygote. Paramutation violates Mendel's first law, which states that 

alleles exert no effect on one another once they have segregated in progeny, because the 

weakened, or paramutated, allele remains weakened for several generations after 

crossing out the inducing allele. The possibility that one allele could influence and bring 

about a genetic change of the other allele in het:erozygotes was recognised as early as 

1930 by Winkler, and is known to occur in a large number of plant species, including 
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Lycopersicon esculentum, Zea mays, Antirrhinum majus, Pisum sativum, Malya 

parviflora, Celosia crista, and certain varieties of Prunus, Fragaria and Oennthera. 

(Meyer et al., 1993). However, the molecular mechanisms responsible for 

paramutation phenomena remains unclear. Paramutation has been most extensively 

studied for the R locus (Brink, 1973) and the B locus (Coe, 1966) of Zea mays. The 

reduced pigmentation of the r gene following its interaction with the paramutatable 

alleles appears to involve methylation and a paramutagenic allele that contains multiple 

copies of the r gene (Patterson and Chandler, 1995). However no changes in DNA 

methylation have been detected in paramutated alleles of the maize b gene (Patterson et 

al., 1993). Other differences between paramutation of band r relate to penetrance and 

stability of the paramutated allele. These genes, although homologous, differ in their 

structure with the r gene having a complicated pattern of duplicated sequences not seen 

at the B locus. It has been proposed (Patterson et al., 1993) that paramutation at the B 

locus results from an allelic interaction which promotes a heritable change in expression 

state similar to heritable transcription states which occur in the absence of DNA 

methylation in Drosophila (Paro, 1990) and yeast (Laurenson and Rine, 1992). 

Matzke and co-workers (1993) showed that methylation and inactivation of the 

aforementioned target locus K could be reversed after crossing out the silencing locus 

H, however was observed to occur gradually over several generations. It was therefore 

suggested that the silencing locus H causes a heritable alteration in the expression of the 

target locus K. These interlocus effects are similar to the directed heritable (epigenetic) 

changes that occur when certain alleles interact, in paramutation. Similarly Meyer and 

Heidmann (1994) have discovered paramutagenic-like versions of the aforementioned 

maize A 1 gene inserted into petunia under the control of the CaMV promoter. When the 

hypermethylated A1-allele of a single copy transformant was crossed with a 

homologous, but hypomethylated allele, the hypomethylated allele became methylated 

and silenced in a semi-dominant way. The F1 plants which received a hypomethylated 

AI allele from one parent and a hypermethylated allele from the other showed a 

significant reduction in A1 expression correlating with hypermethylation of the 
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promoter region. It was suggested that the hypermethylated allele has paramutagenic 

potential, inducing methylation in the paramutatable AI allele that had been previously 

hypomethylated. After both alleles had segregated form each other, the paramutated A 1 

allele remained hypermethylated over the next two generations with occasional weak 

reactivation in a few cells. Homology dependent silencing in plants does not always 

appear to be associated with DNA methylation of the suppressed genes (Mol et al. , 

1991, Hart etaL, 1992, Goring etal., 1991). Jorgensen, (1995) described co-ordinate 

silencing (co-suppression) of chalcone synthase (chs) transgenes and endogenous 

genes in petunia. This was a post-transcriptional process involving RNA turnover (Van 

Blokland et al ., 1994) that appears not to be associated with extensive methylation. 

The chs system in petunia involves fascinating changes in corolla pigmentation patterns 

that must involve meristem-wide changes, such as alterations in the turnover of 

transcript. The different patterns have a epigenetic basis because they are both 

meiotically heritable yet also reversible. The chs system is complicated in that not only 

are the chs endogenous genes affected by expression of the transgene, but also the 

trans gene itself can undergo paramutation- like changes. The meiotically heritable state 

imposed on a paramutatable allele is an example of an epiallele or an epimutation. The 

questions remaining to be answered is how does one gene impose an inactive 

meiotically heritable state on another and what modifications in DNA and/or chromatin 

structure does it entail. 

Models for a mechanism underlying allelic trons-inactivation in D.melanogaster suggest 

the inactivation of a gene by direct contact with heterochromatic proteins (Dreeson et 

aL, 1991) and a direct transmission of the resulting chromatin structure 

(heterochromatinisation) between paired homologues (Henik:off and Dreeson 1989). 

However it is difficult to envisage the inheritance of chromatin structures as this would 

require the dismantling and subsequent reassembly of chromatin states during DNA 

replication. Because plants do not have a separate germ line, specific somatic 

methylation of genes oould be inherited through meiosis as the maintenance methylase 

will ensure the inheritance of methylation on symmetrical cytosines during DNA 
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replication. Lund et aL, ( 1995b ), described an epimutation of the P-locus in maize that 

changes during plant development. Changes- in the p gene are marked both by 

demethylation of specific sites and by decondensation of chromatin in regions that are 

important for gene expression. This provides the first direct connection between 

chromatin structure at a plant locus and its DNA methylation state. 

1.6.5 Stabilising transgene expression. 

There is considerable evidence from many non-plant sources including Drosophila 

(Gasser et al., 1989), chicken, mouse, HeLa cells and yeast that the organisation of 

DNA into loops is maintained by the periodic attachment of the DNA to a proteinaceous 

chromosome scaffold. How these scaffolds relate to the nuclear matrix is as yet 

unclear. In many eukaryotes, nuclear scaffold or matrix attachment regions 

(SARs/MARs) of DNA have been isolated and analysed for common features. These 

have often been found to lie in A-T rich regions and to contain sequences related to the 

Drosophila topoisomerase II consensus sequence. They may also contain sequences 

related to the T -box and A -box sequences identified by Gasser and Laemmli (1986) and 

to autonomously replicating sequences (ARSs). Several of the ARS-like regions have 

been shown to function as SARs/MARs in vivo . In some cases, co-mapping of 

SARsiMARs with transcriptional enhancers have been noted. All of these 

characteristics have led to the speculation that enzymes regulating torsional stress, 

proteins enhancing or silencing transcription, and even replication complexes may bind 

at the base of loops to exert their effects on each loop and therefore on the genes within 

the loop (Jackson, 1991). Some credence has been given to this speculation by another 

property of SARs/MARs, namely their ability when placed upstream and downstream 

of a reporter gene in transgenic organisms to alleviate commonly observed position 

effects on the expression of the reporter gene. Studies in animal systems have provided 

strong evidence that SARsiMARs can insulate transgenes from surrounding chromatin 

(Stief et al., 1989, Phi-Van et al., 1990). When SARs/MARs are included on both 

sides of the transgene the expression level becomes proportional to transgene copy 
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number, indicating that gene activity is independent of position in the chromosome. In 

a plant study Breyne et al., (1992) characterised a plant SAR from the soya bean 

genome which flanks a seed specific lectin gene and four other genes with different 

tissue specificities. The pl-SAR was used to flank a GUS reporter gene at either end 

and was introduced into tobacco via A. tumefaciens mediated gene transfer. The results 

seemed to contradict the published animal data, in that only slight decreases in 

variability were noted and more surprisingly overall expression levels were unaffected 

or slightly decreased. However it is difficult to compare this work with others because 

no gene copy numbers were determined. Van der Geest and co-workers (1994) found 

that MARs flanking the B-phaseolin gene caused a modest increase in overall expression 

and modest decrease in variability in exwession of a reporter gene in tobacco plants 

transformed usingAgrobacterium. The work of Schoffl and co-workers (1993) comes 

the closest to that obtained in the animal work. In this work a MARs isolated from a 

clone containing a soybean heat -shock gene was used to generate transgenic tobacco 

plants by Agrobacterium mediated transformation. The MARs resulted in 5- to 9- fold 

increase in expression of the GUS reporter gene, but no effect on the variability in 

transgene expression. There was however, at least partial copy-number dependence of 

expression. Mlynarova etal., (1994, 1995) used an animal MAR chick lysozyme and a 

gus reporter gene in Agrobacterium mediated transformation of tobacco plants. They 

found a moderate increases in average transgene expression ( 4-fold) and a substantial 

decrease in transformant to transformant variability in transgene expression (8-fold 

decrease in variance of logarithmically transformed data). In contrast to the work of 

Schoffl etal., (1993) no-copy number dependence in transgene expression was found. 

In work carried out by Allen et al., 1993 and Spiker et al., 1995, both a heterologous 

yeast and tobacco MARs were used to flank a gus reporter gene. Microprojectile 

bombardment was used to co-transform tobacco cells with the selectable marker and 

reporter gene on separate plasmids. The objective of this approach was to avoid the 

bias in favour of expression that may result from the close physical linkage of selectable 

marker and reporter genes in used in most Agrobacterium vectors. It was noted with 
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the yeast MARs an overall stimulation in transgene expression of 12-fold(24-fold on a 

per copy basis). Spiker et al., 1995 using a tobacco MAR observed greater than 60-

fo1d stimulation (nearly 140-fold on a per-copy basis). In both cases, the variability of 

transgene expression was reduced only slightly with no evidence for copy number 

dependence. Spiker etal., (1995) also noted that transgene expression was inhibited by 

higher copy numbers. It was suggested that these results may indicate the involvement 

of "homology-dependent gene silencing". 

1. 7 Scope of this thesis. 

It may thus be seen that expression of a foreign gene introduced into plants by the 

process of Agrobacterium-mediated transformation is not solely dependent on a 

successful integration event but rather depends to a greater or lesser extent on factors 

associated with or dependent on the number and location of integration sites within the 

genome. As a direct consequence of this extensive variation in levels of transgene 

expression are commonly observed. In basic research such variation between 

independent transformants is a major obstacle to precise comparisons between different 

gene constructs. In plant breeding programs inter-line variability necessitates the 

screening of large numbers of transformants such that the desired trait may be selected, 

and thus makes such breeding programs less cost efficient. The situation may also be 

further complicated should the introduced gene prove to be developmentally and/or 

genetically unstable. Despite a recent survey report (Finnegan and McElroy, 1994) 

revealing that, of the 30 companies engaged in the commercialisation of transgenic 

plants questioned, almost all reported some level of transgene inactivation few reports 

of such problems reach the literature. 

This thesis is concerned with an investigation into the reasons underlying the observed 

variability described above. To this end populations of transgenic tobacco plants 

harbouring a known ,transgene will be analysed in order characterise the structure and 

number of gene copies integrated into the tobacco genome, the organisation of 

integration sites within this genetic background and the influence of integration site-
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specific factors. These data will then be correlated with observed levels of transgene 

expression and an attempt made to determine the extent to which each of the above 

factors exerts an effect over transgene expression. While many workers seem willing 

to accept that transgene expression level variability is a mere 'fact of life' and 

compensate by undertaking analyses of increasingly large populations of transformants, 

attempts to optimise plant transformation techniques such that stable, determinable 

levels of expression are reproducibly obtained will continue to be hampered by a lack of 

understanding of the extent to which expression levels are dependent on the above 

factors, independently and in concert. It is hoped that this study will increase our 

awareness of these issues and serve to enhance our knowledge of the little explored 

phenomena underlying transgene expression in plants. 
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Chapter 2: 

Materials and Methods. 

2.1 Glassware and plasticware. 

All glassware and plasticware used in experiments involving nucleic acids were 

siliconised and autoclaved at 121 oc, 15 p.s.i., for 20 minutes. 

2. 2 Chemicals and biological reagents. 

Unless otherwise indicated all chemicals and reagents used were purchased from BDH 

Chemicals Ltd., Poole, Dorset, UK and were of analytical grade (AnaLar). Other 

materials were obtained from the designated sources listed below. 

Bovine serum albumin (BSA), polyvinyl pyrolidone (PVP), herring sperm DNA, 

sodium iodide, xylene cyanol, bromophenol blue, ethidium bromide (EtBr), 

dithiothreitol (DTT), adenosine triphosphate (A TP), RNase A, pronase, proteinase K, 

lysozyme, sodium dodecyl sulphate (SDS), sodium lauryl sarcosinate, ampicillin, 

carbenicillin, gentamycin, rifampicin, isoamyl alcohol, dimethyl formamide (DMF), 

dimethyl sulfoxide (DMSO), micrococcal nuclease and deoxyribonuclease I were from 

Sigma ChemiCal Company, Poole, Dorset, UK. 

Restriction endonucleases and DNA modifying enzymes were purchased from 

Northumbrian Biologicals Ltd., Cramlington, UK, Boehringer Mannheim GmbH, 

Mannheim, W.Germany and New England Biolabs, Beverly, Maryland, USA. 

dNTP's, random hexanucleotide primers and the digoxigenin DNA labelling and 

detection kit were also purchased from Boehringer and Mannheim. 

3MM paper, and filter papers were from Whatman Ltd., Maidstone, Kent, UK. 

Nitrocellulose filters were from Schleicher and Schuell GmbH, Dassel, W.Germany. 

'Hybond-N' nylon filters, radioactive 32P-dCTP and 125I conjugated donkey anti-
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rabbit IgG antibodies were from Amersham International plc., Amersham, Oxon, UK. 

X-ray films (Fuji RX100) were from Fujimex, Swindon, Wiltshire UK. 

Sephadex G-50, G-100, Ficoll-400, glycogen and percoll were purchased from 

Pharmacia Fine Chemicals, Milton Keynes, Bucks., UK. 

Yeast extract was from Biolife s.r.l., Milan, Italy. Bacto-agar was from DIFCO, 

Detroit, Michigan, USA. Bactotryptone and beef extract were from Oxoid Ltd., 

Basingstoke Hertfordshire, UK. 

Agarose was from BRL Ltd., Uxbridge, Middlesex, UK. Augmentin was from 

Beecham's Pharmaceuticals, Brentford, Middlesex UK. 

Rabbit anti-pea lectin antibodies were obtained from Glyn Edwards. Present address: 

Shell Research Bioresearch Centre, Sittingbourne, Kent. 

Rabbit anti-acetylated, and anti-unacetylated Histone H4 antibodies were received as a 

gift from D.C Allis. Present address: Dept. of Biology, Syracuse University, New 

York, USA. 

2. 3 Bacterial strains and plasm ids. 

All bacterial strains and plasmids used are described in table (2.1) 

2. 4 Bacterial culture media and antibiotics . 

. The following media were used for the growth of bacterial cultures: 

• . LB-medium (Luria-Bertani):- lOg/1 bactotryptone; 5g/1 bacto-yeast extract; lOg/1 

NaCI; and adjust to pH to 7.0 with NaOH 

• YEB-medium:- 5gll bactotryptone; 1gll bacto-yeast extract; 5gll bacto-beef 

extract; MgS04 to 2mM adjust to pH to 7.2 with NaOH; add 10ml50%(w/v) sterile 

sucrose solution added after autoclaving. 
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For solid media, 15gll agar was added before autoclaving. After autoclaving (121°C, 

15 p.s.i.), and the media cooled to 55oc before antibiotics were added (see table 2.2). 

2. 5 Storage of bacteria. 

Bacterial cultures were stored at 40C for up to six weeks on inverted agar plates sealed 

with Nesco-film. For long term storage, bacterial lawns grown from single colonies on 

selective agar plates were transferred to sterile 2ml aliquots of a solution containing 

60% L-broth and 40% glycerol mixed thoroughly by vortexing and stored at -80°C. 

2. 6 Plant material. 

McotianJJ tabacum SRI cv. Petit Havana (Maliga etal., 1973). N.tabacum seeds were 

surface sterilised by immersing in 20% (v/v) sodium perchlorate for one hour with 

gentle agitation every fifteen minutes. Five washings with sterile distilled water were 

performed before transferring the seeds to MS salts agar in beatson jars to germinate 

and produce axenic plants for transformation. 

2. 7 Production of transgenic plants. 

The method employed was based on the leaf disc method of Horsch et al ( 1985) with 

modifications. 

A.tumefadens (GV3101) harbouring either pGV3850::pDUB130 or 

pGV3850::pDUB133 co-integrates was grown overnight at 280C in 50ml YEB-broth 

containing appropriate antibiotics with vigorous shaking. The cells were harvested by 

centrifugation and washed three times in 2mM MgS04, the cells were resuspended, 

reharvested and the supernatant discarded in each case. After the fmal wash the cells 

were resuspended in 50ml co-cultivation media( details of the constituents of all the 

media used are given in table (2.3), to give a cell density of approximately a 101 o 

cells/ml. 

All plant material used in the transformation was obtained from tissue culture to obviate 
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Antibiotic Abbreviation A.tumefaciens E. coli 

J.Lg/ml J.Lg/ml 

Ampicillin Ap - 50 

Carbenicillin Cb 100 -

Gentamvcin Gm 10 2.5 

Kanamycin Km - 20 

Rifampicin Rif 100 -



Table 2.2: 

Antibiotic concentrations used in bacterial culture media. Concentrations used in the 

selection of bacterial strains harbouring recombinant plasmids are shown. 

Ampicillin, carbenicillin, gentamycin and kanamycin were each dissolved in sterile, ·distilled 

water to the appropriate concentration and filter-sterilised prior to use. 

Stocks of rifampicin were made by dissolving the antibiotic to the desired concentrationn in 

70% methanol. 

All antibiotic stock solutions were stored at -2ooc and defrosted thoroughly before use .. 



Bacterial Strains Genotypes/Characteristics Reference/Source 

E. coli 

DH5a F-,recA 1 ,endA 1 ,supE44,thi R.Croy2 

Agrobacterium 

GV3101 

Plasmids 

pBR322 Av,Tcr,colEl replicon R.Croy2 

born+. 

pUC18/19 Apr, lacZ cloning region R.Croy2 

pNOS-NPT nos promoter/npt/1 gene Glyn Edwards(Ph.D)l 

fusion in 

pDUB80 pUC18 containing pea lecA R.Croy2 

pCaMV 800 bp 35S promoter from Glyn Edwards(Ph.D)1 

ROK2(a derivative ofROK1) ' 

in 8 

pDUB133 1020 bp Tobacco ssRubisco R.Croy2 

pDUB1104 pBR322 containing RB & LB C. Shaw2 

pGV3850 pGV3100,pBR322 replacing Zambryski et al ( 1983) 

T-DNA between Hindl/1 

23-10 

pGV3850::pDUB130 npt(Il),CaMV35S-lecA, Glyn Edwards(Ph.D)l 

replacing T -DNA between 

0 

pGV3850::pDUB133 npt(ll),Tobacco ssRubisco- Glyn Edwards(Ph.D)1 

lecA, replacing T-DNA 

between Hindlll fragments 



Table 2.1: 

Escherichia coli & Agrobacterium tumefaciens strains & plasmids 

Key: Apf: ampicillin resistance; Tcr: tetracycline resistance; RecA: recombinant deficient; 

hsdR: endonuclease R host restriction activity; supE: supressor of amber mutations; hom+: 

mobilisation site; LB & RB: left border and right hand border sequence; 1: Present address 

- Shell Research, Bioresearch Centre, Sittingbourne, Kent; 2: Present address - Dept. of 

Biological Sciences, University of Durham. 



the need for surface sterilisation. Leaf squares (lcm2) were floated on the surface of 

the bacterial culture for 10 minutes and then incubated on co-cultivation agar for 48h at 

250C in tissue culture with an 18h photoperiod (6,000 Lux). The leaf squares were 

then washed overnight in explant medium with gentle shaking, four squares were 

washed in 30ml of media. The squares were blotted on sterile filter paper, and placed 

on selective agar plates. The plates were sealed and incubated under the conditions 

previously described. 

Shoots obtained were excised after four to six weeks at the second or third internode. 

The base of the stems were cut at an angle to maximise the surface area available for 

rooting and placed a few mm in rooting agar ( 40ml) in 250ml beatson jars. 

2. 8 Growth of transgenic plants. 

Rooted plants which survived the kanamycin selection after four weeks were potted in 

clean four inch pots, two-thirds filled with autoclaved (2h,l210C) 50:50 compost and 

perlite mixture, together with some agar around the root system. The pots were then 

sealed in thin clear polythene bags, secured round the rim by an elastic band, and 

transferred to the containment growth room. All plants were grown at 250C with an 

18h photoperiod (6,000 Lux). Plants were watered every two days with MS salts until 

established and the plants repotted every four weeks. 

2. 9 Biochemical isolation and purification of nucleic 

acids. 

2.9.1 Deproteinisation of nucleic acid samples using phenol. 

Phenol for deproteiniSing nucleic acids was obtained by the distillation of phenol 

crystals under nitrogen, collection and storage under TE (pH 7 .2) at -2ooc. 

Solutions of DNA were deproteinised by two successive extractions with phenol

chloroform-isoamyl alcohol, henceforth referred to as "phenol". 1.5 volumes of phenol 

were added to the DNA sample and mixed by vortexing. The aqueous phase and 
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phenolic phase were separated by a brief centrifugation in a microcentrifuge. The upper 

phase was transferred to a fresh tube and the phenol extraction repeated. When 

extracting small amounts of DNA, the phenolic phase was back extracted with an equal 

volumeofTE buffer, and the resultant aqueous phase was combined with the original 

aqueous phase. Phenol extractions were followed by two extractions with an equal 

volume of chloroform-isoamyl alcohol (24:1 vlv) to remove the remaining traces of 

phenol. In some cases, when the DNA sample was very viscous, the remaining traces 

of phenol were removed by three to four extractions with an equal volume of diethyl 

ether. Traces of diethyl ether were then removed by aspirating the sample with nitrogen 

for 5 min. After deproteinisation, DNA was recovered by alcohol precipitation. 

2.9.2 DNA precipitation using alcohols 

0.1 volumes of 3M sodium acetate pH 5.2 and two volumes of ethanol were added to 

the DNA solution and kept at -700C for 30 min, or at -2QOC overnight. For 

precipitating DNA samples of concentrations lower than 200ng/ml, 1 to 2J.1g of 

glycogen per 1 Oml total volume was added as a carrier. The precipitated DNA was 

pelleted by centrifugation at 12,000 x g for 1 Omin (MSE Microcentaur microcentrifuge) 

for small samples, or at 25,000 x g (Beckman JS-21 high speed centrifuge) for larger 

samples. The pellet was washed twice in 70%(v/v) ethanol, dried briefly under vacuum 

and then redissolved in a small volume of sterile water or TE (lOmM Tris-HCl, pH7.4, 

1mM EDTA). To minimize the volume of solution to be centrifuged, isopropanol was 

sometimes used instead of ethanol. In these cases, 0.6-1.0 volume of isopropanol was 

added to the DNA solution and the mixture was kept at -2QOC for 30 minutes. 

2.9.3 Analysis of nucleic acids by UV absorbance. 

In order to determine the concentration of nucleic acids in DNA, a small sample (lJll to 

5Jll) was added to a 1cm quartz cuvette containing 1ml of sterile water or TE buffer. 

The solution was thoroughly mixed and the absorbance (A) was measured at a 

wavelength of260nm against a blank of sterile water or TE buffer. An A26Q of 0.02 
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Co-cultivation media lxMS medium (4.71gll) Murashige& 
Skooge 

(1962),2%<wlv) sucrose, lmg/ml BAP, 

O.lmg/ml NAA, pH to 5.8 with HCl 

hereafter called MS2SBN. 

Washing medium as MS2SBN with added anti-
A.tumefaciens 

antibiotics ( 400J,tg/ml) Augmentin, 

200(J..tg/ml) Kcmamycin. 

Selection medium as MS2SBN, 0.8%(w/v) agar, (200J,tg/ml) 

Kanamycin 

Rooting medium 0.5x MS, 0.8%(w/v) agar, (lOOJ,tg/ml) 

Kanamycin 

Seed germination media O.Sx MS, 0.8%(w/v) agar 



Table 2.3: 

Plant tissue culture media constituents. 

All constituents, excluding antibiotics, were dissolved in approximately 800 ml distilled 

water and the pH adjusted appropriately before making the solution up to a final volume of 

1 1 with distilled water. Media was dispensed into aliquots and autoclaved at 121 oc, 15 

p.s.i. Antibiotics, if required, were added immediately before use. 



corresponds to a DNA concentration of 1!J.g/ml. An A260 of 0.024 corresponds to an 

RNA concentration of 1!J.g/ml. 

Analysis of the purity of the DNA was estimated from a spectrophotomeric scan from 

200nm to 300nm by calculating the A26ofA280 ratio, whereby ratios for pure DNA 

were 1.8. 

2.9.4 Fluorimetric analysis of DNA using diaminobenzoic acid 

(DABA). 

Estimation of DNA concentration was determined by performing fluorimetric analysis 

using diaminobenzoic acid (DABA) as described by Thomas and Farquar (1978). 1 to 

5!J.l samples of DNA solution to be analysed were placed in 1.5ml eppendorf tubes. 

Samples greater than 5!J.l were frrst dried under vacuum. 20!J.l DABA solution 

( 400mg/ml in H20) was added to each tube, mixed, centrifuged briefly, and incubated 

at 600C for 30 minutes. 1.6ml of 1M HCl was added to each tube, mixed thoroughly, 

and the relative fluorescence was measured on a Baird-Atomic Fluoripoint fluorimeter at 

405nm excitation wavelength and 505nm emission wavelength. A standard curve was 

constructed using lambda DNA standards containing 20ng to 1!lg of DNA. The 

concentration of DNA was then estimated using the standard curve. 

2.9.5 Preparation of competent E.coli cells. 

For cloning and maintaining stocks of plasmids competent E.coli cells were prepared 

for transformation experiments by one of the two methods described below: 

2.9.5.1 RbCIICaCI2 Method 

5ml of LB medium were inoculated with a single colony of DH5a or other desired 

bacterial strain and shaken at 370C for 2-3h. This starter culture was then used to 

inoculate 1 OOml of pre-warmed LB medium in a 1L conical flask which was incubated 

at 37oc with vigorous shaking until the OD550 reached 0.35. The culture was 

transferred to sterile 50ml capped centrifuge tubes and chilled on ice for 15min. The 
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cells were then centrifuged for 5min at 5,000 x g at 4oc. The supernatant was 

discarded and the cells resuspended in 10.5ml of ice cold TFB 1 (lOOmM RbCl, 50mM 

MnC12, 30mM KOAc, lOmM CaC12, 15% (v/v) glycerol). Both suspensions were 

pooled, incubated on ice for 90 minutes and the cells pelleted as before. The 

supernatant was decanted and the cells gently resuspended in 2.8ml of ice cold TFB2 

(lOmM MOPS pH7.0, lOmM RbCl, 75mM CaC12,1S% (v/v) glycerol). 100-2~J.ll of 

competent cells were used per transformation reaction. For long term storage 200J.tl 

aliquots in microfuge tubes were flash frozen in liquid nitrogen and kept at -sooc. 

2.9.5.2 Polyethylene/dimethylsulfoxide method. 

The method described was essentially that of Chung et al., (1989). 5ml of LB medium 

were inoculated with a single colony of DH5a or other required strain and incubated at 

370C for 2-3h with vigorous shaking. This starter culture was then used to inoculate 
) 

50ml of prewarmed LB medium and the bacteria allowed to grow at 370C with 

vigorous shaking until an OD of 0.4 was reached at 650nm. the cells were pelleted by 

centrifugation 5,000 x g for 5min. The supernatant was discarded and the pellet 

resuspended in 1/10 th of the original volume of the culture using ice oold sterile 

transformation and storage solution buffer pH6.5 (LB-medium oontaining 10% (wlv) 

PEG8,000, 50mM MgCl2 and 5% (vlv) DMSO; pH6.5). 200J.tl of competent cells was 

used for every transformation reaction. For long term storage, 200J.tl aliquots of 

competent cells in microfuge tubes were frozen on dry ice and stored at -800C. 

2.9.6 Small-scale preparation of plasmid DNA. 

The modified method of Birnboim and Doly (1979) was used in the preparation of 

small quantities of plasmid DNA. 10ml aliquots of LB medium in universal bottles 

with appropriate antibiotics added were each inoculated with bacteria from single 

colonies using sterile tooth picks, and grown overnight at 370C on a rotary shaker. 

The cells were pelleted by centrifugation at 4,200rpm (5,000 x g) for 10 minutes and 

resuspended in 200J.tl of lysis buffer (50mM glucose, 25mM Tris-HCI pH8.0, and 
. -
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10mMEDTApH8.0) containing 4mg/mllysozyme (freshly added to the buffer). The 

cell suspension was transferred to a 1.5ml Eppendorf tube and placed on ice for 

approximately 30 minutes. 400J.ll of freshly prepared alkaline-SDS (1% (w/v) 

SDS,0.2M NaOH) was added to the tube, mixed genpy by inverting the tube several 

times and kept on ice for a further 15 minutes with occasional inixing. 300J.1l of cold 

3M sodium acetate, pH4.6 was added, mixed thoroughly and incubated on ice for 10 

minutes. The sample was centrifuged in a microcentrifuge at 12,500rpm (12,000 x g) 

for 10 minutes. The supernatant was phenol extracted once, chloroform extracted twice 

and precipitated with two volumes of cold ethanol. The pellet was washed with 70% 

ethanol, vacuum dried and resuspended in T.E buffer (pH7.2). The plasmid DNA was 

stored at -800C. 1 to 2J.1l RNaseA (10mg/ml), previously heat treated by boiling for 20 

minutes to inactivate DNases, was normally added during restriction digestions of the 

plasmid DNA isolated by the above method. 

2.9.7 Large-scale preparation of plasmid DNA. 

The method used was adapted from the Promega catalogue of "Protocols and 

Applications" (1990), allowing for the rapid isolation of plasmid DNA without the need 

for banding in caesium chloride gradients. The plasmid containing strain of E. coli was 

grown overnight in 250ml of L-broth containing the appropriate antibiotics, at 370C 

with vigorous shaking. The cells were harvested by centrifugation at 5,000 x g for 15 

minutes at 40C, the pellet resuspended in 6ml of freshly prepared lysozyme buffer 

(25mM Tris-HCl, pH75, lOmM EDTA, 15%(w/v) sucrose, 2mg/ml lysozyme) and 

placed on icefor20 minutes. To this 12ml of0.2M NaOH, 1 %(wlv) SDS was added, 

mixed carefully by inversion and incubated on ice for 10 minutes. 7.5ml of ice cold 3M 

sodium acetate, pH 4.6 was added to the lysate, mixed thoroughly and the suspension 

placed on ice for 10 minutes, followed by centrifugation at 10,000 x g for 15 minutes. 

The supernatant was recovered, to which 50J.ll of RNase A (lmg/ml stock) was added 

and incubated for 20 minutes at 370C. After incubation the supernatant was extracted 

with one volume of phenoVchloroform by vortexing for 5 minutes and centrifugation at 
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10,000 x g for 10 minutes. The upper aqueous phase was saved and the phenol 

extraction repeated. The upper phase was then extracted with chloroform/isoamy 1 

alcohol (24:1) by vortexing for 5 minutes and centrifugation at 10,000 x g for 10 

minutes. The upper aqueous phase was then transferred to a fresh tube and the DNA 

precipitated with two volumes of ethanol at -2QOC for 30 minutes. The precipitate was 

recovered by centrifugation at 10,000 x g for 20 minutes. The pellet obtained was 

dissolved in 1.6ml of sterile water, mixed with 0.4ml of 4M NaCl, 2ml of 13% (w/v) 

polyethylene glycol (PEG 6000) and incubated on ice for 60 minutes. The PEG 

precipitated plasmid DNA was pelleted by centrifugation at 10,000 x g for 10 minutes, 

washed in 70%(w/v) ethanol, dried under vacuum and finally dissolved in sterile water 

or TE buffer. 

2.9.8 A.tumefaciens total DNA preparation. 

The method used was essentially that of Herrera-Estrella and Simpson, (1988). A. 

tumefadens strains were grown in 5ml YEB-broth containing the appropriate antibiotics 

for 24-48h at 280C with vigorous shaking. 1.5ml of culture was centrifuged for 30s at 

12,000 x gin an Eppendorf tube and the cells resuspended in 380,.U pronase buffer 

(50mM Tris-HCl pH8.0, 20mM EDTA, 0.8% Na-lauroyl sarcosinate). 201-11 of a 

20mg/ml solution of pronase was added and the suspension incubated at 420C for 1 

hour. The resulting lysate_ was sheared by passing it through a Pasteur pipette 4-5 

times. The sheared lysate was deproteinised twice by extraction with phenol followed 

by four extractions with diethyl ether. The DNA was precipitated with alcohol, 

redissolved in 2001-11 TE, reprecipitated, and washed twice in 70% (v/v) ethanol. The 

DNA pellet was dissolved in 1001-11 TE and stored at -700C. 

2.9.9 Extraction of high molecular weight DNA from leaf tissues. 

Total genomic DNAs were isolated from plant tissues according to the procedure 

described by Shirsat et al., (1989). Briefly, 5g of leaf tissue material was frozen in 

liquid air and ground in a cold mortar and pestle to a fine powder. 5ml homogenising 
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buffer(0.1M NaCl, 0.025M EDTA, 2% (w/v) SDS), 2.5ml 5M sodium perchlorate, 

· 5ml redistilled phenol, and 5ml 1 %(v/v) octanoVchloroform mixture was added 

sequentially with thorough mixing. The resulting suspension was transferred to a 

sterile 100ml conical flask and was shaken on a rotary shaker (lOOrpm) for 1.5h at 

40C. The suspension was then centrifuged in corex tubes for 10 minutes at lO,OOOrpm 

at 40C to separate the phases. The aqueous phase was removed and extracted once 

with an equal volume of octanoVchloroform mixture. The DNA was then recovered by 

spooling with a glass hook using two to three volumes of cold (-200C) 100% ethanol 

gently layered over the supernatant. The spooled DNA was gently resuspended in 1ml 

of TE buffer overnight at 40C. 25!ll of stock pronase (25mg/ml; previously self

digested for 2h at 370C) was added and the mixture incubated at 370C for 2h. The 

DNA was then purified by centrifuging twice, if necessary, on caesium 

chloride/ethidium bromide gradients using a Sorvall OTD65B Ultracentrifuge. The 

band containing the DNA was collected, extracted with caesium chloride-saturated 

isoamyl alcohol to remove the ethidium bromide and dialysed against TE buffer for 48h 

at 40C with several buffer changes. Dialysed DNA was then concentrated by ethanol 

precipitation (overnight at -2QOC), pelleted, redissolved in TE buffer, and the 

' 
concentration and purity determined using a spectrophotometer as described in section 

2.9.2. All extracted DNAs ~ere tested for restrictability using various restriction 

enzymes followed by analysis on agarose gels. Samples of unrestricted DNAs were 

also analysed in the experiment to check the size and quality of the isolated DNA. 

2.9.10 DNA restriction. 

DNA saamples were digested with type I restriction endonucleases according to the 

manufacturers recommendations. Buffers for the restriction enzymes were either 

supplied by the manufacturers or prepared as described in table 2.4. 

Generally, the enzymes were used at a concentration of 2.5uf!lg DNA and incubated at 

temperatures recommended by the manufacturers for 1-3h. Many of the enzymes have 

been shown to work adequately at different NaCl concentrations (Sambrook et aL, 
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Table 2.4: 

Buffers for restriction endonucleases. 

All components were added from 1M stock solutions and combined in sterile, distilled 

water. Aliquots of 1 ml were stored at -2ooc and thawed completely before use. 



Buffer Components 

(lOx) (mM) 

Tris-HCI MgCI2 DIT NaCl 

pH 7.5 

Low Salt 10 10 i.O -
' 

Medium 10 10 1.0 50 

Salt 

High Salt 50 10 1.0 100 



1989), and hence multiple digestions were usually performed simultaneously in the 

same buffer. 

2.9.11 Agarose gel electrophoresis of DNA. 

The methods used for the preparation of gels and subsequent electrophoresis of DNA 

were as described by Maniatis et aL, (1982). Briefly, the required amount of agarose 

[0.5-1.5% ( w /v] depending on the size of DNA to be resolved, was added to tris-acetate 

EDTA (TAE) buffer (40mM tris acetate pH7.2, 2mM EDTA) and boiled until the 

agarose dissolved. The solution was cooled to 50-600C and EtBr added to a final 

concentration of0.5J.1g/ml. The solution was allowed to set in a perspex mould (190x 

150 x 6mm) adhered to a glass plate using silicone grease, and containing a suitable 

well former. The formed gel was transferred to an electrophoresis tank and T AE buffer 

added to a level 1-2mm above the surface of the gel. The DNA samples containing 20% 

(vlv) loading buffer (0.25%(w/v) bromophenol blue, 0.25%(w/v) xylene cyanol, 

30%(v.v) glycerol, 10mM EDTA) were loaded into the wells and the electrophoresis 

performed, usually at SOmA (30V) overnight. The DNA was visualised under 300nm 

UV light and photographed with a polaroid MP-4 land camera through a Kodak 23A 

Wratten filter, using Polaroid type 667 film. 

Minigel electrophoresis was used to monitor the progress of restriction digests and to 

estimate DNA concentrations, due to its rapidity and ability to detect small amounts of 

DNA. These were essentially the same as the gels described except that a 1 00x80x5mm 

gel could be cast directly into the tank and tris-borate EDTA (TBE) buffer (0.089 tris

borate, 0.089 boric acid, 2mM EDTA) was used. Minigels were run for 30 min to 1h 

at50V (40mA). 

2.9.12 Southern transfer of DNA fragments onto filters. 

Southern transfers were carried out essentially according to the procedure of Southern 

(1975). After photography, the gel was treated for blotting by gentle agitation in 

denaturing solution (0.4M NaOH, 0.8M NaCl), for 1h, followed by neutralising 
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solution (0.5M Tris-Hel, 1.5M Nael, pH7.5) for lh, and 20xSSe (0.3M sodium 

citrate, 3M Nael) for 30 minutes or until blotted For genomic digests, the gel was first 

depuripated with 0.25M Hel for 15 to 30 minutes prior to denaturation to cleave large 

fragments of DNA to facilitate their transfer to nitrocellulose or nylon filters. The DNA 

fragments were transferred in 20 X sse onto nylon filters "Hybond-N'' (Amersham) or 

nitrocellulose filters (0.45J.tm pore size, Schleicher and Schuell) either by capillary 

blotting overnight or by vacuum blotting for 2-3h using a Hybaid "Vacu Aid" vacuum 

blotter (Hybaid Ltd., Teddington, Middlesex, UK.), both at room temperature. 

Capillary blotting was performed by placing the gel on an apparatus consisting of a tray 

containing a glass plate on a platform overlaid with 2 layers of oversized 3MM paper 

acting as wicks on all sides of the glass plate and filled up to a level 1 em below the top 

of the glass plate with 20x SSe. A nylon/nitrocellulose filter presoaked in 20x SSe 

was carefully placed over the gel and several layers of presoaked 3MM paper were 

overlaid on top of the filter. Finally four layers of disposable nappies cut to an 

appropriate size were placed on the 3MM paper and a lKg weight on a glass plat~ 

After the transfer, the position of the wells and the orientation of the gel were marked 

on the filter before lifting it off the gel and placed to dry on 3MM paper. 

Transferred DNA was fixed to nylon or nitrocellulose filters by baking for 1.5h at sooe 

in a vacuum oven sandwiched between two glass plates. 

2.9.13 Recovery of DNA from agarose gels. 

Two methods were used for isolating DNA fragments from agarose gels. 

2.9.13.1 "Freeze-squeeze" method. 

The restricted DNA sample was· electrophoresed on an agarose gel and the required 

fragment was cut out using a clean scalpel blade and placed into a 1.5ml Eppendorf. 

The gel piece was equilibrated in lml of lx TEA (40mM Tris-Hel pH8.0, lmMEDTA, 

20mM sodium acetate) for 15 minutes. The gel piece was then transferred to a small 

Eppendorf tube (0.5ml) containing a plug of siliconised glass wool and a small hole in 
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the base. The small Eppendorf tube was placed inside a large Eppendorf tube (1.5ml) 

and the whole assembly frozen at -sooc. Once frozen the assembly was spun in a 

haematocrit microcentrifuge for 15 minutes. The expressed solution containing the 

DNA was collected in the large Eppendorf tube. The solution was extracted with an 

equal volume of phenol followed by four extractions with chloroform. Each time the 

aqueous layer was back extracted with TE buffer (pH8.0) and added to the total. The 

aqueous layer was mixed with 5J.tl of 1M MgCl2 and 20J.1l of 3M sodium acetate 

pH4.8. Two to three volumes of cold ethanol (-200C) was added and the DNA 

precipitated at -sooc for lh. The DNA pellet was washed twice in 80% ethanol, 

vacuum dried and resuspended in sterile water or TE buffer. 

2.9.13.2 Electroelution method. 

The DNA was digested with the appropriate enzymes, electrophoresed and a small piece 

of gel containing the required fragment of DNA visualised on a UV -transilluminator 

was excised. The gel piece was put into a dialysis tubing secured at one end with a 

dialysis clip. 0.5ml of sterile TBE electrophoresis buffer was added, and after securing 

the open end of the tubing with another clip, the DNA fragments were electroeluted in 

TBE buffer using a minigel tank by electrophoresing at rov (50mA) for 20 min or until 

the DNA was visible as a thin line on the side of the tubing under UV -illumination. The 

polarity of the current was then reversed for about 1 minute to detach the eluted DNA 

form the dialysis tubing. The gel piece was carefully removed from the tubing and the 

buffer containing the eluted DNA fragment was transferred to a 1.5ml Eppendorf tube. 

The DNA was extracted with phenol and chloroform and finally precipitated with 

ethanol. 

2.9.14 Radioactive and non-radioactive labelling of DNA probes by 

random priming. 

DNA fragments isolated by one of the methods listed above were labelled for use as 

hybridisation probes using the following protocols. 
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2~9.14.1 Non-radioactive labelling of probes using DIG-dUTP. 

Digoxigenin-labelled DNA probes were generated with E.coli polymerase I 

(holoenzyme, Klenow fragment) by the random priming method of , Feinberg and 

Volstein (1984). The following was added to an Eppendorf tube (1.5ml) on ice; 10ng-

300ng of linearised purified DNA previously denatured for 10 minutes at 950C and 

quickly chilled on ice for 3min; 2J.1l of lOx hexanucleotide mix (hexanucleotides 90 OD 

units/ml in TE buffer); 2J.1l of lOx dNTP labelling mix (lmM each dATP, dCTP, 

dGTP, 0.65mM dTTP; 0.35mM DIG-dUTP, pH6.5). The volume was then made up 

to 19J.1l with sterile water. The random priming reaction was initiated using 1J.1l(2u) of 

Klenow enzyme producing a final reaction volume of 20111. The reaction was 

centrifuged briefly and incubated overnight at 370C to increase the yield of labelled 

DNA. The reaction was terminated by the addition of 2111 0.2M EDTA, pH8.0. The 

labelled DNA was precipitated with 2.5J.114M LiCl, 1111 glycogen as a carrier and 75J.1l 

of prechilled ethanol ( -200C). The tube was mixed well and placed at -700C for 30 

minutes. The DNA precipitate was pelleted by centrifugation in a microfuge (12,000 x 

g) for 10 minutes. The resultant pellet was washed with 50J.1l of cold 70%(vlv) 

ethanol, centrifuged as before, dried under vacuum and dissolved in 50J.1l ofTE buffer, 

pH8.0. for up to 30 min at 370C. 

2.9.14.2 Radioactive labelling of DNA probes using 32P-dCTP. 

The method used was that of Feinberg and Vogelstein (1984) which allowed DNA 

fragments < 1 Ong to be labelled to high specific activities of 109 cpm/J.lg or more. 

Double stranded DNA was first denatured by boiling for 3 minutes and stored briefly 

on ice for one minute. The labelling reaction was carried out by mixing the following 

components in the order given: 

(i) Denatured DNA xJ.ll (lOng) 

(ii) Oligo-labelling buffer(OLB) lOJ.ll 

(iii) NucleasefreeBSA(lOmg/ml) 2111 
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(iv) Sterile water to 50J.1l 

(v) 32P-dCTP, 50J.1Ci at 410 Ci(mmol) 

(vi) Klenow polymerase (2U) 

The mixture was incubated at 370C for 3h (30ng DNA), Sh (I0-30ng DNA), or 

overnight (<lOng DNA). The reaction was stopped by adding 200J.1l of 20mM NaCl, 

20mM Tris-HCl, pH7.5, 2mM EDTA, 0.25% SDS, lmM dCTP, labelled DNA was 

separated from unincorporated 32P-dCTP by gel filtration using a sephadex G-50 

column with column buffer consisting of 150mM NaCl, 50mM Tris-HCl pH7.5, 

lOmM EDTA and 0.1 %(wlv) SDS. 

Oligo-labelling buffer(OLB) was prepared by mixing the following solutions listed 

below A,B and C in the ratio 100:250: 150 and stored at -200C. 

• 

• 

Solution 0: 1.25M Tris-HCl pH8.0, 125mM MgCl2, stored at 4oc . 

Solution A: 1ml solution 0 + l8J.1l 6-mercaptethanol + 4J.1l each of dA TP, dGTP, 

and dTTP. Each nucleotide is made as a 0.1M stock in 3mM Tris-Hcl pH7.0, 

0.2mM EDTA, and stored at -200C. 

• Solution B: 2M HEPES-NaOH,pH6.6,stored at 40C. 

• Solution C: Hexadeoxyribonucleotides (P-LBiochem N2166) at 90 OD units/ml in 

10 mM Tris-HCl, lmM EDTA, pH7.5 and stored at -300C. 

2.9.15 Hybridisation with Digoxigenin-11-dUTP DNA probes. 

Southern blots on nitrocellulose filters were prepared for hybridisation according to the 

following protocol of Boehringer Mannheim catalogue (1990). Filters were 

prehybridised in a siliconised glass hybridisation vessel Techne with 20ml of 

hybridisation solution (SxSSC), 1 %(w/v) N-lauroylsarcosine-Na salt, 0.02%(w/v) 

SDS, 1 %(wlv) -blocking solution vialll Boehringer and Mannheim kit) per 100cm2 of 

filter at 680C overnight. After overnight incubation the isolated digoxigenin-DNA 

probe was denatured for 10 minutes, cooled in an ice bath for 2 minutes and then added 

to the prehybridisation solution and incubated overnight for hybridisation at 68 oc. 
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After hybridisation the probe was recovered for later use and stored at -200C. The 

filters were washed twice for 5 minutes each at room temperature with 50ml 2xSSC, 

0.1 %(w/v) SDS, once for 10 minutes at 680C with lxSSC, 0.1 %(w/v) SDS and for 

high stringency twice for fifteen minutes each with O.lxSSC, 0.1 %(w/v) SDS at 680C. 

Filters were then used directly for detection. 

2.9.16 Detection of DIG-DNA probe target DNA hybrids. 

After hybridisation, nitrocellulose filters were processed for detection of DIG bound 

probe by washing briefly in buffer 1,(100mM Tris-HCI, 150mM NaCI, pH7.5) for 1 

minute. The filters were then equilibrated in 100ml buffer 2, (1 %(w/v) blocking 

reagent; vial 6 Boehringer and Mannheim kit) prepared in buffer 1, for 30 minutes. 

150u of anti-digoxigenin alkaline phosphatase Fab fragments in 50 mM triethanolamine 

buffer (3mM NaO, 1mM MgCI2, 0.1mM Zn02, 0.1 %(w/v) BSA, pH7.6) was 

diluted to 10ml in buffer 2 (1 :5,000). After blocking the filters fo~ 30 minutes buffer 2 

was replaced with 1 Oml of the diluted antibody-conjugate solution for a further 30 

minutes. After incubation, unbound antibody-conjugate was removed by washing 

twice for 15 minutes each time with 100ml of buffer 1. The filter was then equilibrated 

in alkaline buffer 3 (100mM Tris-HO; 100mM NaCI; 50mM MgCl2, pH9.5) for two 

minutes and then incubated in the dark with about 10ml of freshly prepared substrate 

solution (45J.11 NBT solution vial4, 35J.11 x-phosphate solution vialS) in 10 m1 of buffer 

3 sealed in a plastic bag. The development of the colour precipitate was complete 

usually after 4h. The reaction was stopped by washing the filter for 5 minutes in TE 

buffer pH 8.0, dried and stored at room temperature. 

2.9.17 Hybridisation of 32P-Iabelled probes to filter-bound DNA. 

The technique was used to detect homologous DNA sequences transferred to nylon or 

nitrocellulose filters by Southern transfer. Filters were equilibrated in prehybridisation 

solution containing 3x SSC (0.45M NaCI, 0.045M Na-citrate, pH7.0), 5x Denhardt's 

solution (0.1% (wlv) each of Ficoll 400, BSA, and PVP), 0.1 %(w/v) SDS and 
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100mg/ml sheared and denatured herring sperm DNA at 650C with ro~tion overnight 

in a techne hybridisation vessel. ) 0.5-1.0 m1 'of this solution was used per cm2 of 

filter. After equilibration, 32P-labelled DNA previously denatured by boiling for 5 

minutes, was added and the incubation continued as previously described for 16-20h. 

After incubation, the hybridisation solution was removed and the filter washed twice for 

10 minutes at 650C in solutions containing 0.1% SDS and varying concentration of 

SSC, depending on the stringency required. In most cases where probe was fully 

homologous to sequences to be detected, two minute washes in each of3xSSC, 1xSSC 

and 0.1xSSC were performed. After washing, the filters were air dried and the 

presence and position of hybridised radioactive probes detected by autoradiography. 

2.9.18 Autoradiography. 

Autoradiography for 32p was carried out using preflashed film (Fuji RX, Fujimex, 

Swindon, Wilts, UK) and an intensifying screen (Dupont, Wilmington, Delaware, 

USA), exposing the autoradiograph at -sooc for appropriate times. 

2.9.19 Isolation of tobacco (Nicotiana tabacum cv .SRI) nuclei. 

Tobacco nuclei were prepared as described by Spiker et al.,(1983) with some 

modifications. All glassware was siliconised autoclaved, and chilled at -200C and 

operations conducted at 40C. To maintain histone protein acetylation sodium butyrate 

(inhibitor of de-acetylase activity) was incorporated into all buffers to a final 

concentration of 20mM. Aj>proximately 20g of fresh tobacco leaf tissue was ground to 

a·fine powder with a mortar and pestle under liquid nitrogen. The liquid nitrogen was 

allowed to evaporate and the powder transferred to a 200ml beaker on ice. 25ml of ice 

cold Honda buffer (5% (w/v) Dextran T-40, 25mM Tris-HCl, pH8.5, 0.5% Triton-x-

100, 0.44M sucrose, after autoclaving 2.5mM DTT, 1mM PMSF and 2mM spermine 

were added ) was added to the P<>wder with gentle stirring until a smooth slurry was 

obtained. The homogenate was then filtered through 3 layers of muslin and an 80 

micron mesh. A further 25ml of Honda buffer was used to wash the filters through. 
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Table 2.5: 

Percoll gradients. 

Gradient constituents were prepared as follows: 

Percoll (Pharmacia): Sterile stocks were stored at 4oc. 

3M sucrose: The solution was heated to 75oc to ensure that the sucrose was completely 

dissolved prior to autoclaving. 

lOx Grad. Buffer (250 mM Tris-HCl pH 8.5, 1.00 mM MgCl2): This lOx stock was made 

up in distilled water and autoclaved prior to use. 

Solutions corresponding to 0, 40, 60 and 76% Percoll were made up by combining the 

stock solutions as shown. Gradients were formed in 30 ml Corex tubes by layering 4.5 ml 

of each solution in the order 76%/60%/40%/0% Percoll and allowed to stand at 4oc for at 

least 30 min. before use. 



% Percoll Percoll 3M lOx Grad. H-,0 .. Volume 
Sucrose (ml) buffer (ml) (ml) 

(ml) (ml) 

40 8 3 2 7 20 

60 12 3 2 3 20 

76 16 3 2 0 21 

0 0 13 2 6 21 



The filtrate was then centrifuged in 30ml corex tubes at 2,500 x gin a Beckman JS-21 

centrifuge for 10 minutes at 40C. The supernatant was discarded and the pellets 

washed in a total of 20ml of Honda buffer. Centrifugation was repeated as before. The 

crude nuclear pellets were resuspended in 5ml of Honda buffer and layered onto two 

four step gradients. Percoll solutions were prepared as described in table 2.5 

Gradients were formed in 30ml corex tubes with each step layered from the bottom up. 

Gradients were left to stand for thirty minutes on ice before use. Centrifugation was 

performed at 4,000 x g for 30 minutes at 40C in a swing-out rotor. The nuclei were 

observed to band as a white layer between the 40% and 60% percoll layers in the 

gradient. The fraction containing the nuclei was removed and washed with 5ml of 

nuclei wash buffer (50mM Tris-HCl, pH8.5, 5mM MgCl2, 20%(w/v) glycerol). The 

nuclei were pelleted by centrifugation at 3,000 x g for 10 minutes at 40C. This was 

repeated twice. Finally the nuclei were resuspended in 0.5ml of nuclei resuspension 

buffer (50mM Tris-HCI, pH8.5, 5mM MgCI2, 50%(w/v) glycerol), frozen in dry ice 

and stored in a prechilled box at -sooc. Nuclei were stained with Carmine acetic acid 

and counted using a haemocytometer. Average yields were between 7xi07-Sxi07 

nuclei per I Og of tissue. Nuclei were shown to be intact by the generation of a 

micrococcal nuclease ladder. 

2.9.20 Nuclease digestion and DNA purification. 

Micrococcal nuclease and DNasei digestion experiments were carried out on l00J.1l 

aliquots of suspended nuclei. The suspended nuclei were pelleted in a microfuge for 

lOs to remove glycerol and resuspended in the appropriate digestion buffer for 

digestion with micrococcal nuclease or DNasei. For micrococcal nuclease digestions 

the nuclear pellet was resuspended in 50mM Tris-HCI pH8.0, 0.3M sucrose, 5mM 

MgC12, 1.5mM NaCI, 0.005mM B-mercaptoethanol, O.lmM CaCl2. Digests with 

several dilutions of micrococcal nuclease were performed ranging from O.O(control 

digest) to 2.0 units/mi. Reactions were incubated for 1 minute at 370C and halted by 

placing on ice and quickly adding IOOJ.1l of O.IM EDTA .pH7.0. The nuclei were 
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pelleted by centrifugation in a microfuge for lOs. To lyse the nuclei, the pellet was 

resuspended in 300J,!l extraction buffer (lOOmM Tris-HCl, pH8.0, 50mM EDTA, 

500mM NaCl, 10mM 8-mercaptoethanol) with 5J,!l of 20mg/ml proteinase K and 50J,!l 

of 10%(w/v) SDS and incubated at 650C for 40-60 min. After incubation, 100J,!l 5M 

potassium acetate (pH4.5) was added, mixed well and then set on ice for 30 min. The 

precipitated material was then pelleted at 13,000 x gin a microcentrifuge for 10 minutes 

and the supernatant transferred to another tube. The DNA was precipitated from the 

supernatant by adding 600J.!l of isopropanol, chilling for at least 15 minutes (-800C) 

and centrifuging as before. The DNA pellet was vacuum dried and resuspended in 

150J,!l of TE pH8.0. To this 50J.!l of 7.5M ammonium acetate was added followed by 

500J,!l 95%(wlv) ethanol and incubated at -200C for at least 15 minutes and 

centrifugation as before. The DNA pellets were washed with 80%(wlv) ethanol, 

vacuum dried and resuspended in 40J,!l of TE pH 8.0. The concentration of DNA was 

measured by fluorescence with DABA.(see section 2.9.4). 

2.10 Biochemical techniques: Proteins. 

2.10.1 Isolation of pea lectin. 

The method used was essentially that of Trowbridge (1974). Pea lectin was prepared 

from mature pea seed; 200g was ground to a fme meal in a water cooled mill and 

" extracted with stirring at 40C with 800ml 25mM sodium acetate pH 4.8, for at least 3h. 

Pea meal residue was discarded after centrifugation at 1,500 x g for 30min. Solid 

(NH4)S04 was added slowly to the supernatant to give 60% relative saturation. 

Precipitated protein was recovered by centrifugation at 3,000 x g for 30min and 

dissOlved in 80ml of distilled water and dialysed at 4oc against I litre of 0.15M sodium 

chloride, 0.01M Phosphate buffer pH7.2 for 3h each. The crude lectin extract was 

loaded onto a sephadex G-100 column (500ml). The column was then washed with 

0.15M sodium chloride, 0.01 phosphate buffer pH7.2 until the A280 was less than 

0.05 and the pea lectin was eluted with the same buffer containing 0.2M glucose. 

Absorbance was monitored at 280nm and 1 Oml fractions were collected using a Frac-
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100 fraction collector (Pharmacia). Fractions correlating to the peak of released lectin 

were pooled and dialysed exhaustively against distilled water, followed by storage as a 

sterile solution. The lectin concentration was determined spectrophotometrically using 

lectin E28o1 %=15.0 (Trowbridge, 1974). 

2.10.2 Total plant protein extraction from tobacco. 

Plant tissue protein extracts were prepared by freezing tissue in liquid nitrogen, 

grinding to a fine powder and freeze drying. A suitable volume of phosphate buffered 

saline (PBS: 8gll NaCl, 0.02gll KCl, 1.15gll Na2HP04, 0.02gll KH2P04 pH7.2) 
' 

was added and the homogenate shaken on a rotary shaker for 1h, sonicated and shaking 

continued for 1-2h at 40C. The homogenate was centrifuged at 12,000 x· g for 5min 

and the protein content of the supernatant determined (see section 2.1 0.3). 

2.10.3 Determination of protein content of plant extracts. 

The method used to estimate soluble proteins was the Coomassie brilliant blue (G250) 

binding assay of Bradford (1976). The method was used directly on extracts (or 

diluted extracts) prepared for use in radioimmunological assays. The Bradford reagent 

was obtained in concentrated form from Bio-Rad. The reagent was diluted 1:5 with 

·distilled water, 1ml was removed and mixed with 20~ of plant extract and the 

absorbance at 595nm measured after 2 minutes in a 1cm cuvette. The blank consisted 

of 20JJ.l of the appropriate extraction buffer and 1ml of the reagent. Protein 

concentrations were determined by extrapolation from a standard curve constructed 

using BSA standards and pea lectin standards in the concentration range (0-1 OOJJ.g/ml) 

diluted in the appropriate buffer. 

2.10.4 Slot-blot radioimmunoassay. 

The method used was adapted from that of Jahn et al, (1984). Nitrocellulose filters 

(SA85) were pre-equilibrated in phosphate buffered saline (PBS:Sg/1 NaCl, 0.02gll 

KCl, 1.15gll Na2HP04, 0.02gll KH2P04, pH7.2) for a few minutes prior to blotter 
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assembly. Proteins were bound to the nitrocellulose by passing 200/ll of leaf extracts 

containing a known amount of protein (20J..1g/ml) through a filter using a Schleicher and 

Schuell SRC 072/0 vacuum slot blot apparatus connected to a constant vacuum pump. 

Controls such as pea-lectin, were diluted two-fold steps from 90ng/ml-0.3ng/ml in 

microtitre plates previously blocked with 1 %(wlv) BSA and then applied to the same 

filter. After binding, the filters were dried under vacuum for lh at room temperature. 

The non-specific protein binding sites were blocked by incubating the filter with 

5%(w/v) skimmed milk powder in PBS (blocking buffer) for 2h at 370C with gentle 

shaking. Immunological detection of bound pea lectin was conducted using rabbit anti

pea lectin primary antibodies(2mg/ml) diluted 1 :500 in blocking solution for 2h at 

370C. The filter was washed 3 x 15min in blocking buffer to remove unbound pea 

lectin antibody. The 1251-conjugated donkey anti-rabbit secondary antibodies (5/lCi) 

were then added and incubated in blocking solution for 2h at 370C. Before exposure 

the filter was washed 3 x 15min at 4QOC incorporating 0.1 %(v/v) Triton-X-100 into the 

final wash. When the background was sufficiently low as judged by Geiger coumter, 

the filters were air dried, autoradiographed and signal intensities of the slots on the 

autoradiograph determined using an LKB Ultroscan XL laser densitometer. 

2.10.5 Squash-blot radioimmunolocalisation. 

A nitrocellulose filter (20 x 20cm, Scleicher and Schuell) and a sheet of Whatman 3MM 

paper were equilibrated in Tris-buffered saline (TBS: 20mM Tris-HCl, pH7.2, 

0.9%(w/v) NaCl) and placed, with the nitrocellulose uppermost on the porous sheet 

plate of a vacuum gel drier (Pharmacia). Tissue-culture-grown plants or leaf tissue 

taken from individual tansformants were arranged on the filter and a gentle vacuum was 

applied. The plant tissues were then carefully squashed onto the nitrocellulose using a 

flat ended spatula and the released cell contents sucked into the filter medium. After 

squashing, the plant tissues were removed with forceps and the filter air-dried. Filters 

were stained with Ponceau red to assess the efficiency of protein transfer and 

subsequently processed as described for the slot blot radioimmunoassay to determine 
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the distribution of expressed pea lectin. 

2.10.6 Extraction of tobacco histone proteins. 

The method used was essentially that of Allis et aL, (1979). Tobacco nuclei prepared 

as described in section 2.9.19 were extracted once with 0.2M H2S04 for 12-18 hr at 

40C. The sulphuric acid solution was added directly to nuclei pellet:ed by centrifugation 

in plastic Eppendorf tubes which were then shaken gently overnight. The supernatant 

was recovered fter centrifugat:fon (16,000 x g) for 15min) and the acid soluble material 

was precipitated by the addition of 100% trichloroacetic acid to a final concentration of 

20% (wlv) and chilling for 15min at OOC. The precipitate was collected, washed once 

with 0.024M HCl in acetone and once with acetone and dried under reduced pressure. 

Throughout this procedure only plastic or siliconised glassware was used. 

2.10.7 

PAGE). 

SDS-Polyacrylamide gel electrophoresis of proteins (SDS-

Sodium dodecyl sulphate (SDS) polyacryamide gels were prepared according to 

Laemmli (1970). Recipes for the preparation of the resolving gel and stacking gels are 

given in table 2.6. 

• Separating Gel Buffer: l.SM Tris 

• Stacking Gel Buffer: 

• Acrylamide stock: 

0.4% (w/v) SDS 

pH to 8.7 with HCI 

O.SMTris 

0.4%(w/v) SDS 

pH to 6.8 with HCI 

30%(w/v) acrylamide 

0.8%(wlv) Bis-acrylamide 

The reservoir buffer consi~ted of 192mM glycine, 25mM Tris base, 0.1% (wlv) SDS, 
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Table 2.6: 

Recipes for gel solutions for 1.5mm SDS-polyacrylamide gels, capacity 40ml. 

Separating gels of the appropriate aery lamide concentration were cast and overlain with a 

layer of distilled water before allowing to polymerise. Once set the water was completely 

removed and the stacking gel cast immediately on top of the separating gel. The comb was 

inserted into the stacking gel and polymerisation allowed to proceed. Before loading the gel 

wells were flushed out with running buffer to completely remove residual non-polymerised 

acrylamide. 



s . Gel >eparatmg . 

Final 

acrylamide 7.5 12 15 20 

concentration 

(%) 

Separating gel 10 10 10 14.7 

buffer (ml) 

Distilled water 20 14 10 0 

(ml) 

Acrylamide stock 10 16 20 28 

(ml) 

TEMED {Ill) 30 30 30 30 

10% Ammonium 140 140 140 140 

persulphate (J.tl) 

s t: Gel tac. zng . 
• I 

Final acrylamide concentration (%) 4 

Stacking gel buffer (ml) 2.5 

Distilled water (ml) 6.1 

Acrylamide stock (ml) 1.34 

TEMED {Ill) 10 

10% Ammonium persulphate (J.tl) 50 



pH8.3). The stacking gel (at least 2cm high) was 4% acrylamide with a few drops of 

tracking dye added (1 %(wlv) Bromophenol blue in distilled H20) and the resolving gel 

(9.0cm) was 22% acrylamide. Preparations of histone proteins purified as outlined in 

section (2.10.6) were mixed 1:1 with 2x Sample Buffer (30ml10% (w/v) SDS, 12.5ml 

stacking gel buffer, lOml glycerol, pH6.8),and stacked in 1.5mm gels of 4% (w/v) 

acrylamideand separated with 22% (w/v) acrylamide. For basic histone proteins gels 

were electrophoresed at 130-140v until the samples were in the separating gel where the 

voltage was lowered to 120v and the run continued for approximately 4h. The histone 

preparations were run in parallel with a prepared mixture of molecular weight markers 

(Dalton VII-SDS) consisting ofBSA 66,000; ovalbumin 45,000; G-3-P-dehydrogenase 

36,000; carbonic anhydrase 29,000; trypsinogen 25,000; soya bean trypsin inhibitor 

21,000; and lactalbumin 14,000. On completion the gels were stained in 0.07% (w/v) 

Coomasie brilliant blueR 250 (Sigma) in 50% (vlv) methanol5% (vlv) acetic acid for at 

least 1h, and destained in 5% (v/v) methanol, 7.5% (v/v) acetic acid. 

2.10.8 Western blotting: Electrophoretic transfer of proteins from 

polyacrylamide gels to nitrocellulose filters. 

The method used was that of Towbin et al., (1979) for wet electroblotting. Transfer 

was conducted in a Bio-Rad electroblotter according to the instructions supplied. 

Briefly the gel was first equilibrated for 15 minutes in transfer buffer (125mM glycine, 

25mM Tris-base, 0.1 %(w/v) SDS,20%(v/v) methanol) and then placed in a cassette 

with holes to allow passage of current. A sheet of nitrocellulose pre-soaked in transfer 

buffer was carefully positioned on top of the gel and the cassette closed to sandwich 

both together. The cassette was immersed in the electroblotter tank containing 31 of 

transfer buffer. The apparatus was usually run at 200v overnight for a good transfer . 

After transfer the filters were processed for immunological detection of acetylated and 

unacety lated histone 4. 
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2.10.9 Immupological detection of acetylated and unacetylated 

Histone 4 immobilised on nitrocellulose filters. 

To evaluate the efficiency of transfer, blots were briefly stained with Ponceau red, 

quickly destained in water, and photographed before processing for immunoblotting to 

provide a photographic record of each blot. All incubations described were at room 

temperature with shaking and all washing steps conducted under the same conditions 

for 15min each. Filters were incubated and washed once in blocking solution (5%(w/v) 

non-fat dried milk powder in 20mM Tris-HCl pH7.2, 0.9%(w/v),NaC1. Filters were 

then incubated with rabbit antibodies against acetylated or· unacetylated histone 4 

(25J.Ll/25ml blocking solution) for 2h, washed three times in blocking solution, and 

incubated with 125J-conjugated anti-rabbit IgG antibodies (10J.Ll/25ml in 25ml of 

blocking solution). Filters were then washed three times in blocking solution, followed 

by autoradiography. 

2.10.10 lmmunofractionation of chromatin. 

Chromatin was immunofractionated using the method of Hebbes et aL, (1988). 

Glycerol was removed from stored nuclei by centrifugation and the pelleted nuclei 

washed by centrifugation in 5-10 vol. of micrococcal nuclease digestion buffer (50mM 

Tris-HCl, pH8.0, 0.3M sucrose, 5mM MgCl2, 1.5mM NaCI, 0.005mM 6-

mercaptoethanol, O.lmM CaCl2 lOmM sodium butyrate). Native chromatin was 
' 

prepared from tobacco nuclei by resuspending nuclei at a DNA concentration of 

0.5mg/ml as estimated by fluorescence using DABA (see section (2.9.4) in micrococcal 

nuclease buffer and digesting with micrococcal nuclease at 20U/ml for 30s at 370C. 

Digestion was terminated by the addition of EDT A to a final concentration of 5mM and 

the nuclei lysed by sonication. Insoluble material was removed by centrifugation. The 

chromatin-containing supernatant approximately 200J.Lg of DNA as estimated by the 

diaminobenzoic acid method was incubated with 30J.Lg of anti-acetylated histone 4 

antibody in 500J.Ll of incubation buffer (PBS: 8g/1 NaCI, 0.02g/1 LiCl, 1.15g/1 

Na4lfP04, 0.02g/1 KH2P04 pH7.4), with 20mM sodium butyrate, 5mM EDTA, 
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EDTA, O.lmM PMSF) for 3h at 370C under constant agitation. The 

chromatin/antibody mixture was added to 20J.ll of PROSEP1M-A (Protein A 

immobilised on controlled pore glass) and incubated at room temperature for lh. with 

constant agitation. Complexes were collected by centrifugation and the unbound 

fraction in the supernatant retained Bound material was eluted by resuspending the 

pellet in 250J.ll of elution buffer (O.lM glycine/HCl pH3.0) and incubating at room 

temperature for 15min. Prosep-A was removed by centrifugation and the supernatant 

containing the released chromatin and antibody (the"bound" fraction) collected and 

dialysed against TE pH7.5. DNA from all chromatin fractions was obtained by two 

phenol/chloroform and one chloroform extraction. The DNA was ethanol precipitated, 

redissolved and treated with 50J.lg/ml RNaseA and subsequently with 50J.lg/ml 

proteinase K before final precipitation with ethanol. DNAs from both antibody-bound 

and -unbound fractions were analysed in 1% (w/v) agarose gels, blotted and processed 

for hybridisation with 32P-labelled pea lectin sequence. 
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Chapter 3: 

Results and Discussion. 

3.1 Introduction. 

In the analysis of transgenic plants many workers have commonly observed that the 

expression level of a particular construct can vary between independent transf<>rmants, 

independent regenerants from the same transformed cell, and progeny plants, a 

phenomenon referred to as 'position effect' and of great importance to both research 

and commercial interests. The reasons for position effect remain unclear; possible 

contributory factors include number, location and distribution of integration sites. 

Moreover, methylation of the foreign DNA following stable integration into the genome 

can affect its expression (Meyer and Heidmann, 1994). This project is concerned with 

exploring the phenomenon of position effect, examining the extent to which the 

observed variable phenotypes are influenced by such factors. 

3. 2 Source material. 

In order to examine the phenomenon of 'position effect' suitable transgenic material 

was supplied by Dr. G. Edwards (Ph.D., University of Durham, 1987). The material 

consisted of transgenic tobacco (Nicotiana tabacum cv., Petit Havana SR1) seed 

produced from the self-crossing of three parental lines designated L1, L4, and L12. 

These Nicotiana tabacum lines had been generated via Agrobacteriwn tumefaciens 

(strain GV3101) mediated transformation with the co-integrate pGV3850::pDUB130 

(CaMV-lecA). The resultant T-DNA integrated within the tobacco genome contained 

between its left and right T-DNA borders the pea lectin gene (lecA) controlled by the 

full35S cauliflower mosaic virus (QzMV) promoter, the neomycin phosphotransferase 

gene II (nptll ) driven by the nopaline synthase promoter (nos), and the plasmid 

sequence of pBR322 (figure 3.1; for more detail on Agrobacteriwn strain and plant 

transformation see section 3.2.1). The use of the lectin reporter gene afforded a 
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Figure 3.1: 

The arrangement of the CaMV-lecA chimaeric gene within the T-DNA expression cassette of 

the plant transformation vector pGV3850. 

Key: CaMV: cauliflower mosaic virus 35S promoter; lecA: pea lectin coding region; nos: 

nopaline synthase promoter; npt/1: neomycin phosphotranspherase II gene, conferring 

kanamycin resistance in plants; Kmr/Gmr: kanamycin/gentamycin resistance in 

E.coli/Agrobacterium; pBR322: plasmid sequence of pBR322 containing the ampicillin 

resistant gene; TL & TR: left and right hand T-DNA border sequences. 
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number of important advantages in this study upon comparison with other reporter 

systems available. The lectin protein is plant-derived and therefore DNA sequence 

encoding this protein will possess the correct codon bias and processing sequences 

necessary for optimal expression in a plant-based system. Thus produced protein is 

easily quantified using lectin-specific antibodies and activity values readily determined. 

The antibody assay itself is directly quantitative for the actual amount of protein present, 

and thus indirect quantitation methods such as determination of potentially variable 

enzyme activities, as with the reporter genes uidA and luc are redundant. The lectin 

protein itself is a stable protein, being resistant to proteolysis, and not subject to 

modification by glycosylation. These considerations illustrate the distinct advantages of 

the lecA reporter gene and, coupled with the capacity to handle large numbers of 

samples in the assay system employed were factors taken into account in initial 

experimental design. 

The integrated T-DNA for all CaMV-lecA lines (Ll, L4 and Ll2) had been shown by 

G. Edwards (Ph.D., 1987) to be structurally stable during vegetative proliferation and 

sexual transmission under the applied kanamycin selection conditions. As determined 

by Southern analysis no rearrangements of the integrated T-DNA were evident. For all 

three lines only one copy of the lecA gene was present as judged by comparison with 

gene copy reconstructions. Finally, the expression levels of pea lectin were found to 

vary between the independent lecA lines and progeny of the plants, thus making the 

material ideal for an investigation into the molecular reasons underlying transgene 

expression variability. 

3.2.1 Selection of transgenic material. 

Tobacco seed collected from the self crossing of the parental CaMV-lecA lines Ll, L4, 

and Ll2 were tested for kanamycin resistance by germination on agar plates of half 

strength MS salts (5mg/ml) supplement~ with kanamycin sulphate (lOOj.tg/ml). 

In table 3.1 germinated seeds from only one parent, CaMV-lecA plant L4 segregated 
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Table 3.1: 

Frequency of kanamycin resistance in populations ofTl CaMV-lecA lines Ll, L4 and L12. 

Seed was germinated on kanamycin-containing (100 J.lg/ml) medium and sensitivity to 

kanamycin determined as bleaching of cotyledons at 21 d post-germination. Observed 

segregation ratios were then statistically compared to predicted ratios and the probability that 

observed and predicted ratios were the same expressed as a p value. 



Parent plant Number of Resistant to Sensitive to Fit to ratio x2 p 

CaMV-lecA 
seeds kanamycin kanamycin Kalf:Kans 

germinated 
(green) (white) 

L1 0 0 0 - - -

IA 200 141 59 3:1 1.33 <0.05 

L12 14 11 3 3:1 0.896 <0.05 

SRI 200 0 200 - - -



into kanamycin resistant and sensitive phenotypes. The seedlings were scored for 

resistance to kanamycin after 1 week by counting the number of green resistant 

seedlings to white sensitive seedlings. The counts were then compared to the expected 

segregation ratio for one independent locus for kanamycin resistance using the chi

square test: 

X2[1] = ( [ObGreen- ExGreenl)2 + ( [ObWbite- Exwrutel )2 

Ex Green Ex White 

where 'Ob' is the observed frequency for each of the classes and 'Ex' is the 

corresponding expected value. 

For CaMV-lecA line 4 progeny a computed value of X2[1] = 1.33 was obtained 

which, with reference to a chi-squ~ed table, is less than x2[1] value at the 5%(3.84) 

significant level. Therefore the null hypothesis (that the data do not differ from those 

predicted by Mendel's first law) is not rejected; in other words, a segregation ratio of 

approximately 3: 1 Kanr : KanS is the phenotype frequency as predicted by Mendel's 

first law, for the nptll gene segregating as a single dominant locus: The expected 

segregation ratio of3:1 Kanr:Kans was also displayed by L12, however the result was 

unreliable in that greater than 90% of the L12 seed failed to germinate in the above and 

repeat experiments. 

One explanation for the reduction in germination of L12 seed may reflect inappropriate 

harvesting and storage of seed. No germination of L1 was observed as a result of 

fungal contamination of the seed. Attempts to stem the growth of the fungal 

contaminant were carried out by prolonging the incubation of L1 seed with 20%(w/v) 

sodium hypochlorite during surface sterilisation and by the incorporation of an anti

fungal agent nyastatin (50J..Lg/ml) into the germination agar; both however proved 

unsuccessful. 

From the above data it is clear that, of the material supplied, only one line (L4), which 

appears to contain the transgene at a single locus, was suitable for further analysis. 
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Thus seven kanamycin resistant tobacco plants representing the Tl population ofCaMV

lecA L4 were selected and further characterised by Southern blotting analysis. 

3.2.2 Southern analysis of selected plants. 

Genomic DNA was isolated from the leaves (5-IOcm) of seven kanamycin-resistant 

individual tobacco plants representing a sample of the Tl population of U. ·The DNA 

(10 !Jg) for each plant was analysed on 0.7%(wlv) agarose gels after complete digestion 

with EcoRJ and Hind/// together with linearised pDUB80 (spiked into EcoRI and 

Hind/// restricted SRI genomic DNA) representing gene copy reconstructions of one, 

three, and five gene copies of the lecA gene (figure 3.3(A)). The amount of pDUB80 

DNA estimated to contain the equivalent of one gene copy per IO~g of genomic DNA 

was calculated using a haploid N. tabacum genomic content of 1 C = 3.3pg DNA 

(Bennet and Smith, 1991). The required concentrations of linearised pDUB80 were 

determined fluorimetrically using diaminobenzoic acid (DABA) and a standard curve 

constructed from a two-fold serial dilution of commercial pUC18 of known 

concentration (l!Jg/ml) (figure 3.2). In Southern hybridisation analysis an expected 2.1 

Kb band (figure 3.3(B), indicated by arrow) for the CaMV-lecA chimaeric gene was 

detected with varying intensities in the seven plants when probed with a 1.2 Kb Sph/1 

EcoRI fragment containing the lecA coding region. Gene copy reconstructions were 

shown to be linear after densometric scanning (LKB laser densitometer) and plotting the 

areas under the curve against pDUB80 concentrations (figure 3.3(C)). For samples 

corresponding to lanes 1, 2, and 3 plants were estimated to contain one copy of the 

CaMV-lecA gene per genome with no rearrangements. In lane 4 (plant 4) two bands 

were observed, one the expected size of 2.1Kb equivalent to one gene copy, the other 

slightly larger and greater in intensity. This larger band may have been the result of 

incomplete genomic DNA digestion or possibly rearrangements within the T-DNA 

and/or tobacco genome. An identical pattern of three bands of homology were 

observed in lanes 5 and 7, two of which were much larger than the predicted size 

(2.1Kb) and may again have resulted from incomplete digestion or, perhaps, gene 
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Figure 3.2: 

Calibration curve with diaminobenzoic acid (DABA), using commercial pUC18 (2.5J,1g-

0.5J,1g) as the plasmid DNA standard. 

Estimations of pDUB80 plasmid concentrations (purified on a caesium chloride gradient) 

were determined using DABA and extrapolating from the standard curve for dilutions 

representing one, three, and five gene copy reconstructions. 
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Figure 3.3: 

(A) Agarose gel (0.7% w/v) analysis on seven kanamycin resistant progeny for parental 

CaMV-lecA line L4. lOJ,lg aliquots of genomic DNA were used per lane. Lanes 1-7: EcoRI 

and Hindiii digested genomic DNA for CaMV-lecA line L4 T I individuals, plant numbers I-

7 respectively. Lane 8: EcoR I and Hindiii digested SRI genomic DNA. Lanes 9-Il: EcoR 

I and Hindiii digested SRI genomic DNA, spiked with EcoRI linearised pDUB80 

representing CaMV-lecA gene copy reconstructions one, three, and five respectively. Lane 

M: Lambda Hindiii molecular weight DNA markers 

(B) Southern blot analysis of EcoRI and Hindiii digested genomic DNA (lOJ,lg) from 

leaves (5-IOcm long), representing seven CaMV-lecA Tl plants, probed with a 32P-labelled 

1.2kb Sph I/EcoRI fragment of pDUB80 containing the lecA coding region. Lanes 1-7: 

plant numbers I-7 respectively for CaMV-lecA TI individuals, arrow indicates the predicted 

size (2.IKb) of an unrearranged chimaeric CaMV-lecA gene; Lane 8: EcoRI and Hindiii 

digested SRI genomic DNA (untransformed control); Lanes 9-II: EcoRI linearised 

pDUB80 (3.8kb) representing, one, three, and five gene copies per haploid Mcotiana 

tabacum genome, in the order given. 

(C) Gene copy reconsti1Ictions. A plot of the relative area percentages under the peaks after 

densometric scanning (L.K.B. densitometer) for CaMV-lecA gene copy equivalents of one, 

three, and five with pDUB80 plasmid DNA concentrations. Plot indicates linear relationship 

between gene copy reconstructions. X-ray film exposed under described conditions (section 

2.9.I8). 
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rearrangements. The strongly intense third band of predicted size 2.1kb was equivalent 

in intensity to 2 gene copies. The absence of bands with homology to the lecA probe in 

lane 6 (plant 6) suggested that the transgene may have been deleted from the genome. 

Thus Southern results in conjunction with the genetic analysis suggests the integration 

of at least one copy of the lecA gene at a single locus with plants 1, 2, 3, and 4 being 

hemizygous and plants 5 and 7 homozygous for the transgene. 

3.2.3 

line L4. 

Detection of pea lectin in the Tl population of transgenic 

Having extensively characterised seven L4 plants and determined the presence of a 

single insertion locus containing one copy of the T-DNA in either a hemizygous or 

homozygous state, it was desired to investigate the influence of copy number on levels 

of trans gene expression within a T 1 population. The amount of pea lectin protein in the 

leaves of transgenic tobacco plants was estimated using a radio-immunoassay (RAI) 

(Jahn et aL, 1984) and used as a measure of levels of transgene expression. Such an 

assumption is possible given that previous studies (Edwards, 1987) have shown an 

absolute correlation between levels of lectin protein and corresponding transcript. Prior 

to analysis of transgenic material lectin isolation and RAJ procedures were further 

optimised. 

3.2.3.1 Isolation of pea lectin from material. 

The purification of pea lectin involved affinity chromatography on a sephadex G-1 00 

column by way of utilising the lectin carbohydrate binding properties. As shown in 

figure 3.4 the pea lectin in a buffer extract from pea meal (section 2.10.1) was allowed 

to bind to the column while all the weakly unbound and associated proteins were 

washed off in elution buffer. Pure, bound pea lectin was eluted using a' pulse of 0.2 M 

glucose (figure 3.4, indicated by arrow) and monitored as a single peak. Aliquots of 

the eluant were analysed on SDS-PAGE gels to confirm purity. The pure fractions 

crn:responding to the peak in figure 3.4 were pooled together to yield 54mg of lectin per 
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200g of pea seeds. The pea lectin was stored as a sterile solution Q.5mg-l mg/ml in 

0.15M sodium chloride, O.OlM sodium phosphate pH 7.2. This protein was found to 

agglutinate rabbit erythrocytes at a minimum concentration of 0.8J.Lg/ml under the 

conditions of the agglutination assay (Trowbridge et al., 1974). Examination of the 

affinity purified pea lectin by SDS-gel electrophoresis on a 15% (vlv) acrylamide gel 

revealed only two bands (7,000 and 17,000 daltons) with no other contaminating 

proteins. This is consistent with th~ data of Trowbridge et aL, (1974) where pea lectin 

has been demonstrated to be a tetramer consisting of two a-subunits (MW. 7,000) and 

two 6-subunits (MW. 17,000). The anti-lectin antiserum was obtained from Dr. G. 

Edwards (Shell Research Ltd.). The specificity of this antibody had previously been 

determined, showing an immunoreact:ion with the 6-subunits (figure 3.5; Edwards, 

1987). 

3.2.3.2 Optimisation of detection assay. 

To optimise the RAI assay and to ensure quantitative estimates of lectin the maximum 

protein (lectin) binding capacity of the nitrocellulose matrix within the slots of a slot 

blotter (Schleicher and Schuell) was determined. A dilution series of SRI tobacco leaf 

total protein extracts, from 20J.Lg down to 0.05J.Lg in a 200J.Ll volume of PBS was 

applied in each slot of the slot blotter containing two sheets of nitrocellulose. From 

figure 3.6(A), it was obseNed from staining both nitrocellulose sheets (upper and 

lower) with Ponceau red (0.2% (wlv) in 3% (wlv) TCA) that protein concentrations 

greater than 6.0J.Lg per slot resulted in saturation of all protein binding sites within the 

upper nitrocellulose sheet. At higher. concentrations unbound protein passes through 

onto the lower second nitrocellulose sheet. In row 1 the tobacco leaf protein extract 

was spiked with pea lectin two-:fold serially diluted from a starting concentration of 

3J.Lg. After probing with a rabbit anti-pea lectin antibody and detection with donkey 

anti-rabbit IgG 125r conjugate in figure 3.6(B) (row a), it was evident that the optimum 

concentration range over which to detect pea lectin was between 90ng and 0.3ng 

producing discrete slot bands which yielded a linear response when scanned by a 
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densitometer. It was also observed that no cross reactivity was detected with SRI 

tobacco protein extracts below 20J,lg (figure 3.6 row (b)) and therefore this could be 

used as a suitable negative control. 

3.2.3.3 Estimation of lectin levels in transgenic plants. 

Total soluble protein was extracted from the first upper leaf (3-Scm long) of each of the 

seven previously characterised transgenic CaMV-lecA. tobacco plants at the six leaf 

stage in phosph~te buffered saline (PBS: 8gll NaCl, 0.02gll KCI, 1.15gll N32HP04, 

0.02gll KH2P04, pH7.2) and their protein content determined by the Coomasie 

brilliant blue binding assay of Bradford (1976). Extracts were diluted to a protein 

concentration of 20Jlg/ml and 200J,ll of each extract (approx. 4Jlg of protein) was used 

per slot, alongside a row containing a two-fold serial dilution of purified pea lectin 

(90ng-0.3ng) as shown in figure 3.7(A) (row a). Figure 3.8(A) displays a densometric 

trace, over 8 slots containing the standard 'dilutions of pea lectin in figure 3.7 (A) (row 

a). A standard CtJrve was constructed by calculating the area under the peaks (integrated 

values from densitometer) and plotting these against the logarithm of the pea lectin 

concentration (figure 3.8 (B)). Peak areas were also calculated for densometric scans 

of the seven transgenic CaMV-lecA. plants and quantitative lectin levels determined by 

extrapolating from the curve in figure 3.8 (B). All plants analysed (figure 3.7 (B)) with 

the exception of plant 6 were observed to contain detectable amounts of pea lectin 

protein greater than 0.05% of total soluble leaf protein. Variation in pea lectin 

expression levels within the T1 population was observed to be low with greater than 

50% of the plants centred around the mean value of 0.11% of total soluble leaf protein. 

Plant 5 which was estimated to contain 2 lecA gene copies produced pea lectin protein 

levels. comparable with plant 3 estimated to contain 1 copy of the lecA gene. Similar 

pea lectin levels were also observed in plant 4 which possibly contains rearranged 

copies of the CaMV-lecA. gene and at least one intact copy. . However plant 1 which 

was estimated to have 1 copy of the lecA gene different~ted from the rest of the Tl 

plants having increased levels of detectable pea lectin protein than expected for a 
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Figure 3.4: 

Affinity purification of pea lectin on sephadex G-100 from a crude pea seed protein 

preparation, after fractionation with solid ammonium sulphate and dialysis (section 2.10.1). 

Unbound pea seed proteins, corresponding to fractions 30-110 were washed through with 

2.51 of 0.15M NaCl, 0.01M sodium phosphate buffer (pH7.2). Fractions 150-210 

containing pea lectin were eluted with 11 of 0.2M glucose made up in 0.15M NaCl, 0.01M 

sodium phosphate buffer (pH7.2) as indicated by the arrow. 

* refers to A280 monitored after elution with 0.2M glucose. 



200 2 

~ 
0 
00 
N 

Q) 

~ .a 100 1 

~ 
< 

20 40 60 80 100 120 140 160 180 200 220 240 

Fraction numbers 



Figure 3.5: 

Left: SDS-PAGE of extracts of transgenic plants. Lane 1: 5 Jlg size markers (pea vicillin); 

Lane 2: 500 ng pea cotyledon lectin. Lanes 3: lOOJ.ig leaf extract from control plant. Lanes 

4, 5, and 6: 100 Jlg leaf extract of transgenic plants containing the CaMV-lecA transgene. 

Right: Filter of above following immunological detection of lectin. Lanes 7-11 as lanes 2-6 

above respectively. 

From: Edwards, 198Z 
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Figure 3.6: 

(A) Nitrocellulose filters stained with Poriceau red (0.2%(w/v) in 3%(w/v) TCA after 

binding a range(201Jg-0.051Jg) of SRI total soluble leaf protein in PBS. Top filter sheet, 

row 4: SRI total soluble leaf protein from 201Jg down to 0.051Jg, stained with Ponceau red. 

Row 3: SRI total soluble leaf protein from 201Jg down to 0.051Jg, spiked with a two-fold 

serial dilution of purified pea lectin (31Jg-O.lng) and stained with Ponceau red. Rows 1 and 

2: represent the bottom nitrocellulose sheet stained with ponceau red for unbound SR1 

tobacco leaf protein passing through the top nitrocellulose sheet, arrow indicates the 

threshold at which most or all of the protein binding sites within the nitrocellulose matrix are 

saturated. 

(B) Autoradiograph demonstrating a western slot blot after reacting with a rabbit anti-pea 

lectin antibody (1:500) and followed by an 125 I labelled donkey anti-rabbit IgG of the top 

nitrocellulose sheet (rows 3 and 4) in figure 3.6 (A) for SR1 leaf protein alone and SR1leaf 

protein spiked with dilutions of pea lectin (rows a and b in figure 3.6B). Arrow indicates the 

concentration range (90ng-0.3ng), overwhich the pea lectin protein could be used, producing 

clearly defmed slots without distortion, for densometric scanning. 
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Figure 3.7: 

(A) Autoradiograph of a western slot blot after probing with a pea lectin antibody and a 

1251 labelled IgG of total soluble leaf protein extracted from seven CaMV-lecA line 4 

individuals, a!igned with pea lectin protein standards and SR1(untransformed plant) leaf 

soluble protein. 

Row a: Two-fold dilution series of purified pea lectin protein (90ng-0.3ng), arrow indicates 

4J..I.g of SR1 (untransformed plant) total leaf soluble protein. Row b: Total soluble protein 

extracts ( 4J..I.g per slot in PBS) from the first upper leaf of CaMV-lecA T 1 individuals 

numbered 1-7, at the six leaf stage. 

(B) Pea lectin levels in seven CaMV-lecA line L4 T1 tobacco plants for the first upper leaf 

of tobacco plants at the six leaf stage. Pea lectin levels in the seven T1 individuals (figure 

3.7 A) were determined as a percentage of total soluble leaf protein for three separate assays, 

the mean value calculated and the lectin levels for each plant arranged~in ascending order. 

Levels of pea lectin protein were compared with gene copy estimations in figure 3.3B (see 

section 3.2.2 for more detail). 
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Figure 3.8: 

(A) Densitometric trace of the serial two-fold dilutions of purified pea lectin in figure 3.7(A). 

The autoradiogram of the dilution series of purified pea lectin in (row a figure 3.7(A)) was 

scanned with a laser densitometer (LKB Ultroscan, LKB Biotechnologies). The peaks 

numbered from the right 8-1 correspond to pea lectin two-fold serial dilutions from 90ng 

down to 0.3ng. The mean relative area percentages under the peak were integrated and the 

data used to construct a standard curve. 

(B) A plot of the mean relative area under the peaks (8-1) with the log10 of pea lectin 

concentrations (90ng-0.3ng). Areas under the peaks were determined for all 10 CaMV-lecA 

Tl individuals and amounts of detectable pea lectin protein estimated by extrapolating from 

the standard curve. 
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homozygous individual. In the analysis it was postulated that variation of pea lectin 

protein levels within the Tl population would reflect the presence of lecA hemizygous 

and homozygous individuals. In most cases, however, pea lectin protein levels were 

discovered to vary only slightly between individuals of the Tl population, with 

estimates of pea lectin levels in hemizygous individuals similar to those of homozygous 

individuals. It may thus be seen that variabilty in levels of pea lectin production in the 

Tl population did not necessarily correlate with differences in copy number. For 

example, plant 1 containing one lecA copy displayed greater amounts of pea lectin 

protein on comparison with plant 7, found to contain 2 lecA copies. A linear 

correlation coefficient r= -0.101 was obtained for the relationship of copy number and 

pea lectin levels within the lA T1 population. Comparison of the calculated r value (-

0.101) with that of the tabulated r value (0, 7545) indicated no significant correlation at 

the 5% confidence level. In other words no significant correlation could be found 

between the number of lecA copies and levels of pea lectin protein. Therefore based 

upon the limited number of T1 plants analysed it can be concluded that differences in 

copy number do not fully account for the differences in pea lectin levels between 

individuals of a Tl population. 

3.2.4 Concluding Remarks. 

It was evident from the germination results that only one independent transgenic line 

could be used to examine position effect, CaMV-lecA line lA. Genetic and Southern 

analysis identified lA T1 plants containing one copy of the CaMV-lecA gene integrated 

at a single locus given the assumption that both the CaMV-lecA and nos-nptll gene 

were carried on the same T -DNA. Correlation of pea lectin levels in leaves of the T1 

population with lecA gene copy number concluded that an increase in expression 

through doubling of gene copy number did not necessarily result, as in most cases 

expression levels of homozygous individuals were identical or similar to those of 

hemizygous progeny. The reasons for the observed similarity may include the silencing 

of other copies of the transgene via methylation (Matzke et al., 1993) or, as m~y be the 

78 



case in plant 4, only intact copies of the CaMV-lecA gene being transcriptionally active 

and other copies inactive due to rearrangement. 

It was concluded from the above assessment that the observed frequency of apparent 

rearrangements within the lecA gene coupled with the lack of a sufficient number of 

independent transgenic lines, and consequentially the lack of material containing T

DNA integrated at different positions within the genome necessitated the need to 

generate more transgenic lines in order to adequately carry out this study. 

3.3 Production of a large population of independent 

transgenic lecA tobacco plants. 

3.3.1 Plant transfonnation vectors. 

The production of a large population of independent transgenic lecA tobacco plants was 

performed via leaf disc Agrobacterium tumefadeJ!S transformation of Nicotiana tabacum 

(SRI). The Agrobacterium transformation vectors used in this study were based on 

the 'disarmed' Ti plasmid vector pGV3850 (Zambryski et al., 1983). This vector 

comprises a Ti-plasmid containing a T-DNA from which all the oncogenic genes have 

been deleted and replaced by the cloning vehicle pBR322. Any sequence cloned in 

pBR322 derivatives can then be conjugated into Agrobacterium and inserted between 

the T-DNA borders by a single homologous recombination event between the two 

plasmid scxtuences. Since pBR322 vectors cannot replicate in Agrobacterium, 

exconjugants harbouring the co-integrates can be eaSily isolat~ by selecting for an 

antibiotic resistant marker J>resent in the pBR322 derivative which is absent from the TI

plasmid. 

The 35S cauliflower mosaic virus promoter (CaMV)-pea (Pisum satiwun) lectin gene 

construct (pDUB129) and the tobacco ribulose bisphosphate carboxylase small subunit 

(ssRubisco) promoter-pea lectin gene construct (pDUB132) were both made by 

Edwards et al., (1991), as shown in figure 3.9 (A) and (B). Both vectors consisted of 

either the 810bp 35S <AMY promoter derived from pROK2 (Bevan, 1984) or the 
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1020bp tobacco ssRuhisco promoter (Bevan, 1984) as a transcriptional fusion to 

1.25Kb of coding and 403bp of 3' untranslated sequence (including the 
I 

polyadenylation site) of the pea lectin gene (Gatehouse et aL, 1987). This fusion 

replaced the native lecA gene transcription start site and 5' controlling sequences that 

confer seed specificity with the 35S CaMV promoter conferring constitutive expression 

in all tissues, or the photosynthesis-specific promoter from the ssRuhisco, allowing 

expression in green tissue of transgenic tobacco. Sequence analysis of the pea lectin 

gene identified an extra A TG intitiation codon, within the Sphl site used for both 

constructs. This extra upstream ATG is out of frame with the lecA coding sequence in 

that translation initiation from the upstream ATG would result in 6bp encoding two 

amino acids followed by a termination codon. Based on its efficiency to direct 

translational initiation a strong ATG is defined by the presence of a purine at position -3 

and a guanine in position +I (Kozak, 1987; Guerineau et aL, 1992). Thus when the 

sequences surrounding both ATG's are compared the downstream ATG falls into the 

optimum context. 

The intermediate vectors pDUB130 and pDUB133 (figure 3.10) were generated by 

cloning the Hirullll/EcoRI fragment of pDUB129 and pDUB132 into the multiple 

cloning site of pDUB126A, a pBR322 based cloning vector (Edwards et al., 1991). 

These plasmids contain the following properties: pBR322 homology (including the 

ampicillin resistance gene), noslnptll gene, hom (basis of mobolisation) site, and a gene 

encoding kanamycin/gentamycin resistance in bacteria. These intermediate vectors were 

then transferred to A.tumefadens harbouring the Ti-plasmid pGV3850 by a two-step 

mating technique with the aid of E. coli strain GJ23. This E.coli strain contains two 

plasmids: R64 drd11, which has a tetracycline resistance (Tcr) gene and is fully auto

transferable and pGJ28 which has a Kmr/Nmr gene and is non-conjugable but can be 

mobolised in the presence of a conjugable plasmid. It Qoes this by means of a mob 

protein which acts on a hom site to initiate transfer. If another plasmid is present 

containing a hom site, the mob protein will act in trans and this plasmid (i.e. pDUB130 

or pDUB 133) will also be mobilised to the acceptor strain of A.tumefadens.. Once in 
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Figure 3.9: 

(A) Detail of the plasmid pDUB 129 containing the CaMV-lecA transcriptional fusion with 

the pea lecA gene, cloned as a Hind//// EcoRI fragment into the lacZ cloning region of 

pUC18. CaMV=810bp cauliflower mosaic virus 35S promoter, lecA=25Kb and 403bp of 

3' untranslated sequence of the pea lectin gene. 

(B) Detail of the plasmid pDUB132 containing the ssRubisco-lecA transcriptional fusion 

with the pea lecA gene cloned as a Hindlll/EcoRI fragment into the lacZ cloning region of 

pUC18. ssRubisco=1020bp tobacco ribulose bis-phosphate carboxylase oxygenase small 

subunit promoter, lecA=1.25Kb and 403bp of 3' untranslated sequence of the pea lectin 

gene. 
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Figure 3.10: 

(A) Isolated Hindlll!EcoRI CaMV-lecA and ssRubisco-lecA chimaeric genes for cloning 

into the Hind//// EcoRI sites of pDUB 126A. 

(B) Detail of cloning vector pDUB126A. nptll=neomycin phosphotransferase II gene, 

conferring kanamycin resistance in plants, Km/Gm=kanamycin/gentamycin resistance in 

E.coli/Agrobacterium, Amp=ampicillin resistance in E. coli. 

(C) Resultant intermediate vector pDUB 130 containing the chimaeric CaMV-lecA gene 

inserted into the Hindl/l/EcoRJ sites of pDUB 126A. nptll= neomycin phosphotransferase II 

gene, conferring kanamycin resistance in plants, Km/Gm= kanamycin/gentamycin resistance 

in E. coli/ Agrobacterium, Amp= ampicillin resistance in E. coli. 

(D) Resultant intermediate vector pDUB133 containing the chimaeric ssRubisco-lecA gene 

inserted into the Hindlll/EcoRJ sites of pDUB 126A. nptll=neomycin phosphotransferase II 

gene, conferring kanamycin resistance in· plants, Km/Gm=kanamycin/gentamycin resistance 

in E.coli/Agrobacterium, Amp=ampicillin resistance in E.coli. · 
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Figure 3.11: 

(A) The arrangement of the CaMV-lecA chimaeric gene within the T-DNA expression 

cassette of the plant transformation vector pGV3850. CaMV=cauliflower mosaic virus 35S 

promoter, lecA=pea lectin coding region, nos=nopaline synthase promoter, nptll=neomycin 

phosphotranspherase II gene conferring kanamycin resistance in plants, 

Kmf/Gmr=kanamycin/gentamycin resistance in E.coli/Agrobacterium, pBR322=plasmid 

sequence of pBR322 containing the ampicillin resistant gene, TL & TR=left and right hand 

T-DNA border sequences. 

(B) The arrangement of the ssRubisco-lecA chimaeric gene within the T -DNA expression 

cassette of the plant transformation vector pGV3850. ssRubisca=tobacco small subunit 

ribulose bisphosphate carboxylase promoter, lecA=pea lectin coding region, nos=nopaline 

synthase promoter, nptll=neomycin phosphotranspherase II gene conferring kanamycin 

resistance in plants, Kmf/Gmr=kanamycinlgenta~ycin resistance in E.coli/Agrobacterium, 

pBR322=plasmid sequence of pBR322 containing the ampicillin resistant gene, TL & 

TR=left and right hand T -DNA border sequences. 
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the acceptor strain of A.tumefadens the intermediate vectors cannot replicate and the 

only way to obtain expression of the gentamycin resistance (Gmr ) gene is by 

homologous recombination of the intermediate vectors with a region of DNA within 

A.tumefadens (i.e. marker rescue). The disarmed Ti-plasmid pGV3850 as mentioned 

previously, contains between its T -DNA borders pBR322 homology and can therefore 

form a co-integrate with the intermediate vectors (Zambyrski etal, 1983). 

Thus two co-integrates were generated, one (pDUB 130) containing the CaMV promoter 

fused to the lecA coding sequence, and the other (pDUB 133) having the ssRubisco 

promoter fused to the lecA coding sequence (figure 3.11 ). Both were provided by Dr. 

G. Edwards (Shell Research Ltd.). 

3.3.2 Characterisation of Agrobacterium transformation vectors 

pGV3850::pDUB130 and pGV3850::pDUB133. 

Prior to employing the above constructs in a plant transformation programme it was 

deemed prudent to undertake a detailed characterisation of the supplied material. 

The co-integrates pGV3850::130 (CaMV-lecA) and pGV3850::133 (ssRubisco-lecA) in 

Agrobacterium strain GV3101, were selected on YEB-agar containing lOOJ.lg/ml of 

both rifampicin and carbenicillin, and 5J.1g/ml gentamycin. Total DNA was prepared 

from cultures of single colonies and the presence of an intact, non-rearranged T -DNA 

confirmed by restriction analyses on 0.7%(w/v) agarose gels and Southern 

hybridization with homologous probes. The co-integrates pGV3850::126A (control i.e. 

containing only the lacZ cloning region without an insert), pGV3850:: 130, and 

pGV3850:: 133 were digested with Kpnl, Xbal, Xho/ and hybridized to a 32P-labeled 

linearized, pBR322 probe (figure 3.12(A) and (B)). The Kpnl digests (Lanes 1-3) 

revealed a common 6.1Kb fragment for all three co-integrates and larger fragments of 

12.4Kb and 12.6Kb for pGV3850::130 and pGV2850::133 (lanes 2 and 3) when 

compared with the smaller 10.3Kb fragment ofpGV3850::126A (lane 1). Likewise the 

Xbal digestion for all three co-integrates (lanes 4-6) revealed a common 24.9Kb 
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fragment and larger fragments of9.5Kb for pGV3850::130 and pGV3850::133 (lanes 5 

and 6) when compared with the smaller 8.6Kb fragment of pGV3850::126A (lane 4). 

The Xhol digest on the other hand produced only one fragment with homology to the 

pBR322 probe suggesting that there was no Xhol restriction site within the T-DNA 

delimited by the left and right hand border sequences. The Southern analysis in figure 

3.12 (B) therefore confirmed the presence of both co-integrates pGV3850::130 and 

pGV3850:: 133 in Agrobacterium. 

To obtain detailed restriction maps of the co-integrates pGV3850::130 and 

pGV3850:: 133, further restriction analyses were carried out on the same DNA samples 

with the enzymes Kpnl, BamHI, EcoRI, Hindlll, and EcoRI!Hindlll followed by 

Southern hybridization with digoxigenin labelled pBR322 (figure 3.13 (A) and (B)), 

CaMV (figure 3.14 (A) and (B)), ssRubisco (figure 3.15 (A)and (B)) or lecA (figure 

3.14 (B) and 3.15 (B)) probes. The presence of the CaMV-lecA gene construct is 

indicated as a 2.1Kb fragment after hybridzation with the probes to CaMV (lane 10) and 

lecA (lane 5) figure 3.14 (B). Similarily the presence of a 2.3Kb ssRubisco-lecA gene 

is confirmed in figure 3.15 (B) after hybridzation with probes to ssRubisco (lane 10) 

and lecA (lane 5). The sizes of the major bands of hybridization were determined and 

are presented in figures 3.16 and 3.17 as fully detailed restriction maps for both ar 

integrates. 

The detailed restriction maps were essential for choosing enzymes and probes for the 

mapping of the T-DNA sequences found in subsequent transgenic plants. For example 

digestion with Hindi// and probing with pBR322 sequences (figure 3.16 (A) and figure 

3.17 (A)) will determine whether or not the T-DNA expression cassette has been 

transferred. 
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Figure 3.12: 

(A) Restriction analysis of total DNA (6Jlg per lane) isolated from Agrobacterium 

(GV3101), harbouring the co-integrates pGV3850::pDUB126A, pGV3850::pDUB130, and 

pGV3850::pDUB133 T-DNA. Lanes 1-3: pGV3850::pDUB126A, pDUB130, and 

pDUB133 digested with Kpnl. Lanes 4-6: digested with Xbal. Lanes 7-9: digested with 

Xhol. 

(B) Autoradiogram of a Southern blot of the gel in figure 3.12(A) hybridised to a 32 P

labelled linearised 4.3Kb pBR322 probe. Lanes 1-3: pGV3850::pDUB126A, pDUB130, 

and pDUB133 digested with Kpnl. Lanes 4-6: digested with Xba/. Lanes 7-9: digested 

withXhol. 
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Figure 3.13: 

(A) Restriction analysis of Total DNA (6J.1g per lane) isolated from Agrobacterium 

(GV3101) harbouring the co-integrates pGV3850::pDUB130, and pGV3850::pDUB133. 

Lanes 1-5: pGV3850::pDUB130A, digested with Kpnl, BamBI, EcoRI, Hindl/1 and 

EcoRI!Hindl/1. Lanes 6-7: pGV3850::pDUB133 digested with Kpnl, BamHI, EcoRI, 

Hindlll and EcoRI!Hindlll. 

(B) Stained nitrocellulose filter of the gel shown in figure 3.13(A) after southern transfer, 

and hybridisation to a digoxigenin labelled, linearised 4.3Kb pBR322 probe. Lanes 1-5: 

pGV3850::pDUB130A, digested with Kpnl, BamHI, EcoRI, Hindl/1 and EcoRI/Hindlll. 

Lanes 6-7: pGV3850::pDUB133 digested with Kpnl, BamHI, EcoRI, Hindlll and 

EcoRI/Hindlll. Detection of fragments homologous to the probe was achieved with 

colorimetric substrates nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP) after hybridisation with an anti-digoxigenin alkaline phosphatase 

conjugate antibody (1:5,000). 
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Figure 3.18: 

(A) Leaf squashes of primary regenerants in tissue culture after co-cultivation with 

Agrobacterium (GV3101) harbouring the co-integrate pGV3850::130. 

(B) Autoradiograph of the immunoblot in figure 3.18(A) after probing with affinity purified 

rabbit anti-pea lectin antibodies (1:2000) and detection after reaction with 1251 labelled lgG 

antibodies (1 :5000). 200ng of purified pea lectin and a SR1 untransformed leaf squash blot 

are indicated by arrows. 

(C) Autoradiograph of an immunoblot of further primary regenerant leaf squashes from 

transformations with the co-Integrate pGV3850:: 130 after reaction with primary rabbit anti

pea lectin antibodies (1:2000), secondary donkey anti-rabbit lgG 1251 conjugated antibodies 

1 :5000) and detection via autoradiography. Numbers represent individual transgenic lines 

(plants 55 -114 as shown) 



3. 3. 3 Production of Nicotiana tabacum primary regenerants 

containing the CaMV-lecA and ssRubisco-lecA chimaeric genes. 

Having confirmed the integrity of the co-integrates pDUB 130 and pDUB 133 in 

Agrobacterium these chimaeric gene constructs were transferred to the genome of 

Mcotiana tabacwn SRI plants via leaf disc transformation (Horsch et al., 1985). Leaf 

discs were infected with Agrobacterium cultures harbouring either co-integrate, the 

chimaeric 2.1Kb CaMV-lecA or 2.3Kb ssRubisco-lecA constructs. Shoot initiation 

took place within 2-3 weeks on Murashige and Skoog (MS) agar (Murashige and 

Skoog, 1962) supplemented with 2% (wlv) sucrose, 0.1 mgfl a-napthalene acetic acid 

(NAA), 0.5 mg/1 benzylaminopurine (BAP) under kanamycin selection of lOOmg/1. To 

ensure selection of independent transformation events, not more than two shoots 

normal in appearance were taken per leaf disk and these from opposite sides of the disc, 

avoiding associated callus. Rooting of shoots and further development into small 

plantlets was achieved by transferring the kanamycin resistant shoots onto 1/2 MS agar 

supplemented with 1 %(w/v) sucrose containing lOOmg/1 kanamycin but lacking 

phytohormones. 

The transgenic nature of regenerated plantlets was confirmed using detection of pea 

lectin with affinity purified rabbit anti-pea lectin antibodies performed on leaf tissue 

squashes of shoots with three to four leaves (figures 3.18, 3.19). Figure 3.18 (A) 

displays 54 squashes of whole leaves or leaf discs on nitrocellulose, taken from the 

leaves of shoots arising from independent transformation events with co-integrate 

pGV3850:: 130, together with SRI and pea lectin protein (200ng) controls. After 

incubation with lectin antibodies and 1251 labelled anti rabbit lgG antibodies five shoots 

were identified by autoradiography as accumulating pea lectin protein in figure 3.18 

(B). Likewise in figure 3.19 (A), 24 leaf squashes are shown for individual shoots 

after transformation with pGV3850:: 133. Subsequent immunoblotting with rabbit anti 

pea lectin antibodies and 1251 conjugated donkey anti rabbit lgG antibodies (figure 3.19 

(B)) showed the majority of the shoots accummulating pea lectin protein when 
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compared with the relative controls (SRI and purified pea lectin). Transformation was 

somewhat variable as judged by the variable number of positive pea lectin shoots 

obtained and therefore it was necessary to continually pass SRI material through the 

transformation procedure to generate a sufficiently large population of primary 

regenerants for both chimaeric genes. Figures 3.18 (C) and 3.I9 (C) represent leaf 

squashes from shoots selected from further rounds of transformation with 

pGV3850:: 130 and pGV3850:: 133 co-integrates. 

In figures 3.20 and 3.21 the localisation of pea lectin accumulation in whole transgenic 

plantlets is demonstrated. The plantlets representing primary regenerants were first 

squashed onto nitrocellulose and stained with Ponceau red (figures 3.20 (A) and 3.21 

(A)) before reaction with antibodies and autoradiography. This allowed useful 

comparisons between the Ponceau red stained images and autoradiograms, 

demonstrating that the absence of a reaction signal is not the result of poor or ineffective 

squashing of the plantlets. The pattern of pea lectin accumulation under control of the 

CaMV promoter (figure 3.20 (B)) was detected in most tissues of the primary 

regenerant including the leaves, stem and roots. On the other hand pea lectin 

accumulation under the ssRubisco promoter was only ever detected only in leaves and 

not in the roots (figure 3.21 (B)). Quantitative studies conducted by Edwards et al., 

( 1991) for the CaMV-lecA chimaeric gene in transgenic potato plants revealed similar 

patterns of expression, in leaves, stems, and roots. In ssRubisco-lecA potato 

transformants, Edwards et al., (1991) also observed high levels of pea lectin in the 

shoot apex and expanded leaves; however no lectin protein was detected in roots or 

tubers, consistent with the results displayed in figure 3.21 (B). 

Rooting shoots were maintained in tissue culture for 1 month before being transferred 

to soil to ensure their continued resistance to kanamycin. From observations of primary 

regenerants in tissue culture between 16% and 18% of all primary regenerants did not 

develop roots, their leaves were usually curled and elongated and proliferating to high 

numbers. Such abnormal phenotypes may be a consequence of somaclonal variation 
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Figure 3.17: 

Detailed restriction map and homologous probes to the Agrobacterium co-integrate 

pGV3850:: 133. (A) T -DNA fragments homologous to a 32P-labelled linearised 4.3KB 

pBR322 probe, (B) T-DNA fragments homologous to a digoxigenin labelled 700bp lecA 

coding sequence, (C) T-DNA fragments homologous to a digoxigenin labelled 1020bp 

ssRubisco promoter fragment. Arrows above genes represent direction of transcription. 
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Figure 3.16: 

Detailed restriction map and homologous probes to the Agrobacterium co-integrate 

pGV3850:: 130. (A) T-DNA fragments homologous to a 32P-labelled linearised 4.3KB 

pBR322 probe, (B) T-DNA fragments homologous to a digoxigenin labelled 700bp lecA 

coding sequence, (C) T-DNA fragments homologous to a digoxigenin labelled 810bp CaMV 

promoter fragment. Arrows above genes represent direction of transcription. 
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Figure 3.15: 

(A) Restriction analysis of total DNA (6J,1g per lane) isolated from Agrobacterium 

(GV3101) harbouring the co-integrate pGV3850::pDUB133. Lanes 1-5: 

pGV3850::pDUB133, digested with Kpnl, BamBI, EcoRI, Hindi// and EcoRI!Hindl/1. 

Lanes 6-7: pGV3850::pDUB133 digested with Kpn/, BamBI, EcoRI, Hindi// and 

EcoRI!Hindlll. 

(B)· Stained nitrocellulose fllter of the gel shown in figure 3.15(A) after southern transfer, 

and hybridisation to a digoxigenin labelled 700bp BamBI fragment of pDUB80 containing 

part of the pea lectin coding region (lanes 1-5) and a digoxigenin labelled 1020bp 

Hindl/I/BamHI fragment from pDUB 132 containing the tobacco ssRubisco promoter region 

(lanes 6-10). Detection of fragments homologous to the probes was achieved with 

colourmetric substrates nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP) after hybridisation with an anti-digoxigenin alkaline phosphatase 

conjugate antibody (1:5,000). 
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Figure 3.14: 

(A) Restriction analysis of total DNA (6J.lg per lane) isolated from Agrobacterium 

(GV3101) harbouring the co-integrate pGV3850::pDUB130. Lanes 1-5: 

pGV3850::pDUB130, digested with Kpnl, BamHI, EcoRI, Hindi// and EcoRI/Hind//1. 

Lanes 6-7: pGV3850::pDUB 130 digested with Kpnl, BamHI, EcoRI, Hind/// and 

EcoRI/Hind//1. 

(B) Stained nitrocellulose filter of the gel shown in figure 3.14(A) after southern transfer, 

and hybridisation to a digoxigenin labelled 700bp BamHI fragment of pDUB80 containing 

part of the pea lectin coding region Oanes 1-5) and a digoxigenin labelled 810bp 

Hindl///BamHI fragment from pDUB129 containing the 35S CaMV promoter region (lanes 

6-1 0). Detection of fragments homologous to the probes was achieved with colorimetric 

substrates nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) 

after hybridisation with an anti-digoxigenin alkaline phosphatase conjugate antibody 

(1:5,000). 
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Figure 3.20: 

(A) Nitrocellulose filter of a whole plantlet squash, stained with Ponceau red (0.2%(w/v) in 

3%(w/v) TCA), for one example of a kanamycin resistant primary regenerant after 

transformation with CaMV-lecA construct 

(B) Immunoblot of a whole plantlet squash in figure 3.20(A) after reaction with pea lectin 

antibodies(l :2,000), and 1251 labelled IgG antibodies( 1:5000) detected via autoradiography. 
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Figure 3.19: 

(A) Leaf squashes of primary regenerants in tissue culture after co-cultivation with 

Agrobacteriwn (GV3101) harbouring the co-integrate pGV3850:: 133. 

(B) Autoradiograph of the immunoblot in figure 3.19(A) after probing with affinity purified 

rabbit anti-pea lectin antibodies (1:2000) and after reaction with labelled IgG antibodies 

(1 :5000). 200ng of purified pea lectin and a SR1 untransformed leaf squash blot are 

indicated by arrows. 

(C) Autoradiograph of an immunoblot of further primary regenerant leaf squashes from 

transformations with Agrobacteriwn GV3101) harbouring the co-integrate pG¥3850::133 

after reaction with primary rabbit anti-pea lectin antibodies ( 1 :2000), secondary donkey anti

rabbit IgG 1251 conjugated antibodies (1:5000) and detection via autoradiography. Numbers 

represent individual transgenic lines ( 1-41 ). 
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Figure 3.21: 

(A) Nitrocellulose filter of a whole plantlet squash, stained with Ponceau red (0.2%(w/v) in 

3%(w/v) TCA), for a one example of a kanamycin resistant primary regenerant after 

transformation with ssRubisco-lecA construct 

(B) Immunoblot of a whole plantlet squash in figure 3.21 (A) after reaction with pea lectin 

antibodies(! :2,000), and125I labelled lgG antibodies (1:5000) detected via autoradiography. 
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Figure 3.22: 

TO individuals regenerated after co-cultivation with Agrobacterium (GV3101) harbouring 

pGV3850::pDUB130 co-integrate. The plants are shown flowering 2 months after potting 

out. The arrows indicate plants which displayed dwarf characteristics (2) when compared 

with phenotypically normal plants (1) at the same physiological stage. 
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(Larkin and Scowcroft, 1981). This variation is commonly detected where cell 

proliferation has gone through a disorganized phase. Frequently the variation is due to 

polyploidy (extra sets of chromosomes 3N, 4N, 6N etc.) in the resultant cells. 

Possible mechanisms suggested for somaclonal variation are the activation of 

transposable elements (McClintock, 1984; Scowcroft, 1985) or mutations induced by 

retrotransposons during tissue culture (Hirochika, 1993). 4% of the plantlets displayed 

small white leaves with no root formation and these were considered to be kanamycin 

sensitive. Those plants which ·rooted and appeared phenotypically normal were 

transferred to soil. A total of 64 CaMV-lecA plants and 37 ssRubisco-lecA plants were 

potted out in sterile compost, grown to full maturity in a containment growth room and 

allowed to self pollinate on flowering. The primary regenerants were designated TO 

and the progeny obtained from selfing Tl. Ten weeks after potting out in soil6% of 

the plants appeared to regenerate abnormally as characterised by a reduction in height 

when compared with other TO individuals at the same physiological stage (figure 3.22). 

The dwarfed plants obtained were unable to produce seed and suggests that their 

abnormal phenotype may be as a result of somaclonal variation which commonly 

produces sterile plants. Such plants were not taken on for further analysis. 

3.3.4 Analysis of pea lectin accumulation in TO individuals. 

Pea lectin accumulation was estimated by a quantitative slot blot radioimmunoassay 

(RAI) for 60 CaMV-lecA TO individuals and 34 ssRubisco-lecA TO individuals (figures 

3.23 (A) and 3.24 (A)). Total soluble protein was extracted in PBS from the first upper 

leaf (3-5cm long) of each individual plant at the six leaf stage and the protein content of 

the extract determined by the coomassie brilliant blue binding assay of Bradford (1976). 

This was a rapid, convenient and quantitative method for comparison of closely similar 

protein extracts. Exactly 4J.lg of total protein was loaded per slot, aligned with a row 

of a serial dilution of purified pea lectin protein (90ng-0.3ng). This amount of protein 
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was selected based on results of earlier experiments (section 3.2.3.2) to ensure that 

·blots were not overloaded with protein, leading to a loss of protein and underestimation 

of lectin levels. The resulting autoradiographs are shown in figures 3.23 (A) and 3.24 

(A). The autoradiograph slots were scanned with an L.K.B. densitometer and a 

standard curve constructed by integration of the peak areas and plotting these against the 

logarithm of the pea lectin concentration (figures 3.23 (B) and 3.24 (B)). Peak areas 

calculated from the densitometric scans of the TO individuals were converted to ng of 

pea lectin protein by extrapolating from the standard curve and values expressed as a 

percentage of total soluble leaf protein. The results are representeq in figures 3.23 (C) 

and 3.24 (C). As expected the levels of pea lectin accumulated showed a wide variation 

in TO individuals. The large number of TO individuals assayed permitted statistical 

analysis, collated into tables 3.2, 3.3 and 3.4. Table 3.2 gives the mean, median, 

standard deviation, variance, and variation coefficient of pea lectin levels for both 

CaMV-le(:A and ssRubisc'o-lecA populations. Since no detailed Southern analysis was 

undertaken on the TO individuals it was assumed that the lecA gene was integrated 

together with the noslnptll gene and thus kanamycin-resistant TO individuals giving 

undetectable amounts of pea lectin were not omitted from the statistcal analysis as they 

may have undergone transgene silencing during regeneration or as a consequence of 

some environmental stimulus. This possibility must be considered given that all plants 

potted out were previously shown to be lectin-positive on squash blots (section 3.3.3; 

figures 3.18, 3.19). All statistical analyses was carried out on pea lectin protein values 

expressed as a percentage of total soluble leaf protein. 

The estimates of pea lectin protein levels were arranged in ascending order for both 

CaMV-lecA and ssRubisco-lecA TO populations (figures 3.25 (A) and (B)) to illustrate 

the overall range of pea lectin levels observed. No apparent differences between 

promoter strengths at the stages of leaf development selected were observed as reflected 

by similar ranges in the levels of pea lectin accumulation for both populations (figure 

3.25 (A) and (B)). The frequency distribution curves for CaMV-lecA and ssRubisco

lecA (figure 3.26) are skewed, indicating that TO individuals from both populations 
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Table 3.2: 

Main statistical data of pea lectin accumulation in both CaMV-lecA and ssRubisco-lecA TO 

populations. 

Table 3.3: 

Computation of Bartlett's t~st of homogeneity of variance for CaMV-lecA a and ssRubisco

lecA hTQ populations differing in size. 

Table 3.4: 

An approximate method of testing the hypothesis whether the sample means of the two 

different series were significantly different. 



Data CaMV-lecA TO ssRubisco-lecA TO 

NO of Plants (n) 60 34 

Mean (x) 0.086 +/- 0.0110 0.054 +/- 0.0124 

Median 0.0~7 0.025 

Variance (vx) 0.00728 0.00526 

Standard deviation (sx) +/- 0.0853 +/- 0.0724 

Coefficient of variation (C) 100.1% 74.7% 

Population I:x2 D.F.(n-1) 1/(n-1) vx log(vx) (n-l)log(vx) 

la 0.873 59 0.0169 0.00728 -2.138 -126.142 

2b 0.273 33 0.0303 0.00526 -2.279 -75.207 

n=2 1.146 92 0.0472 -201.349 

Population Number of D.F. Mean Ix2 vx Ix2=yxtn t.os 

plants(n) 

CaMV-lecA 60 59 0.086 0.873 0.00728 . 1.2lxlo-4 2.000 

· ssRubisco-lecA 34 33 0.054 0.273 0.00526 1.55x1o-4 2.030 

94 92 0.032 2.76x1o-4 



tend to accumulate low levels of pea lectin protein. In fact 58% of the analysed CaMV

lecA TO and 68% of the ssRubisco-lecA TO individuals contain levels which are lower 

than the mean. Similar observations have been noted by Peach and velten, (1991), 

Breyne et al., (1992), Allen et al., (1993), De Neve et aL, (1993), and Mlyru1rova et 

al., ( 1994) when analyzing populations of primary regenerants. The extent of variation 

within the CaMV-lecA and ssRubisco-lecA populations was observed to differ as 

deduced fron a higher coefficient of variation obtained with the CaMV-lecA population. 

The Bartletts test was used to determine whether the variances of both populations were 

homogenous (table 3.3). 

Mean variance= Ix2tl:(n-1) = 1.146/92 = 0.0125 

Qog mean variance) l:(n-1) = (-1.90460) (92) = -175.2235 

Chi-squared,X2 = 2.3026[(log mean variance) l:(n-1) - l:(n-1) (log vx) 

= 2.3026[ -175.2235 - ( -201.349)] 

= 60.16 

It was revealed that x2(60.16) was greater than the tabular x2 value for one degree of 

freedom at the 5%(3.841) and 1 %(6.635) significance level rejecting the null 

hypothesis, suggesting the variances were heterogenous. As the variances were found 

to be heterogenous a Cochran and Cox method (table 3.4) was used to test whether the 

population means of two different series were significantly different with no hypothesis 

about the population variances. 

Ix=l2.76x1o-4 = 0.0166 

xll:x = 0.032/0.0166 = 1.93 

5% level= (1.21xl0~4)(2.000) + (1.55x10-4)(2.030) 

1.21x10-4 + 1.55xl0-4 

t o.s= 2.02 

Since the ratio 1.93 was smaller than the 5% level( 2.02), the average level of pea lectin 

accumulation estimated for both populations is not significantly different however the 
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Figure 3.23: . 

(A) Autoradiograph of a Western slot blot after reacting with rabbit ant-pea lectin antibodies 

and 1251 labelled IgG antibodies. Total soluble protein extracted from the first upper leaf of 

each of 60 CaMV-lecA TO individuals (6 leaf stage) were blotted along with pea lectin 

standards (90ng-0.3ng) 4!J.g/slot and an SR1(untransformed plant) leaf extract. Arrow 

indicates plants numbered 1-15 (row A), numbers at the top and bottom of row B indicate 

plant numbers 16-38 and numbers at the top and bottom of row C indicate plant numbers 39-

60. 

(B) A plot of the mean relative area percentages under the peaks against loglQ lectin 

concentration. Areas under the peaks were determined for all 60 TO CaMV-lecA individuals 

and the amounts of pea lectin estimated by extrapolating from the standard CUIVe. 

(C) Quantitative results from 3.23(A) for pea lectin levels in CaMV-lecA TO individuals. 

Pea lectin levels in TO individuals were determined as a percentage of total soluble protein 

loaded per slot ( 4!lg) for three separate assays and the mean value calculated. Error bars 

represent the spread of three repeat experiments. 
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Figure 3.24: 

(A) Autoradiograph of a Western slot blot after probing with rabbit ant-pea lectin antibodies 

and detection via autoradiography with a donkey anti-rabbit IgG 1251 conjugate for total 

soluble protein extracted from the first upper leaf for 34 ssRubisco-lecA TO individuals at the 

six leaf stage aligned with pea lectin standards(90ng-0.3ng) and SRI (untransformed plant) 

leaf soluble protein. 

(B) A plot of the mean relative area percentages under the peaks with the log 10 of standard 

two-fold pea lectin dilutions (90ng-0.3ng). Areas under the peaks were determined for all 34 

TO ssRubisco-lecA individuals and the amounts of pea, lectin protein estimated by 

extrapolating from the standard curve. 

(C) Graphical representation of 3.24(A) for pea lectin estimated levels in ssRubisco-lecA 

TO individuals. Pea lectin levels in TO individuals were determined as a percentage of total 

soluble protein loaded per slot ( 4J..Lg) for three separate assays and the mean value calculated. 

Error bars represent the spread of three repeat experiments. 
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Table 3.5: 

Kanamycin segregation data for progeny derived from a number of CaMV-lecA TO 

individuals. 

Seed was germinated on kanamycin-containing (100 J.lg/ml) medium and sensitivity to 

kanamycin determined as bleaching of cotyledons at 21 d post-germination. Observed 

segregation ratios were then statisticaliy compared to predicted ratios and the probability that 

observed and predicted ratios were the same expressed as a p value. 



variances of the populations as judged by the Bartletts test evidently are. Therefore the 

statistical data indicates that the accumulation of pea lectin protein: is in the same range in 

both populations; however alterations in the distribution of pea lectin levels within both 

populations may have arisen as a result of possible different T-DNA integration events 

' and the effects of surrounding sequences or chromatin structure. on transgene e:Xpresion 

(i.e. position effect). 

3.3.5 Concluding Remarks. 

A large population of TO individuals for both CaMV-lecA and ssRubisco-lecA 

constructs were generated, selected on kanamycin and comparable stages of developing 

leaf tissue assayed for pea lectin protein levels. Both populations exhibit great 

variability in the levels of pea lectin protein. These data are in agreement with other 
I 

studies of variability in gene expression in transgenic Nirotiana populations (Peach and 

Velten, 1991, Breyne etal., 1992, and De Neveet aL, 1993). Thus such material is 

ideally suited to further analysis, allowing a detailed study into the stable inheritence of 

thechimaeric genes, T-DNA structure, T-DNA copy number and other factors such as 

methylation and site of genqme integration which may contribute to the observed 

transgene expression variability . 

3. 4 Characterisation of integrated T -DNAs within Tl 

CaMV-lecA and ssRubisco-lecA tobacco plants. 

It was important from the outset that a thorough knowledge of the structure of the 

integrated T-DNA was available for the plants selected for the studies on lectin gene 

expression. The aim of this analysis was to investigate the frequency with which the 

TO plants transmitted their T -DNA genes normally and stably to their T1 progeny. It 

was also important to determine the frequency with which single copies of the non

rearranged T -DNA were introduced. Once this was established independent transgenic 

lines were selected with a single T-DNA integration to investigate various factors 

contributing to trans gene expression variability. 
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3.4.1 Inheritance of the kanamycin-resistant and lectin-positive 

phenotype within Tl plants. 

Inheritance of the kanamycin-resistant phenotype was moni~ored as before (section 

3.1.2) by germinating seedlings on media containing the appropriate antibiotic and 

scoring green (resistant) and white (sensitive) progeny. Seed collected from 31 selfed 

CaMV-lecA and 16 ssRubisco-lecA TO parental plants were spread onto 1/2MS plates 

containing kanamycin to determine the segregation ratios of the nos-nptll transgene 

(which confers resistance to kanamycin). The data for the ratio of kanamycin resistant 

to kanamycin sensitive CaMV-lecA and ssRubisco-lecA T1 seedlings are summarised in 

tables 3.5 and 3.6 respectively. The inh~tance patterns of the kanamycin resistance 

gene in the combined T1 seedling population could be placed into four classes as 
I 

summarised in table 3.7. Out of a total of 47 parental lines for both constructs tested, 

class I plants (6/47) showed the expected Mendelian inheritance pattern for the nos

nptll gene carried at a single locus (Kanr:KanS; 3: 1; p<0.05). For class II plants (9/47) 

the ratio approximated to 15:1, p<0.05 (Kanr:Kans) indicating at least two independent 

insertion sites of the kanamycin resistance gene. In class m plants (30/47) the 

germinated seedlings were entirely kanamycin resistant suggesting the segregation of 

more than two independent insertion sites for the nos-nptll gene. Class IV plants were 

observed to produce lower than expected ratios of kanamycin resistance in their seeds. 

In this instance segregation data suggests the inheritance of less than one nos-nptll gene 

and may perhaps be explained by silencing of transgenes inserted at other loci, a 

phenomenon observed by others (Meyer et aL, 1993, Matzke et al., 1989, Ingelbrecht 

et al., 1994). Ten CaMV-lecA and five ssRubisco-lecA TO parental lines, having been 

sylfed and the progeny analysed genetically, were selected with functional nos-nptll 

genes carried at one or more loci. 

Seed collected from the self-fertilization of these lecA TO lines were squashed onto 

nitrocellulose, releasing the stored proteins for probing with anti lectin antibody and 

125J conjugated antibody. Figure 3.27 illustrates examples of results obtained. The 
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Figure 3.26 : 

Frequency distribution of pea lectin accumulation within the CaMV-lecA and ssRubisco-lecA 

TO populations. Numbers of TO individuals are plotted against the corresponding level of 

pea lectin protein (given as a %(w/w) of total soluble leaf protein), these have been grouped 

into classes of 0.05% ( w /w) of total soluble protein. 
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Figure 3.25: 

(A) Results from 3.23(C) rearranged according to ascending order for CaMV-lecA TO 

individuals. The mean levels of pea lectin accumulation are indicated by the dashed line. 

Error bars represent the spread of three repeat experiments. 

(B) Results from 3.24(C) rearranged according to ascending order for ssRubisco-lecA TO 

individuals. The mean levels of pea lectin accumulation are indicated by the dashed line. 

Error bars represent the spread of three repeat experiments. 



Parent plant Number of Resistant to Sensitive to Fit to ratio x2 p 

CaMV-lecA seeds kanamycin Kanamycin Kanf:Kans 

germinated (green) . (white) 

3 100 89 11 15:1 2.97 <0.05 

4 ' 68 32 3:1 0.08 <0.05 

5 ' 100 0 1:0 - -

7 ' 61 39 3:1 0.54 <0.05 

10 ' 91 9 15:1 0.85 <0.05 

11 ' 100 0 1:0 - -

12 ' 90 10 15:1 1.63 <0.05 

13 ' 100 0 1:0 - -

14 ' 100 0 1:0 - -
18 I 59 41 3:1 2.67 <0.05 

19 I 100 0 1:0 - -
20 ' 71 29 3:1 0.83 <0.05 

22 I 100 0 1:0 - -

23 ' 54 46 3:1 7.26 >0.05 >0.01 

26 I 66 34 3:1 0.02 <0.05 

28 ' 90 10 15:1 1.63 <0.05 

31 ' 100 0 1:0 - -

33 ' 89 11 15:1 2.97 <0.05 

35 ' 53 47 3:1 8.45 >0.05 >0.01 

36 I 100 0 1:0 - -

37 ' 90 10 15:1 1.63 <0.05 

38 I 100 0 1:0 - -

40 ' 100 0 1:0 - -

42 ' 100 0 1:0 - -
45 ' 99 1 1:0 - -

50 ' 100 0 1:0 - -

51 ' 91 9 15:1 0.85 <0.05 

55 I 100 0 1:0 - -
56 ' 100 0 1:0 - -
57 ' 98 2 1:0 - -

60 ' 100 0 1:0 - -



Table 3.6: 

Kanamycin segregation data for progeny derived from a number of ssRubisco-lecA TO 

individuals. 

Seed was germinated on kanamycin-containing (100 J.lg/ml) medium and sensitivity to 

kanamycin determined as bleaching of cotyledons at 21 d post-germination. Observed 

segregation ratios were then statistically compared to predicted ratios and the probability that 

observed and predicted ratios were the same expressed as a p value. 



Parent plant Number of Resistant to Sensitive to Fit to ratio x2 p 

ssRubisco-lecA seeds Kanamycin Kanamycin Kalf:Kan5 

germinated 

2 100 91 9 15:1 0.85 <0.05 

8 I 92 8 15:1 0.27 <0.05 

9 I 100 0 1:0 - -
13 I 100 0 1:0 - -

15 I 100 0 1:0 - -

16 I 100 0 1:0 - -

17 I 100 0 1:0 - -

19 I 100 0 1:0 - -

20 I 100 0 1:0 - -

23 I 100 0 1:0 - -
24 I 100 0 1:0 - -

25 I 100 0 1:0 - -

28 I 100 0 1:0 - -

30 I 67 33 3:1 0.004 <0.05 . ~\ . 

31 I 100 0 1:0 - -

34 I 100 0 1:0 - -,,, 



Table 3.7: 

Classification of segregating Tl ssRubisco-lecA and CaMV-lecA Tl plants. Segregating 

ratios were determined as the ratio of kanamycin-resistant to -sensitive seedlings when 

germinated on medium containing 100 J..l.g/ml kanamycin. 



Inheritance class Ratio (green/white) Number of plants 

Self 

I Sin le dominant ene 3:1 6 

II Two dominant 15:1 9 

III All resistant 1:0 30 

<3:1 2 

Total number of plants 47 



Figure 3.27: 

Segregation ratio of lectin gene detected by squash blots of seed collected from the self

crossing of CaMV-lecA lines (33, 26, 20, and 4), ssRubisco-lecA line (16) and SRI as an 

untransformed control. Seed squash blots were probed with a pea lectin antibody and 1251-

labelled IgG. 

A: Schematic representation of grid used for 50 seed squashes on to nitrocellulose; B: Seed 

squashes of progeny seed collected from TO ssRubisco-lecA parental line 16 displaying all 

(1 :0) to be lectin positive; C: Seed squashes of progeny seed collected from the selfing of TO 

CaMV-lecA parental line 33 displaying a phenotypic ratio of 15:1 lectin positive; D: 

Squashes of SRI seed (untransformed control); E, F and G: Seed squashes of progeny seed 

collected from the selfmg of TO CaMV-lecA parental lines 26, 20, and 4, respectively. 

These lines display a phenotypic ratio of 3: I lectin positive. 
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majority of lines displayed the inheritance of the lecA gene with ratios identical to that 

observed for kanamycin resistance. However, two populations of CaMV-lecA lines 

(28 and 12) showed a 15:1 kanr:kanS segregation ratio and a 3:1 lecA +:[ecA- ratio, 

indicating that a single locus locus carries a lecA gene, whereas more than one locus 

carries a functional nos-npt// gene. 

Tl plants arising from the selfed ten TO CaMV-lecA and five ssRubisco-lecA TO 

parental lines were further investigated by Southern analyses (section 3.3.3) to 

determine the arrangement and number ofT -DNA insertion events within the genome. 

3.4.2 Southern analyses of selected CaMV-lecA and ssRubisco-

lecA Tl individuals. 

Southern hybridisations were conducted on selected Tl plants (section 3.3.2) in order 

to analyse in detail the structure and number of integrated T-DNAs. The probes and 

restriction enzymes used in the analyses of the structure of the integrated T -DNAs for 

each construct are shown in figures 3.28 and 3.29 along with the predicted sizes of 

bands of homology in non-rearranged, integrated T-DNA. The probes used were: (i) 

4.37Kb linearised pBR322, (ii) 600bp Sph I/Pst I fragment from pNOS-NPf(see table 

2.1, section 2.3) homologous to the neomycin phosphotransferase II gene of Tn5, (iii) 

3.0Kb EcoR I I Hindi// fragment from pDUB 1105 homologous toT -DNA near the left 

border, (iv) _1.2Kb Sph II EcoRI lecA coding region from pDUB80 homologous to the 

pea lectin gene and (v) 2.1Kb Hindiii/Sac// fragment from pDUB1105 homologous to 

the T-DNA near the right hand border. The complete analysis consisted of runnin~ 

0.7% (w/v) agarose gels containing lOJlg of digested DNA per lane from plants 

transformed using pGV3850: 130 or 133. The probes used in the analysis were labeled 

with 32p to high specific activity > 106 c.p.m./Jlg by the procedure of random priming 

(Feinberg and Vogelstein, 1984). In all cases hybridisations were carried out with 

positive and negative controls. The negative control was DNA from untransformed 

tobacco and the positive controls were one, three and five-copy lecA reconstructions 
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Figure 3.28: 

Details of the strategy used for the Southern analysis of T-DNA in transgenic tobacco plants 

transformed with the CaMV-lecA construct. 

A: represents the predicted sizes(kb) of DNA fragments with homology to a 4.3Kb pBR322 

probe after a Hind/// genomic digest. B: represents the predicted size of T -DNA with 

homology to a 600bp Sph 1/Pst I fragment from pNOS-NPT (containing the nos-nptll gene) 

after a Hind/// plant genomic DNA digest (see section 3.4.2 in text for more detail). C: 

represents the predicted junction fragment with homology to a 3Kb EcoRI/Hindlll fragment 

(containing the left hand border sequence) after a Hind/// genomic digest. D: represents the 

predicted sizes (kb) of DNA fragments with homology to a 1.2Kb EcoRI/Sph I fragment 

(containing the lecA gene) after an EcoRI/Hind//1 genomic digest. E: represents the 

predicted sizes (Kb) of DNA fragments with homology to a 2.1Kb Hindlll/Sacl 

fragment( containing part of the right hand border sequence with homology to the nos 

promoter) after a BamBI digest. All probes used were 32P-labelled 
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Figure 3.29: 

Details of the strategy used for the Southern analysis ofT -DNA in transgenic tobacco plants 

transformed with the ssRubisco-lecA construct. A: represents the predicted sizes(kb) of 

DNA fragments with homology to a 4.3Kb pBR322 probe after a Hindi// genomic digest. 

B: represents the predicted sizes ofT-DNA with homology to a 600bp Sph 1/Pst I fragment 

(containing the nos-nptll gene) after a Hind/// genomic digest.. C: represents the predicted 

junction fragment with homology to a 3Kb EcoRI/Hind//1 fragment (containing the left hand 

border sequence) after a Hindi// genomic digest. 
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with purified pDUB80 plasmid DNA and DNA from the Agrobacterium strains with co

integrates used in the tobacco transformations. 

3.4.2.1 Blot hybridisation analysis with a pBR322 probe. 

10J.Lg of genomic DNA from 10 CaMV-lecA individual T1 plants (33, 28, 26, 20,18, 

12, 10, 7, 4, and 3) and 5 ssRubisco-lecA T1 individuals (30, 28, 16, 8, and 2) was 

digested to completion with the restriction endonuclease Hindlll and the fragments 

electrophoretically separated on 0.7% (wlv) agarose gels (figure 3.30 (A) and 3.36 

(A)). The DNA was blotted onto nylon and hybridised to 32P-labeled linearised 

plasmid pBR322 in order to detect whether the 15.1Kb (CaMV-lecA plants) or 15.3Kb 

(ssRubisco-lecA plants) central region of the T-DNA had been transferred. Out of a 

total of 10 CaMV-lecA T1 individuals analysed 7 CaMV-lecA plants 33, 26, 20, 18, 

10, 7, and 4 (lanes 2, 4, 5, 6, 8, 9 and 10, figure 3.30 (B)) were found to contain both 

the predicted 8.3Kb an,d 6.8Kb internal Hind/If fragments. Three CaMV-lecA T1 

plants 28, 12, and 3 (lanes 3, 7, and 11 figure 3.30 (B)) were observed to have 

homology only to the 6.8Kb region of the T-DNA, the predicted size of the left hand 

pBR322 fragment (see figure 3.28) known to contain the neomycin phosphotransferase 

II gene (nptll) driven by the nopaline synthase (nos) promoter conferring kanamycin 

resistance. Hybridisations of ssRubisco-lecA T1 plants 30, 16, 8, and 2 (lanes 1, 3, 4, 

and 5, figure 3.36 (B)) revealed two T-DNA internal fragments of 8.7Kb and 6.8Kb 

with homology to the pBR322 probe. Rearrangements were evident in ssRubisco-lecA 

T1 plant 30 (lane 1), which generated bands of the predicted sizes of 6.8Kb and 8.7Kb 

and one additional band of 5.4Kb. Extreme forms of rearrangement were observed in 

the analysis pattern from ssRubisco-lecA T1 plant 28 (lane 2). This line contained one 

band of homology to the predicted 6.8Kb pBR322 region of the T-DNA, but also had 

additional hybridising bands which did not correspond to any predicted fragment sizes. 

The majority of rearangements observed in the T1 plants (4115) was the absence of 

fragments with homology to the left hand pBR322 sequence containing the chimaeric 

lecA genes. The rearrangements suggest the T-DNAs in these plants not to be full 
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length and may have resulted from incomplete transfer to the plant genome or, possibly, 

rearrangements or deletions within the plant genome. A more detailed discusion will be 

presented in section 3.4.3 where the relationship between T -DNA structure, number of 

loci, copy number and T-DNA organisation will be discussed. 

In all T1 plants analysed with the pBR322 probe the 6.8Kb fragment containing the 

kanamycin resistance gene was observed. To confirm the presence of this gene directly 

the same blots were stripped and reprobed with the nos-npt/1 gene. 

3.4.2.2 Blot hybridisation analysis with the nos-nptll probe. 

Figures 3.30 (C) and 3.36 (C) show Hind/// digests of the same DNA samples as 

above hybridised with a nos-npt/1 probe for CaMV-lecA and ssRubisco-lecA T1 plants. 

The expected 6.8Kb Hind/// fragment containing the nos-npt/I gene was observed in 

14 out of the 15 CaMV-lecA and ssRubisco-lecA plants tested. The presence of such a 

band was obscured in lane 2 (figure 3.30 (C)) by high background labeling but was 

expected to be present since it had previously been detected with the pBR322 probe in 

figure 3.30 (B) (lane 2) and .only kanamycin resistant T1 seedlings had been selected. 

The intensities of bands were observed to vary between the T1 plants indicating 

possible differences in copy number. No attempt was made to determine the copy 

number of the nos-npt/I gene due to time constraints; however gene copy 

determinations were made for the lectin gene allowing conclusions to be drawn as to the 

number of lecA copies at a given locus. 

3.4.2.3 Blot hybridisation analysis with the lecA probe. 

To determine the number of integrated CaMV-lecA gene copies within the tobacco 

genome, l01Jg of DNA from each plant was analysed on a 0.7% (wlv) agarose gel 

(figure 3.31 (B)) after complete digestion with EcoRI and Hindi//. Linearised 

pDUB80 was spiked into EcoRI and Hind/// restricted SR1 genomic DNA as gene 

copy reconstructions of one, three, and five gene copies. Gene copy reconstructions 

were calculated using a haploid N. tabacum genomic content of 1 C = 3.3pg DNA 
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(Bennet and Smith 1991). After Southern hybridisation with a 32P-labelled 1.2Kb Sph 

1/EcoR I fragment containing the lecA coding region, the expected 2.1 Kb band 

corresponding to the CaMV-lecA chimaeric gene was detected with varying intensities 

in all nine plants used in the analysis. The presence, in all plants tested, of a single 

hybridising fragment of a size corresponding to that of the non-rearranged lecA coding 

sequence indicates that, in all cases, the lecA gene retained its integrity within T1 plants. 

Based on hybridisation intensities above, CaMV-lecA T1 individuals 28, 26, 20, and 

12 (lanes 3, 4, 5, and 7) were estimated to contain 1 copy of the transgene per 

tetraploid genome. While CaMV-lecA T1 individuals 18, and 4 (lanes 6, and 9) were 

estimated to contain at least two gene copies. CaMV-lecA T1 individuals 33, 7, and 3 

(lanes 2, 8, and 10) contained an estimated 3-5 gene copies and were designated 

multicopy. The number and organisation of T-DNA integration events within the 

genome were investigated in section 3.4.3. Conclusions to the number of lecA gene 

copies per locus are also discussed in section 3.4.3. 

3.4.2.4 Blot hybridisation analysis with the left hand border probe. 

The left boundary probe is defined by a Hindi// site at its right end which lies about 

3.0Kb to the right of the left repeat and an EcoRI site at its right end which lies within 

the T-DNA left border a short (iistance from the left direct repeat (figures 3.28 and 

3.29). The left border probe and associated Hind/// digest provide criteria for 

recognising the presence of inverted repeats (IR) at the ends of T-DNA. In principle, 

an IR about the left T-DNA end will give border fragments of a size twice ( 6.0Kb) the 

distance from the border to the next Hindi// site. Also bands corresponding to such 

fragments should hybridise with twice, or an integral multiple of twice, the signal of a 

band from a non-mverted repeat border fragment. 

Figures 3.32 (B) and 3.36 (D) present the Hindi// Southern blot of 8 CaMV-lecA T1 

plants (33, 28, 26, 20, 18, 12, 10, and 4) and 5 ssRubisco-lecA (30, 28, 16, 8 and 2) 

plants probed with the left hand border fragment. In figure 3.32 (A) CaMV-lecA T1 
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plants 26, 20, 12, and 4 (lanes 3, 4, 6, and 8) give rise to simple patterns consistent 

with only one left border fragment. On the other hand CaMV-lecA T1 plants 33, 18, 

and 10 (lanes 1, 5, and 7) show patterns with two bands and CaMV-lecA T1 plant 28 

(lane 2) shows three bands with homology to the probe. Fragments approximating 

6.0Kb were observed with T1 plants 33, and 28 (lanes 1 and 2) consistent with the 

existence of inverted repeats using the criteria defined above. The greater intensity of 

bands depicted by arrows for inverted repeats (T1 plants 28 and 18) when compared 

with single left hand borders (e.g. T1 plant 26) further substantiates this type of 

arrangement about the left border. 

In figure 3.36 (D) ssRubisco-lecA T1 plants displayed fragment patterns of zero (plant 

30; lane 1), two (plants 8 and 2; lanes 4 and 5), three (plant 16; lane 3), and four bands 

(plant 28; lane 2) with homology to the left hand border probe. Bands of homology 

with estimated sizes of 6.0Kb were found in T1 plants 28 and 16 (lanes 2 and 3) and 

were the predicted size for that fragment between the Hindlll sites of the left hand 

borders assuming the T -DNA had integrated as an inverted repeat. The intensity of the 

bands for plant 16 (lane 3) suggest the arrangement of multicopy r~t T-DNA 

structures about the left border. Bands of homology larger than 6.0Kb common in four 

ssRubisco-lecA T1 individuals in lanes 2, 3, 4, and 5 (figure 3.36 (D)) did not 

correspond to sizes predicted for inverted or possible direct repeat like structures and 

were interpreted as complex arranged T -DNA arrays about the left border. The absence 
' 

of bands homologous to the left border probe for plant 30 (lane 1) suggests that it was 

completely rearranged or possibly not transferred to the plant genome. 

3.4.2.5 Blot hybridisation analysis with the right hand border 

probe. 

Southern analysis was performed on Tl CaMV-lecA plants for lines 26, 20 and 4 to 

determine the types of arrangement centred around the right hand border. These three 

lines were selected for this analysis given that they had failed to show any apparent T

DNA rearrangements in previous Southern analyses. DNA was extracted, cut with 
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BamHI and hybridised with a probe corresponding to the right hand border. The probe 

was a 2.1Kb Hindlll/Sac/1 fragment from pDUB 1105 homologous to the T -DNA near 

the right border repeat. The probe spans the right hand border region from the Hindl/1 

site to a Sac// site which lies 176bp left of the right border repeat. A BamHI digest 

generates two internal fragments of 1.4Kb and 6.5 Kb with homology to the probe. 

The 6.5Kb band is observed since the probe has 300bp homology with the nos 

promoter which drives the npt/1 gene. The BamBI digest also produces fragments of 

variable size spanning the T-DNA right border and plant DNA junctions with homology 

to the probe. The size of these fragments can also be used to predict the presence of 

inverted repeats around the right hand border. In theory an inverted repeat around the 

right hand border would produce fragments of 2.3Kb. 

Genomic DNA extracted from Tl plants for each line was digested with BamHI 

(figures 3.33 (A), 3.34 (A), and 3.35 (A)) and hybridised to a· 32P-labelled 2.1 Kb 

Hind/11/Sacll (pDUB1105) fragment containing part of the right hand border. A 

control of total Agrobacterium (pGV3850:: 130) DNA digested together with SRI 

genomic DNA was used to ~valuate the extent of digestion and to determine the precise 

size of non-rearranged internal T -DNA fragments with homology to the probe. In 

figures 3.33 (B), 3.34 (B), and 3.35 (B) two internal fragments of 6.5Kb and 1.4 Kb 

were produced for the majority ofTl plants analysed. A number of different sized 
' 

fragments spanning the T -DNA and plant DNA junctions can also be seen for most of 

Tl plants analysed. In figure 3.33 (B) one junction fragment greater than 23.1Kb was 

observed in all T1 plants for line 26. In the case of line 20 all Tl plants produced the 

predicted internal fragments and either three (lane 2) or two other hybridising fragments 

(lanes 3-8) (figure 3.34 (B)). The size of one of the fragments in lanes (2-8) 

corresponds to the size of a predicted BamBI fragment if the T -DNA is arranged as a 

inverted repeat. Also, a 5.8Kb hybridising fraggment is found in all plants of this line 

with an intensity similar t9 that of the inverted repeat fragment, suggesting the 

possibility that some form of rearrangement may have occurred. In lane 1 (plant 1) of 

figure 3.34 (B) (line 20) there is a homologous band greater than 6.5 Kb suggesting the 
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Figure 3.30: 

(A) Restriction analysis often selected CaMV-lecA Tl individuals separated on 0.7%(w/v) 

agarose gel. Lane I: Control of Hind/// digested SRI genomic DNA. Lanes 2-11: 

represent Hind/// digested genomic DNA for CaMV-lecA TI individuals (33, 28, 26, 20, 

I8, I2, 10, 7, 4, & 3). Lane M: Size markers Lambda Hind/// digest. 

(B) Southern blot analysis of the Hind/// digested genomic DNA from the 10 CaMV-lecA 

TI individuals as shown in figure 3.30(A) and probed with a 32P-labelled linearised 

pBR322 plasmid DNA 4.3Kb. Lane I: control, SRI genomic DNA. Lanes 2-II: CaMV

lecA TI individuals (33, 28, 26, 20,I8,I2, 10, 7, 4, & 3). Arrows indicate the predicted 

sizes of Hind/// fragments (8.3Kb & 6.8Kb) showing the presence of the I5.IKb central T

DNAregion. 

(C) Southern blot analysis of Hind/// digested genomic DNA for 10 CaMV-lecA TI 

individuals (figure 3.30(A)) probed with a 32P-labelled 600bp Sph 1/Pst I fragment, 

containing the nos-npt/1 gene (see figure 3.28 B and section 3.4.2). Lane I: control, SRI 

genomic DNA. Lanes 2-11: CaMV-lecA T I individuals (33, 28, 26, 20, I8, I2, I 0, 7, 4, & 

3). Arrow indicates the predicted size(6.8Kb) of aT-DNA fragment with homology to the 

probe. 
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Figure 3.31: 

(A) Agarose gel analysis on nine selected CaMV-lecA T1 individuals. lane 1: EcoRI/ 

Hindlll digested SR1 genomic DNA. LaneS 2-10: EcoRI/Hindlll digested genomic DNA 

for CaMV-lecA T1 individuals (33, 28, 26, 20, 18, 12, 10, 4, & 3). Lanes 11-13: 

EcoRI!Hindlll digested SR1 genomic DNA spiked with EcoRI . linearised pDUB80 

representing CaMV-lecA gene copy reconstructions one three and five respectively. Lane M: 

Lambda Hindlll digest. 

(B) Southern blot analysis of EcoRI/Hindlll digested genomic DNA on nine selected 

CaMV-lecA T1 individuals, probed with a 32P-labelled 1.2Kb Sph l/EcoRI fragment of 

pDUB80 containing the lecA coding region. Lane 1:. EcoRI/Hindlll digested SR1 genomic 

DNA (untransformed control). Lanes 2-10: EcoRI/Hindlll digested CaMV-lecA T1 

individuals (33, 28, 26, 20, 18, 12, 10, 4, & 3). Lanes 11-13: EcoRI linearised pDUB80 

(3.8Kb) representing one, three, and five CaMV-lecA gene copies per haploid N.tabacum 

genome. 
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Figure 3.32: 

(A) Restriction analysis of eight selected CaMV-lecA Tl individuals separated on 

0.7%(w/v) agarose gel. Lanes 1-8: represent Hindl/1 digested genomic DNA for CaMV

lecA Tl individuals (33, 28, 26, 20, 18, 12, 10, and 4). Lane 9: control of Hindl/1 digested 

SRI genomic DNA. Lane M: Size markers Lambda Hind/ll digest. 

(B) Southern blot analysis of Hindl/1 digested genomic DNA for eight selected CaMV-lecA 

Tl individuals probed with a 32P-labelled left haQd border fragment. Lanes 1-8: CaMV-lecA 

Tl individuals (33, 28, 26, 20, 18, 12, 10, and 4). Arrows indicate the presence of inverted 

repeats. 
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Figure 3.35: 

(A) Agarose gel(0.7%w/v) analysis of DNA(10!lg) extracted from seven individual Tl 

plants from the CaMV-lecA Tl 4 family after digestion with BamHI. Lanes 1-9: Tl plants 

numbers 1-9, respectively. Lane 10: SRI genomic DNA(10!lg) and 2!lg of total 

Agrobacterium ( pGV3850: 130) DNA. Lane M: Lambda Hindll/ digest. 

(B) Southern blot analysis of figure 3.35(A) after hybridisation with a 2.1Kb Hind//l/Sacl 

fragment (containing part of the right hand border sequence with homology to the nos 

promoter). Lanes 1-9: Tl plants numbers 1-9, respectively. Lane 10: SRI genomic DNA 

and 2!lg of total Agrobacterium (pGV3850:130) DNA. Arrows indicate the predicted sizes 

for internal T-DNA fragments 6.5Kb and 1.4Kb. 
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Figure 3.34: 

(A) Agarose gel(0.7%w/v) analysis of DNA(lOJ.Lg) extracted from eight individual Tl 

plants from the CaMV-lecA Tl 20 family after digestion with BamBI. Lanes 1-8: Tl plants 

numbers 1-8, respectively. Lane 9: SRI genomic DNA(lOJ.Lg) and 2J,1g of total 

Agrobacterium ( pGV3850:I30) DNA. 

(B) Southern blot analysis of figure 3.34(A) after hybridisation with a 2.IKb Hindlll/Sacl 

fragment (containing part of the right hand border sequence with homology to the nos 

promoter). Lanes 1-8: genomic DNA from TI plants numbers I-8, respectively. Lane 9: 

SRI genomic DNA(lOJ.Lg) and 2J.Lg of total Agrobacterium (pGV3850:130) DNA. Arrows 

indicate the predicted sizes for internal T -DNA fragments 6.5Kb and 1.4Kb. 
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Figure 3.33: 

(A) Agarose gel(0.7%w/v) analysis of DNA(lOJ,lg) extracted from ten individual Tl plants 

from the CaMV-lecA T1 26 family after digestion with BamHI. Lanes 1-10: T1 plants 

numbers 1-10, respectively. Lane 11: SR1 genomic DNA and 2J,lg of total Agrobacterium 

(pGV3850: 130) DNA. Lane M: Lambda Hindi// digest. 

(B) Southern blot analysis of gel shown in figure 3.33(A) after hybridisation with a 2.1Kb 

Hind//1/Sac/ fragment (containing part of the right hand border sequence with homology to 

the nos promoter). Lanes 1-10: genomic DNA(lOJ,lg) from T1 plants numbers 1-10, 

respectively. Lane 11: SR1 genomic DNA(lOJ,lg) and 2J,lg of total Agrobacterium 

(pGV3850:130) DNA. Arrows indicate the predicted sizes for internal T-DNA fragments 

6.5Kb and 1.4Kb. 
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Figure 3.36: 

(A)Restriction analysis of 5 selected ssRubisco-lecA T1 plants analysed on agarose 

gel(0.7% w/v). Lanes 1-5: represent Hindl/1 digested genomic DNA for 5 ssRubisco-lecA 

T1 individuals (30, 28, 16, 8, & 2). LaneM: Lambda Hindlll size markers. 

(B) Southern blot analysis of the Hindl/1 digested genomic DNA from the ssRubisco-lecA 

T1 plants shown in figure 3.36(A) probed with a 4.3Kb linearised pBR322 plasmid. Lanes 

1-5: Hindlll digested genomic DNA forthessRubisco-lecA T1 plants 30, 28, 16, 8, and 2. 

The blot was underexposed to distinguish the number of bands hybridising in lane 2. 

Arrows indicate the predicted sizes of 8.5Kb and 6.8Kb for the presence of a 15.3Kb 

integrated T-DNA. 

(C) Southern blot analysis of the Hindlll digested genomic DNA from the ssRubisco-lecA 

T1 plants shown in figure 3.36(A) probed with a 600bp Sph 1/Pst I fragment containing the 

nos-nptll gene. Lanes 1-5: Hindi II digested genomic DNA for the ssRubisco-lecA T 1 plants 

30, 28, 16, 8, and 2. Arrow indicates the predicted size (6.8kb) T-DNA fragment with 

homology to the probe. 

(D) Southern blot analysis of the Hindlll digested genomic DNA from the ssRubisco-lecA 

T1 plants shown in figure 3.36(A) probed with a 3Kb EcoRI/Hindlll fragment (containing 

the left hand border sequence). Lanes 1-5: Hindlll digested genomic DNA for the 

ssRubisco-lecA T1 plants 30, 28, 16, 8, and 2. 
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possibility of Incomplete restriction digest or the rearrangement ofT-DNA structure. In 

figure 3.35 (B) (line 4) both internal fragments of 6.5Kb and 1.4Kb were observed 

with homology to the probe in all cases. As with line 20, bands of 5.8Kb and 2.3Kb 

with homology to the probe were also observed (lanes 1, 3, 5, 6, 7, and 8). The 

smaller fragment of 2.3Kb could be attributed to the existence of an inverted repeat as 

observed by Jorgensen et aL, (1987). The similar restriction profiles for line 20 and 

line 4 suggests the same type T-DNA arrangement may be present. The number and 

organisation ofT-DNA integrations within the genome are discused in relation to the 

gen~ic anlaysis (section 3.4.3). 

3.4.3 Interpretation ofT-DNA structure and copy IJ.UIBber. 

The results of the Southern analyses are summarised in tables 3.8 and 3.9 for CaMV

lecA and ssRubisco-lecA plants respectively from which conclusions can be drawn on 

the copy number, organisation and integrity of fragments hybridising to each probe. 

An attempt will also be made to relate the results of the genetic analyses and Southern 

hybridisations to the number and arrangement of loci. 

The Southern analyses were conducted on both CaMV-lecA and ssRubisco-lecA Tl 

plants for three of the inheritance classes (1, II, and III) (section 3.4.1). For class I 

plants identical ratios for the inheritance of the kanamycin resistance and the lectin 

phenotype were obserVed indicating that both transgenes were carried at a single locus. 

In table 3.8 CaMV-lecA T1 plants (26, 20, 18, 7, and 4) belonging to class l show the 

presence of an intact T -DNA with homology to lecA, nos-npt/1 and pBR322 probes. 

Hybridisation of the left hand border probe to CaMV-lecA plants 26, 20, and 4 reveals 

the presence of a single junction fragment. Plant 18 shows two hybridising fragments, 

and plant 7 was not included in the analysis. The number ofT -DNA locus insertions 

can be estimated from the number of fragments that represent junctions between the 

plant DNA and T-DNA. Therefore the presence of one junction fragment for CaMV

lecA plants 26, 20, and 4 suggests only one T -DNA integration event in good 

agreement with the genetic analysis. The difference in intensities observed for the two 
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junction fragments with plant 18 suggests that the T -DNA has integrated as a repetitive 

structure carried at a single locus. 

In table 3.9 ssRubisco-lecA plant 30 belonging to class I displays homology to both 

rws-nptll and pBR322 probes. However, ssRubisco-lecA plant 30 shows no 

homology to the left hand border sequence suggesting rearrangements up to the Hindlll 

site as the left hand pB-R322 fragment for the Tl plant was observed to be intact. 

Another rearrangement evident in plant 30 is the presence of an additional fragment of 

5.4Kb with homology to the pBR322 probe. It can therefore be concluded that this 

plant does not contain an intact T-DNA with rearrangements at the left hand border 

consistent with reports that the junction between the plant DNA and the T -DNA is much 

more variable at the left border than the right (Matsumoto et al., 1990). 

Seven Tl plants were analysed from populations with class IT patterns of kanamycin 

resistance inheritance for the segregation of two independent loci. Five out of the 

seven plants came from populations where both the kanamycin resistance and lectin 

phenotype segregated with identical ratios. Two exceptions within this class were 

CaMV-lecA Tl plants 28 and 12 from populations which showed a 15:1 segregation 

ratio for kanamycin resistance and a 3:1 ratio for lectin expression indicating that one 

locus carries functional rws-nptll and CaMV-lecA genes whereas another locus carries 

only a functional rws-nptll transgene, data similar to recent observations by Palaqui and 

Vaucheret (1995). Both plants showed homology to the lecA and rws-nptll genes; 

however both only displayed one fragment of 6.8Kb with homology to the pBR322 

probe. The presence of a single junction fragment with homology to the left hand 

border probe in plant 12 does not agree with the genetic analysis for kanamycin 

resistance which suggests the presence of two insertions, but does match that for the 

lectin phenotype. It would therefore seem that plant 12 contains rearranged T-DNAs 

about the left hand border and within the left hand pBR322 sequence. CaMV-lecA 

plant 28 on the other hand produced three fragments hybridising to the left hand border 

probe, one of which was the predicted size of an inverted repeat. This would lead one 

97 



Table 3.8: 

Summary of segregation data and Southern analyses for CaMV-lecA plants. 

Kanamycin segregation ratios were determined as the ratio of resistant to sensitive seedlings 

when germinated on medium containing 100 J..lg/ml kanamycin. Segregation of the lecA 

phenotype was determined by seed squash analysis. Number of loci, T -DNA structure and 

organisation were all determined from Southern analyses. Copy number was estimated 

from comparisons with gene copy equivalents. 

Key: +: positive for the specified charcteristic. 

-: negative for the specified characteristc. 

n.d: not determined. 



Line Kanr:Kans Number lecA+:zecK Number Observed bands with homology to the probe Copy Rearrangement at T-DNA organised 

ratio ofloci ratio of loci lecA Nos pBR322 LB number sequences internal as an inverted 
! 

2.1Kb 6.8Kb 6.8Kb 8.3Kb >3.0Kb <3.0Kb 6.0Kb totheT-DNA repeat I 

I 

33 15:1 2 15:1 2 + + + + + (2) - + 3-5 - + 

28 15:1 2 3:1 1 + + + - + (3) - + 1 + + 

26 3:1 1 3:1 1 + + + + + (1) - - 1 - -

20 3:1 1 3:1 1 + + + + + (1) - - 1 - -

18 3:1 1 3:1 1 + + + + + (2) - - 2 - -

12 15:1 2 3:1 1 + + + - + (1) - - 1 + -

10 15:1 2 15:1 2 n.d + + + + (2) - - n.d. - -

7 3:1 1 3:1 1 + + + + n.d. n.d n.d. 3-5 - n.d. 

4 3:1 1 3:1 1 + + + + + (1) - - 2 - -

3 15:1 2 15:1 2 + + + - n.d. n.d n.d. 3-5 + n.d. 



Table 3.9: 

Summary of segregation data and Southern analyses for ssRubisco-lecA plants. 

Kanamycin segregation ratios were determined as the ratio of kanamycin-resistant to 

-sensitive seedlings when germinated on medium containing 100 J..lg/ml kanamycin. 

Segregation of the lecA phenotype was determined from seed squash analysis. Number of 

loci, T-DNA structure and organisation were determined from Southern analyses. 

Key: +: positive for the specified charcteristic. 

-: negative for the specified characteristc. 

n.d: not determined. 



Line Kanr:l(anS Number of lecA +:zecA- Number of Observed bands with homology to the probe Rearrangement at T-DNA organised 

ratio loci ratio loci Nos pBR322 LB sequences internal as an inverted 

6.8Kb 6.8Kb 8.5Kb >3.0Kb <3.0Kb 6.0Kb totheT-DNA reoeat I 

30 3:1 1 3:1 1 + + + - - - + -

28 1:0 >2 1:0 >2 + + - + (4) - + + + 

' 
16 1:0 >2 1:0 >2 + + + + (3)_ - + - + 

8 15:1 2 15:1 2 + + + + _(_~ - - - -

2 15:1 2 15:1 2 + + + + (2) - - - -



to the conclusion that plant 28 contains four independent insertions in ·which two copies 

of the T-DNA were possibly arranged as an inverted repeats. Copy number estimates 

do not, however, substantiate this, concurring instead with lecA segregation data which 

indicates the presence of a single copy (section 3.4.1) The absence of the left hand 

pBR322 fragment was also observed· for CaMV-lecA plant 3 belonging to class II. 

Plant 3 also showed homology with the rws-nptll and lecA probes, although no 

conclusion could be made to the number and arrangement of loci about the left hand 

border since this plant was not tested. However in the Tl population both the lectin 

phenoytpe and the kanamycin resistance segregated with identical ratios indicating that 

both were linked at two independent loci. In the case of CaMV-lecA plant 33 all 

fragments were observed with homology to the probes. The number of junction 

fragments hybridising to the left hand border was 2 with one of the T-DNAs being 

arranged as an inverted repeat. This was in agreement with the genetic analysis and 

suggests that the T-DNA was carried as an inverted repeat at one locus and a single T

DNA element at another. Oass II CaMV-lecA plant 10 and ssRubisco-lecA plants 8 

and 2 showed all the expected fragments with homology to the probes indicating the 

presence of intact T-DNAs, and the production of two junction fragments is in 

agreement with the genetic analysis for the T -DNA segregating as two indtWJldent loci. 

Class m plants analysed were ssRubisco-lecA plants 28 and 16. Both these plants 

displayed diferent types ofT-DNA structure. Plant 28 showed no homology to the left 

hand pBR322 probe, as previously observed for CaMV-lecA plants 28, 12, and 3. 

Gross rearrangements were also evident in ssRubisco-lecA plant 28 (lane 2, figure 3.36 

(B)) where many of the fragments hybridising to labelled pBR322 did not correspond 

to partial digestion products, suggesting that they represent further altered fonns of the 

T -DNA present in the genome. The number of junction fragments hybridising was four 

for which one of the fragments was the predicted size of" an inverted repeat. The genetic 

analysis therefore agreed wih the Southern analysis for the segregation of more than 

two independent loci at which the T-DNA was grossly reaaranged. ssRubisco-lecA 

plant 16 was shown to be intact with bands of homology to all probes used and 
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displayed three 3 junction fragments with homology to the probe. One of the junction 

fragments was predicted for the T -DNA arranged as an inverted repeat. The 

arrangement and number of loci were in agreement with the genetic analysis for more 

than two independent integration events at which the T-DNA was arranged as an 

inverted repeat and intact T-DNA molecules at individual genomic locations. 

The relationship between T-DNA structure and the number of integrations based on the 

genetic data for the inheritance of the kanamycin gene is shown in table 3.1 0. Table 

3.10 shows that the frequency of rearrangements is apparently greater with plants 

containing two or more T -DNA int~gration events. The majority of the rearrangements 

were observed at the left hand border and it would therefore seem that there is an 

apparent increase in this type of rearrangement with increasing number of T -DNA 

integrations. The organisation of the T-DNA as an inverted repeat and T-DNA structure 

was also investigated in table 3.11. However no direct relationship was apparent, 

sugesting that inverted repeat structures are not necessarily associated with aberrant T

DNA structures. It was also evident that inverted repeats occured in greater than 50% 

of the plants analysed. 

Copy number was determined for nine CaMV-lecA T1 individuals allowing 

comparisons with the genetic analyses for the segregation of the lectin phenotype 

(figure 3.27). Table 3.12 summarises the relationship between lecA copy number and 

the number of lecA integrations from which several concusions can be drawn. The 

results were as expected in that the majority of T1 plants with single gene insertions 

contain copy numbers of 1 and 2 indi<;:ative of hemizygous and homozygous 

individuals. Four CaMV-lecA plants (28, 26, 20, and 12) were found to contain a 

single copy of the lecA gene in agreement with lectin segregation analysis suggesting 

that these plants were hemizygous for the lecA gene. Two plants CaMV-lecA 18 and 4 

were estimated to contain 2 copies of the lecA gene upon comparison with gene copy 

equivalents and to contain a single insertion locus, thereby indicating that the T1 plants 

were homozygous for the lecA gene at a single locus. Plant 7 on the otherhand with an 
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Table 3.10: 

Analysis ofT-DNA structure at the right hand border as determined by Southern analysis 

for a number of CaMV-lecA Tl plants of each of three lines- 26, 20, and 4. 

Key: +:positive for the specified charcteristic. 

-: negative for the specified characteristc. 

n.d: not determined. 



Observed bands with homolgy to the RB probe 
T-DNA 

Line organised as an 
inverted repeat 

1.4Kb 6.5Kb >1.15Kb <1.15Kb 2.3Kb 

4-1 + + + (2) - + + 

4-2 + + + (21 - + + 

4-3 + + + (_21 - + + 

4-4 + + + (1)_ - - -
4-5 + + + (2) - + + 

4-6 + + +(_2} - + + 

4-7 + + + (2) - + + 

4-8 + + + (2) - + + 

4-9 + - + (lj_ - + + 

4-10 n.d. n.d. n.d _n.d n.d. n.d. 

I•Y@!iH":••i•?;:·•·••,••·,·· 1.4Kb 6.5Kb >1.15Kb <1.15Kb 2.3Kb ~llilli.lli12 
20-1 + - - - - -

20-2 + + + (3) - + + 

20-3 + + + (2) - + + 

20-4 + + + (2) - + + 

20-5 + + + (2) - + + 

20-6 + + + (2) - + + 

20-7 + + + (2) - + + 

20-8 + + + (2) - + + 

20-9 n.d. n.d. n.d n.d n.d. n.d. 

20-10 n.d. n.d. n.d n.d n.d. n.d. 

•\wt:r•w(:;vm L41(b. 6.5Kb >~.15Kb <1.15Kb 2.3Kb li•t,m·(i .... sm@: 
26-1 + + + (1) - - -

26-2 + + + (1) - - -

26-3 + + + (1) - - -

26-4 + + +(1) - - -

26-5 + + + (1) - - -

26-6 + + + (1) - - -

26-7 + + + (1) - - -

26-8 + + + (1) - - -

26-9 - - - - - -

26-10 + + +(_ll - - -



Table 3.11: 

Tabulated representation of the relationship between T -DNA structure and number of 

integration loci, as determined from genetic and South~ analyses, for 15 T1 transgenic 

lines representing both ssRubisco-lecA and CaMV-lecA plants. 

Table 3.12: 

Tabulated representation of the relationship between T-DNA structure and organisation, as 

determined from genetic and Southern analyses, for 13 T 1 transgenic lines representing 

both ssRubisco-lecA and CaMV-lecA plants. 

Key: IR=inverted repeat. 



Number of T-DNA structure Total 

integrations Intact Rearranged 

1 5 1 6 

2 4 3 7 

>2 1 1 2 

Total 10 5 15 

T-DNA T-DNA structure Total 

organisation Intact Rearranged 

IR 5 2 7 

None 4 2 6 

Total 9 4 13 



estimated 3-5 lecA copies presumably contained several copies at one locus. CaMV

lecA plants 33 and 3 from segregating populations for two independent loci were 

estimated to have 3-5 copies of the lecA gene suggesting these plants were homozygous 

for more than one T-DNA insertion. 

The relationship between copy number and T-DNA structure was also investigated; 

however there was no apparent relationship (table 3.13). This is because most of the 

rearrangements were at the left hand border and not within the lecA gene itself. A 

comparison of copy number with T-DNA organisation in table 3.14 indicated that there 

was no clear relationship between copy number and inverted repeats. 

CaMV-lecA lines 26, 20 and 4 were chosen to complete the molecular analysis at the 

right hand border because they already contained an intact T-DNA at a single locus 

insertion as determined by genetic and Southern analysis. This characterisation 

involved the analysis of a number of Tl plants for each chosen line representing both 

hemizygotes and homozygotes. The r,esults of the analysis are summarised in table 

3.15 from which conclusions can be drawn concerning the complete arrangement of the 

T-DNA at a single locus. The majority ofTl plants for each line showed homology 

with all the internal fragments up to the Bam Hl site within the right border and 

junction fragments greater than 1.15Kb suggesting no rearrangements of the T-DNA 

extending from the BamHI site within the CaMV-lecA gene to the Sacll site which lies 

close to the right repeat of the right hand border. The production of one junction 

fragment for most ofline 26 Tl plants, not consistent with the predicted sizes for repeat 

formation, was in agreement with previous results for the single integration of an intact 

T -DNA. On the other hand the majority of line 4 and line 20 Tl plants displayed two 

junction fragments of 5.8Kb and 2.3Kb of eqpal intensities. The 2.3kb band is the 

predicted size between BamHI sites when the T -DNA is arranged as an inverted repeat 

around the right hand border. The 5.8Kb band may be predicted to represent a left 

hand pBR322 fragment containing nos-npt II gene up to the Hindlll site of the CaMV 

promoter. The envisaged inverted repeat structure for CaMV-lecA plants 4 and 20 is 
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Figure 3.38: 

(A) Autoradiograph of a western slot blot after probing with rabbit anti-pea lectin antibodies 

and detection via autoradiography with a donkey anti-rabbit IgG 1251 conjugate for total 

soluble protein extracted from 32 CaMV-lecA Tl families. 

(B) A plot of the mean relative peak area percentages with the log 10 of standard pea lectin 

dilutions(90ng-0.3ng). Peak areas were determined for all 32 CaMV-lecA Tl families and 

the amounts of pea lectin protein estimated by extrapolat:lng from the standard curve. 

(C) Graphical representation of figure 3.38(A) for pea lectin levels estimated for 32 CaMV

lecA Tl families given as a percentage of total soluble protein loaded per slot (4JJ.g). Error 

bars represent the spread of three repeat experiments. 



shown in figure 3.37 (B). In conjunction with the previous Southern analysis it can be 

concluded that Tl plants 26, 20, and 4 contain an intact T-DNA between the right and 

left hand borders carried at a single locus. On the other hand in respect of T -DNA 

organisation at a given locus, two out of the three lines (20 and 4) had the T-DNA 

organised as an inverted repeat at their right hand border. 

3.4.4 Concluding Remarks. 

From the above investigations it may be observed that in the majority of cases 

kanamycin segregation data was found to be consistent with the lecA segregation data, 

indicating that both genes linked on the T-DNA generally remain so following 

integration into the plant genome. 

A high frequency of multiple itegration events was observed, as determined from the 

kanamycin segregation data. This is a phenomenon frequently observed with the type 

of Agrobacterium plant transformation system used here. It was also found that those 

plants containing two or more T-DNAs integrated at two or more sites showed a higher 

frequency ofT-DNA rearrangements. All rearrangements noted were observed t«;> occur 

at or near the left hand border. 

The insertion of more than one T-DNA into a single locus was found to result, in a 

number of plants, in the generation of inverted repeat structures (determined by 

Southern analysis). However, no significant correlation was observ-ed between the 

presence of these structures and the number of T-DNAs integrated into the plant 

genome. 

The T ~DNA integrity and orgairisation at individual loci for both CaMV-lecA and 

ssRubisco-le<;A lines had n9w been well established by both genetic and molecular 

techniques. Subsequent analysis of pea lectin levels in the Tl plants would allow 

conclusions to be reached as to the effect of copy number, number of integration loci, 

rearrangements and T-DNA organisation on levels oftransgene expression. 
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3.5 Measurement of lectin levels in the Tl CaMV-lecA 

and ssRubisco-lecA plants. 

Seed collected from the selfing of CaMV-lecA and ssRubisco-lecA TO independent lines 

were germinated simultaneously. T1 plants were transferred to soil at the same 

development age allowing pea lectin level measurements to be made on plants grown 

synchronously (i.e. at the same time and under exactly the same conditions of 

temperature, humidity and lighting). 

Leaf discs were removed from the first upper leaf at the six leaf stage and pooled 

together for 10 Tl plants derived from a single TO parental line. Pea lectin 

accumulation was estimated in T1 families for each of the selfed 31 CaMV-lecA TO and 

16 ssRubisco-lecA TO lines using quantitative slot blot radioimmunoassays (RAI). The 

term T1 family will be used henceforth to refer to any number of T1 individuals derived 

from a single TO parental line. The slot blots were scanned using an L.K.B. laser 

densitometer and a standard curve constructed from a pea lectin dilution series (two-fold 

dilutions) from 90ng down t9 0.3ng (figures 3.38 (B) and 3.39 (B)). Pea lectin levels 

were expressed as a %(w/w) of total leaf soluble protein and the results representing 

pea lectin levels within CaMV-lecA and ssRubisco-lecA Tl families displayed in figures 

3.38 (C) and 3.39 (C). Pea lectin levels within both T1 populations were observed to 

be variable. Statistical analysis was used to compare the accumulation of pea lectin 

protein between the CaMV-lecA and ssRubisco-lecA TO and T1 populations (figure 

3.40). Results were termed significant when P<0.05. Table 3.16 gives the mean, 

median, standard deviation and variation coefficient of the accumulation levels. The 

Bartletts test was used to determine whether the variances between the TO and Tl 

CaMV-lecA populations were homogenous (see table 3.17). 
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Figure 3.37 

Schematic representation of predicted T-DNA organisation following integration as inverted 

repeats at (A) the left hand border and (B) the right hand border. Predicted fragment sizes 

are shown for (A) Hindl/1 -digested DNA and (B) BamBI-digested DNA. 



Copy Number of integrations Total 

number 1 2 

1 4 0 4 

2 2 0 2 

3-5 1 2 3 

Total 7 2 9 

Copy T-DNA organisation Total 

number IR none 

1 3 1 4 

2 1 1 2 

3-5 1 0 1 

Total 5 2 7 

Copy T-DNA structure Total 

number Intact Rearranged 

1 2 2 4 

2 2 0 2 

3-5 2 1 3 

Total 6 3 9 



Table 3.13: 

Illustration of the relationship between lecA copy number and number of integration loci. 

Estimates of lecA copy ~umber were obtained from comparisons with gene copy 

equivalents. The number of integration loci was determined from genetic and Southern 

analyses. 

Table 3.14: 

Illustration of the relationship between lecA copy number and T-DNA organisation. 

Estimates of lecA copy number and T-DNA organisation were determined as above. 

Key: IR=inverted repeat. 

Table 3.15: 

Illustration of the relationship between lecA copy number and T-DNA structure. 

Estimates of lecA copy number and T-DNA structure were determined as above. 
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Figure 3.39: 

./ 

(A) Autoradiograph of a western slot blot after probing with rabbit anti-pea lectin antibodies 

and detection via autoradiography with a donkey anti-rabbit IgG 1251 conjugate for total 

soluble protein extracted from l6ssRubisco-lecA Tl families. 

( ~) A plot of the mean relative area percentages under the {leaks with the log 10 of standard 

pea lectin dilutions(90ng-0.3ng). Peak areas were determined for all 16 ssRubisco-lecA Tl 

families and the amounts of pea lectin protein estimated by extrapolating from the standard 

curve. 

(C) Graphical representation of figure 3.39(A) for pea lectin levels estimated for 16 

ssRubisco-lecA Tl families given as a percentage of total soluble protein loaded per slot 

( 4J..Lg). Error bars represent the spread of three repeat experiments. 
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Mean variance= r(vx)fl:(n) = 4.39x10-3/2 = 2.195x10-3 

n(log mean variance) = 2(-2.6586) = -5.3171 

Chi-squared, x2 = 2.3026[(n-l)(nlog mean variance- r (log vx) 

= 2.3026[-5.3171-(-5.3245)] 

=0.017 

This analysis revealed that x2(0.017) was less than the tabular x2 value for one degree 

of freedom at the 5%(3.841) and 1 %(6.635) significance levels suggesting that the 

variances between the CaMV-lecA TO and Tl populations were homogenous. 

Similarly the Bartletts test was applied to the population data for both the ssRubisco

lecA TO and Tl populations (see table 3.18). 

Mean variance= r(vx)fl:(n) = 5.63x10-3/2 = 2.815x1o-3 

. il(log mean variance) = 2(-2.5505) = -5.1010 

Chi-squared, x2 = 2.3026[(n~l)(nlog mean variance- r (log vx) 

= 2.3026[-5.3171-(-6.3398))] 

=2.85 

This analysis revealed that x2(2.85) was less than the tabular x2 value for one degree 

of freedom at the 5%(3.841) and 1 %(6.635) significance level suggesting that the 

variances between the ssRubisco-lecA Tl and TO populations were also homogenous. 

As the variances for both the CaMV-lecA (TO and T1) and ssRubisco-lecA (fO and Tl) 

populations were found to be homogenous, a t-test could be applied to test the 

hypothesis whether the sample means were significantly different for CaMV-lecA (TO 

and Tl) and ssRubisco-lecA (TO and Tl) populations. 

t(n-1)= g = variation between the series 

Sd Variation within the series 

t = 0.024/0.0190 

t= 66.33 
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Figure 3.40: 

(A) A graphical representation of pea lectin protein levels within TO CaMV-lecA parental 

lines and respective progeny CaMV-lecA Tl families. Samples have been ranked in order of 

increasing lectin level and do not nescessarily correspond directly. 

(B) A graphical representation of pea lectin protein levels within TO ssRubisco-lecA parental 

lines and respective progeny ssRubisco-lecA Tl families. Samples have been ranked in 

order of increasing lectin level and do not nescessarily correspond directly. Samples have 

been ranked in order of increasing lectin level and do not nescessarily correspond directly. 



The t value obtained for both CaMV-lec.A TO and T1 populations was greater than the 

5% level (P<0.05) suggesting that the mean level of pea lectin accumulation is 

significantly different. 

t(n-1)= g =variation between the series 

Sd Variation within the series 

t = 0.046/0.0187 

t= 2.45 

The t value obtained for both ssRubisco-lec.A TO and T1 populations was greater than 

the 5%(P<0.05) level suggesting that the mean level of pea lectin accumulation is also 

significantly different. 

Since a Bartletts test had shown the variances between the ssRubisco-LecA and CaMV

lecA TO populations to be heterogeneous and the difference in average pea lectin 

accumuiation to be similar (see section 3.2.4), the variances between the T1 populations 

were also tested (see table 3.19). 

Mean variance= l:(vx)fl:(n-1) = 9.1824x1Q-3/46 = 1.996xi0-4 

(log mean variance) l:(n-1) = (-3.6998) (46) = -170.1908 

Chi-squared,X2 = 2.3026[(log mean variance) l:(n-1)- l:(n-1) (log vx) 

= 2.3026[ -170.1908 - (-311.88)] 

= 141.68 

This analysis revealed that x2 (141.68) was greater than the tabular x2 (3.841) value 

for one degree of reedom at the 5% significance level, suggesting they were 

heterogenous. As the variances were found to be heterogenous a Cochran and Cox test 

was used to test whether the population means of the two different series were 

significantly different with no hypothesis about the population variances (table 3.20). 
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Table 3~16: 

Main statistical data of pea lectin accumulation in both CaMV-lecA and ssRubisco-lecA TO 

and T l populations. 

Table 3.17: 

. Computation of Bartlett's test of homogeneity of variance for CaMV-lecA TO and Tl 

populations similar in size. 

Table 3.18: 

Computation of Bartlett's test of homogeneity of variance for ssRubisco-lecA TO and Tl 

populations similar in size. 



Data CaMV-lecA CaMV-lecA ssRubisco-lecA ssRubisco-lecA 

TO T1 TO Tl 

NO of Plants (n) 32 32 16 16 

Mean (x) 0.057 0.033 0.057 0.011 

Median 0.057 0.018 0.031 0.008 

Variance (vx) 0.00248 0.00191 0.00555 0.0000824 

Standard deviation (sx) +/- 0.0498 +/- 0.0437 +/- 0.0745 +/- 0.00227 

Coefficientofvariation 114% 75% 76.5% 121% 

(C) 

Population :£x2 D.F.(n-1) vx log(vx) 

TO 0.181 31 0.00248 -2.606 

Tl 0.094 31 0.00191 -2.719 

n=2 0.275 

Population :£x2 D.F.(n-1) vx log(vx) 

TO 0.137 15 0.00555 -2.255 

Tl 0.094 15 0.000082 -4.084 
.. 

. ·.· .. ... ..· 
n=2 0.003 .... ; 

.. _.. 



Table 3.19: 

Computation of Bartlett's test of homogeneity of variance for CaMV-lecA a and ssRubisco

lecA b T 1 populations differing in size. 

Table 3.20: 

An approximate method of testing the hypothesis whether the sample means of the two 

different series were significantly different. 



Population Ix2 D.F.(n-1) 1/(n-1) vx log(vx) (n-1 )log(vx) 

0.094 31 0.0322 0.00191 -2.718 -84.258 

0.003 15 0.0667 0.00008 -4.084 -61.26 

n=2 0.097 46 

Population Number of D.F. Mean Ix2 vx Ix2=vxln t.os 

plants(n) 

CaMV-lecA, 32 31 0.033 0.094 0.00191 2.84xi0-4 2.000 

ssRubisco- 16 15 0.011 0.003 0.00008 5.15x1Q-6 2.030 

lecA 

48 46 5.78x10-4 



I,x=16.48xlo-6 = 8.05xio-3 

x/I,x = 0.022/8.05x10-3 =2.73 

5% level= (5.96xiQ-5)(2.042) + (5.15x1Q-6)(2.131l 

5.96x1Q-5+ 5.15x1Q-6 

to.s= 2.04 

Since the 41tio 2. 73 was greater than the 5% level (t=2.04), the difference in the average 

pea lectin accumulation was significant(P<0.05) between the Tl populations of both 

constructs. 

The aim of the statistical analysis was to compare the TO and Tl populations for both 

constructs on the basis of their mean level accumulation of pea lectin protein. Similar 

statisitical treatment of data has been carried out by (De Neve et al., 1993, Breyne et al., 

1992) in analysis of transgenic Mrotiana populations. Table 3.16 shows that the mean 

level of accumulation of pea lectin protein is 1.7 fold lower in the Tl CaMV-lecA 

population and 5 fold lower in the T1 ssRubisco-lecA population, a difference which 

was significant (P<0.05) when compared with their respective TO parental populations. 

The variation within both populations was the same as might be expected since the site 
I 

ofT-DNA integration did not change. However the diminished levels of pea lectiri 

accumulation within the T1 populations suggests some degree of gene silencing. 

Statistical comparison of the mean accumulation levels between T1 populations for each 

construct showed a 3-fold lower level of lectin protein within the ssRubiso-lecA T1 

population than in the CaMV-lecA Tl population, a difference which was significant 

(P<0.05). This was suprising since there was no difference between both TO 

populations and indicated that there may be a greater occurrence of gene silencing 

within the ssRubisco-lecA~Tl population. This observation illustrates the possibility 

that promoter-mediated co-suppression is occurring, a phenomenon described by 

(Brusslan and Tobin, 1995). This possibility, coupled with the low frequency with 

which single integration events appeared to occur within that population and the high 

frequency with which T -DNA rearrangements were detected led to the decision not to 
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include this material in future analysis. 

To assess the relative impact of all possible T-DNA-related factors influencing levels of 

transgene expression (number of T-DNAs integrated (copy number), number of 

integration sites, structure and organisation of integrated T-DNAs, and location of 

integration sites within the genome) a series of further studies were carried out. 

3.6 T-DNA structure and pea lectin expression. 

To investigate the influence of T-DNA copy number and structure on levels of 

transgene expression the data from plants analysed by Southern hybridisation were 

coupled together with their respective pea lectin levels in table 3.21 from which some 

conclusions may be drawn. 

3.6.1 The influence of copy number on transgene expression. 

A representation of the relationship between copy number and levels of lecA gene 

expression is shown in figure 3.41 (B). Although a relationship does appear to exist 

between both parameters suggesting that an increase in copy number leads to a 

reduction in expiession levels this hypothesis is not borne out by statistical analysis. A 

correlation coefficient (r) of -055 was obtained which, upon comparison with tabulated 

values, was found to be not significant at the 5% confidence limit. Therefore one must 

conclude that the number of T-DNAs integrated does not correlate with measured levels 

of transgene expression, and hence cannot fully account for the variability in expression 

levels observed between independent transformants. A possible contributory effect 

however cannot be fully discounted. 

3.6.2 The influence of T-DNA structure and organisation on 

transgen,e expression. 

Correlating the number of integration sites (locus number) with levels of transgene 

expression results in a correlation coefficient (r) of -0.304, a value which is not 

significant (p<0.05) indicating no significant relationship between these variables. This 
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Table 3.21: 

Tabulation of levels of transgene expressiona, number of integrationsb and lecA copy 

numberC for a number of CaMV-lecA T 1 plants. 

Lectin levels were determined as a percentage of total soluble protein; number of loci were 

determined from ·segregation data and lecA copy number from Southern analyses. All data 

was collated for individual CaMV-lecA Tl lines from selected Tl families shown in figure 

3.38. 



CaMV-lecA T 1 Pea lectin levelsa loci numberb copy numberC 

individual 

33 0.048 2 3-5 

28 0.047 1 1 

26 0.31 1 1 

20 0.26 1 1 

18 0.051 1 2 

12 0.049 1 1 

10 0.043 2 n.t. 

7 0.041 1 3-5 

4 0.038 1 2 

3 0.022 2 3-5 



Figure 3.41: 

(A) Graph showing the relationship of locus number and pea lectin levels for nine CaMV

lecA T 1 plants. 

(B) Graph showing the relationship of copy number and pea lectin levels for nine CaMV

lecA T1 plants 

Key: 
CaMV-lecA plants: 33, ( o), 28 ( • ), 26 ( o ), 20 ( +), 18 ( 1!1 ), 12 ( * ), 7 (~, 4 ( • ), and 3 (.t.). 
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Table 3.22: 

Tabular representation of the relationship between levels of trans gene expression and T

DNA organisation. 

Lectin levels were determined by radioimmunoassay, T-DNA organisation by Southern 

analysis. 

Key: IR=inverted repeat. 

Table 3.23: 

Tabular representation of the relationship between levels of trans gene expression and T

DNA structure. 

Lectin levels and T-DNA structure were determined as above. 



T-DNA Pea lectin levels Total 

organisation Low High 

IR 2 2 4 

None 5 0 5 

Total 7 2 9 

T-DNA Pea lectin levels Total 

structure Low High 

intact 5 2 7 

rearranged 3 0 3 

Total 8 2 10 



data is illustrated in figure 3.41 (A). Thus, as in the case of copy number effects, the 

number of integration events is not the major factor in determining levels of trans gene 

expression. 

Tables 3.22 and 3.23 illustrates the relationship between T -DNA organisation and 

structure on levels of lecA gene expression. It may be seen that the presence of inverted 

repeats does not appear to exert an influential effect; indeed it can be noted that a higher 

percentage of plants with no repeats tend towards low levels of lecA gene expression 

than do those with inverted repeats. These data are in agreement with previously 

published reports (Jorgensen etal., 1987). 

As shown in table 3.23 there does not appear to be a positive reiationship between low 

levels of gene expression (lecA) and the presence ofT-DNA rearrangements. This 

result may be expected since most rearrangements detected occurred at the left hand 

border ofT-DNA and therefore did not affect the expression of the lectin gene. 

These data suggest that levels of transgene expression are predominantly influenced by 

the location of the integration site within the genome, although a possible contributory 

role for any one, or ip.deed all,, of the above factors cannot be conclusively discounted. 

To analyse in more detail the effect position (i.e. the phenomenon of 'position effect') a 

number of Tl families from TO parental lines hemizygous for a single non-rearranged 

copy of the CaMV-lecA transgene were selected (iines 28, 26, 20, 18, 12, and 4 ). 

3. 7 Variability in pea lectin levels between tobacco 

plants of selected CaMV-lecA Tl families. 

In this study leaf discs taken from 10 kanamycin resistant progeny tobacco plants for 

selected CaMV-lecA lines were analysed separately for the accumulation of pea lectin 

protein. Pea lectin levels within of each Tl family were estimated by slot blot 

radioimmunoassay (figure 3.42 (A), 3.43 (A)) using lectin standards (figure 3.42 (A) 

(blot a), 3.43 (A) (blot a)). The lectin levels in the plants would reflect both 

homozygous and hemizygous individuals. It would therefore be expected for the plants 
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Figure 3.42: 

(A) Autoradiograph of a western slot blot for total soluble protein extracted from 10 

individual members(kanamycin resistant) of each selected CaMV-lecA Tl family. Blot a: 

standard two-fold dilution series of purified pea lectin from 90ng-0.3ng per slot. Blot b: Tl 

plants of the CaMV-lecA Tl 26 family. Blot c: Tl plants of the CaMV-lecA Tl 20 family. 

Blot d: Tl plants of the CaMV-lecA Tl 4 family. 

(B) Graphical representation of pea lectin protein levels in selected T 1 plants for CaMV

lecA Tl families 26, 20, and 4. Error bars represent the spread of three repeat experiments. 

(C) Graphical representation of pea lectin protein levels in CaMV-lecA TO parental lines 26, 

20, and 4. 
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Figure 3.43: 

(A) Autoradiograph of a western slot blot for total soluble protein extracted from 10 

individual members (kanamycin resistant) of each selected CaMV-lecA T1 family. Blot a: 

standard two-fold dilution series of purified pea lectin from 90ng-0.3ng per slot. Blot b: T1 

plants of the CaMV-lecA T1 18 family. Blot c: T1 plants of the CaMV-lecA T1 12 family. 

Blot d: T1 plants of the CaMV-lecA T128 family. 

(B) Graphical representation of pea lectin protein levels in selected T1 plants for CaMV

lecA T1 families 18, 12, and 28. Error bars represent the spread of three repeat experiments. 

(C) Graphical representation of pea lectin protein levels in CaMV-lecA TO parental lines 18, 

12, and 28. 
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that levels should either equal those of the hemizygous parental line or be approximately 

two-fold greater for homozygous individuals. The results were as expected for most 

Tl plants, with lectin levels similar to the parental line or approximately double 

reperesenting both hemizygous and homozygous plants. It was therefore concluded 

that the variability between Tl plants of similar genetic background was low with the 

majority of Tl plants exhibiting lectin levels similar to the parental line representing 

hemizygous individuals and a minority of plants within Tl populations displaying lectin 

levels approximately double representing homozygous lin~. However the inter

transformant variability was estimated to be much greater with comparisons of 

expression levels between families indicating a similar result to that obtained upon 

comparison of expression levels between parental lines. Thus it may be concluded that 

it is the location of integration of the T -DNA within the genome that is the major 

influencing factor determining levels of expression of the transgene, since within each 

of the six lines analysed the genetic background into which the T-DNA was 

transformed is identical (SRl), the nature (CaMV-lecA) and number of integrated 

transgenes is the same, and hence so the number of insertion loci is the same. The 

number of homozygous and hemizygous individuals analysed is also the same for each 

population. The only apparent difference between the six populations is the site into 

which the T-DNA has integrated. 

A series of investigations was then undertaken in order to determine the nature of those 

position-specific factors underlying the observed variation in transgene expression 

levels. 

3. 8 An investigation into chromatin structure of the 

integrated T -DNA for CaMV-lecA Tl plants. 

The role of chromatin organisation is known to regulate eukaryotic gene expression at 

several levels (Parajape et al., 1994) and hence chromatin structure at and proximal to 

the site ofT-DNA integration may play a role in modulation of transgene expression. 
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A more open configurat~on of regulatory sequences seems to be a cause or effect of 

gene activation. Su~h open configurations occur preferentially in the 5' upstream 

region of a gene and can then be associated with regulatory proteins and othc;T 

transcription factors. Generally chromatin of active genes is about 10 times more 

sensitive towards the endonuclease DNasel than is bulk chromatin. This general 

sensitivity is again 10 fold higher for distinct stretches of a gene (DNasel hypersensitive 

sites). These areas, though referred to as sites may extend over a length of 50-200bp. 

In plant genomes, increased DNasel sensitivity of transcribed genes (Spiker et aL, 

1983, Murray and kennard 1984, Coates et al., 1987, Sawyer etal., 1987) as well as 

the existence of hypersensitive sites have been established in only a limited number of 

genes (Steinmuller and Apel 1986, Gorz et al., 1990, Brignon et al., 1993). One 

reason for this lack of information on the architecture of plant genes results from the 

difficulty in isolating suitable amounts of purified intact nuclei from tissues with 

specific patterns of gene expression. The plants chosen for use in this analysis were 

hemizygous individuals from CaMV-lecA lines 26 and 4. 

3.8.1 Nuclei isolation and assessment of integrity. 

Tobacco leaf nuclei (figure 3~44 (A)) were isolated from CaMV-lecA T1 plants and 

subsequently purified on percoll gradients to remove cell debris and contaminating 

organelles (figure 3.44 (B)). The morphology of the nuclei was also checked using the 

fluorescent DNA specific dye, DAPI (figure 3.44 (C)). The nuclei were observed to be 

spheres of7-10J.1m in diameter. Nuclei were incubated with various concentrations of 

micrococcal nuclease and the DNA isolated as described previously (section 2.9.19). 

The purified DNA was subjected to electrophoresis through 1 %(wlv) agarose gel 

(figure 3.45 (A)). Included on the gel were two sets of size markers, lambda Hindiii 

and pBR322 BstEII to provide a size scale from 0.4Kb to 23.1KB. For all isolated 

nuclei a distinct nucleosome ladder could be seen on the gel. The sizes of the trimer, 

tetramer and pentamer repeats were determined by reference· to the standards (figure 

3.45 (B)). The nucleosome repeat length was calculated by subtracting the size of the 
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Figure 3.44: 

(A) An aliquot of crude tobacco leaf nuclei, before purification on percoll gradients, stained 

with acetocarmine. 

(B) An aliquot of tobacco leaf nuclei after purification on percoll gradients and stained with 

acetocarmine. 

(C) Morphology of tobacco nuclei determined using the fluorescent stain DAPI. 
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Figure 3.45: 

(A) Micrococcal nuclease digestion of tobacco leaf nuclei. lOJ.lg of DNA in intact nuclei 

were incubated at 370c with micrococcal nuclease at 0.4 (Lane 2), 0.8 (Lane 3), 1.2 (Lane 

4), 1.6 (Lane 5), and 2.0 (Lane 6) units/ml. The control (Lane 1) contained buffer instead of 

exogenous nuclease. Lane M to the left: Lambda Hind/If size markers. Lane M to the right: 

pBR322 Hael/I size markers. Lane X: same as lane 7, only destained further to allow more 

accurate size mapping of nucleosome bands. 

(B) Nucleosome band number with the loglQ of size in base pairs. 
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multimer from the size of the next highest multimer and averaging the results for each 

T 1 individual investigated. In all cases the repeat length was 192±4bp. This estimate is 

consistent with other data published on plant nucleosome repeat lengths (MCGhee and 

Engel, 1975). The results of the micrococcal nuclease digestion of tobacco nuclei 

shQwed th,at the nucleosome structure of tobacco chromatin was retained during the 

isolation procedure. 

3.8.2 Southern blot analysis of the T-DNA from DNasel-treated 

nuclei for CaMV-lecA Tl plants. 

In previous work with chromatin from animal cells, it was demonstrated that the 

detection of DNasei sensitive regions of actively transcribed genes was optimal when 

the overall extent of digestion reached 10 to 15% of the total DNA (Weintraub and 

Groudine, 1974). Nuclei iso~ated from upper leaves of CaMV-lecA lines 26 and 4 

individuals were subjected to digestion with DNasei, aliquots removed and reactions 

terminated after incubation times of between 0-45 minutes at room temperature. 

Optimal digestion (10-15%) was achieved over an incubation period of between 4 and 

32 minutes as determined by agarose gel electrophoresis. These fractions were then 

used in subsequent analysis. After purification, the DNA was digested to completion 

with EcoRI analysed by agarose gel electrophoresis (figures 3.46 (A) and 3.47 (A)) 

and, following Southern blottting, hybridised succes~vely to prob~ specific for (i) the 

lecA coding region and (ii) the pea ribosomal clone pHAl (obtained from Dr. R. Croy ). 

The genomes of higher eukaryotes contain nuclear encoded ribosomal genes (rDNA) in 

multiple repeats. The repeats consist of the ISS, 5.8S, and 25S rDNA structural 

regions which are separated by intergenic spacers (IGS). Large tandem clusters of 

rDNA repeats are located at one or a few chromosomal loci, cytologically located in the 

heterochromatin qf nucleolar organisation regions (NOR). The expression of only a 

limited number of the ribosomal RNA genes seems to be sufficient for the observed 

level of ribosome synthesis (Flavell et al., 1985). Thus the pea ribosomal clone 

(pHAl) was used as a reference for untranscribed genes, since the bulk. of the 
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ribosomal genes should remain unexpressed in leaf tissue. The resulting patterns of 

DNA fragments hybridising to both probes for CaMV-lecA Tl individuals (lines 26 

and 4) are displayed in figures 3.46 and 3.47. 

In CaMV-lecA line 26 the lecA specific probe hybridised to a fragment of > 14.0Kb 

which contained some of the plant flanking DNA; suggesting that the next EcoRI site is 

located well into the flanking plant DNA (figure 3.46 (B)). CaMV-lecA line 4 on the 

other hand produced a stron~ hybridisingjunction fragment of <14.0Kb (figure 3.47 

(B)). These differences in junction fragment size reflect differences in location of 

integration sites. On comparison of hybridisation patterns both individuals display a 

strong intense hybridising band throughout the DNasel incubation although additional 

lower molecular weight bands, indicative of DNasel hypersensitive sites, were detected 

in CaMV-lecA line 4. Following autoradiography the blots were stripped and reprobed 

with a pea ribosomal gene clone which was demonstrated to cross hybridise with DNA 

extracted from Mrotiana fllbacum cv. SRI, Lotus, Brassica napus, and with the 

endogenous ribosomal genes in Pisum sativum L.(figure 3.47 (D); la,nes 1, 2, 3, and 

4). On hybridisation to DNA for CaMV-lecA line 4 two bands were detected, one at 

14Kb and one band of 8.5Kb. A similar pattern was observed with CaMV-lecA line 

26. However· the lower molecular weight band of 8.5Kb was not detected after until 32 

minutes of digestion and suggests that the nuclei for CaMV-lecA line 26 were more 

intact than those isolated from line 4. 

Although these results appear to indicate that, in both cases, the T-DNAs are located 

within DNasel-resistant regions of the genome, difficu}ties exi~t in drawing absolute 

conclusions from data obtained using this approach. Thus it was decided to take a more 

indirect approach in determinin·g chromatin structure at the site of integration, using 

analysis of methylation and acetylation status of the T -DNA in assessing the likliehood 

that a particular T -DNA will adopt a heterochromatin structure. 
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Figure 3.46: 

(A) Analysis of DNA (10J,lg per lane) isolated from nuclei for CaMV-lecA line 26 Tl 

individual after digestion with DNasel (0.2 units/ml) for various lengths of time and 

subsequent restriction with EcoRI. 

(B) Autoradiograph of a blot of the gel in figure 3.46(A) hybridised to a 32P-labelled Sph 

1/EcoRI fragment containing the lecA coding region. 

(C) Autoradiograph of a blot of the gel in figure 3.46(A) hybridised to a 32P-labelled pea 

ribosomal clone (pHAl). 
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Figure 3.47: 

(A) Analysis of DNA(lOJ,lg per lane) isolated from nuclei for CaMV-lecA line 4 Tl 

individual after digestion with DNasei(0.2 units/ml) for various lengths of time and 

subsequent restriction with EcoRI. 

(B) Autoradiograph of a blot of the gel in figure 3.47(A) hybridised to a 32P-labellec;I Sph 

I!EcoRI fragment containing the lecA coding region. 

(C) Autoradiograph of a blot of the gel in figure 3.47(A) hybridised to a 32P-labelled pea 

ribosomal clone (pHAl). 

(D) Southern blot of genomic DNA extracted from tobacco, lotus, rape and pea, restricted 

with Hirullll and hybridisec;I to a 32P-labelled pea ribosomal gene. Lane 1: SRI genomic 

DNA. Lane 2: lotus genomic DNA. lane 3: rape genomic DNA. Lane 4: pea genomic 

DNA. 
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3.8.3 A study of the methylation status of integrated T-DNA for 

selected CaMV-lecA Tl plants. 

The DNA of higher eukaryotes is methylated at carbon 5 of some cytosine residues. In 

vertebrates, 3-8% of cytosine residues are methylated (Shapiro, 1975), whereas in 

plants as many as 30% of the total cytosines are methylated (Adams and Burdon, 

1985). The higher content of methylated cytosine in some plants could be partly 

attrib11ted to the large genome which oontains many repetitive DNA sequences. 

However, in the vertebrate genome 5-methyl-cytosine (5mC) is largely confined to CG 

dinucleotides, whereas in higher plants both CG dinucleotides and CNG trinucleotides 

are methylated (Gruenbaum et al., 1981). Methylation of DNA in plants, as in 

vertebrates, is implicated in the regulation of gene expression (Antequera and Bird, 

1988; Finnegan et aL, 1993); an effect that may be direct through DNA-transcription 

factor interaction, or indirect via an alteration in chromatin structure (Adams, 1990; 

Lewis and Bird, 199}; Razin and cedar, 1991) with increased methylation being 

frequently correlated with heterochromatinisation. Indeed it has recently been shown 

that hypermethylation can directly stimulate heterochromatirtistion in plants (Lund et al. , 

1995b). Methylation of bases in the DNA at or near gene promoters has been shown to 

be associated with the modulation of gene expression. An investigation was undertaken 

to examine whether the variability in pea lectin levels between CaMV-lecA T1 plants 

could be explained by different extents of DNA methylation in relevant portions of the 

trans gene. 

T 1 plants from CaMV-lecA lines 26, 20 and 4 with levels of lectin accumulation 

comparable to those of their parental line (and hence hemizygous for the transgene) 

were selected for methylation analysis. The methylation status of the integrated 

transgene was analysed by restriction enzyme treatment having first cut the DNA with 

EcoRI!Hindlll or EcoRI (figure 3.48). Enzymes used in the methylation analysis were 

Hpall-Mspl, Hhnl, Haelll, Mbol-Sau3A, and EcoRII-BstNI. Their mode of action on 

the transgene is schematically shown in figure 3.49. The isoschizomers Hpall-Mspl, 
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Figure 3.48: 

Strategy used for the methylation analysis ofT-DNA in transgenic plants transformed with 

the CaMV-lecA construct after digestion with EcoRI/Hindlll and methylation sensitive 

enzymes Hpa/I or Mspl. A: represents the predicted size (Kb) ofT-DNA with homology to 

a 32P-labelled 1.2Kb EcoR 1/Sph/ fragment containing the lecA coding region when sites 1 

and 2 are not methylated (Agrobaderium control). B: represents the predicted sizes (Kb) 

with homology to the lecA probe when both sites 1 and 2 are methylated. C: represents the 

predicted sizes (Kb) with homology to the lecA probe when sites 1, 2, and 3 are methylated. 
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Figure 3.50: 

(A) Agarose gel analysis of CaMV-lecA Tl plants 26, 20, and 4. Lanes 1-3: 

EcoRI!Hind//1 digested genomic DNA (lOJlg) for CaMV-lecA Tl plants 26, 20, and 4 

respectively. Lane 4: EcoRI/Hind//1 digested SRl genomic DNA (lOJlg). Lanes 5-7: 

EcoRI!Hindlll digested SRl genomic DNA (lOJlg) spiked with EcoRI linearised pDUB80 

representing lecA gene copy reconstructions one, three and five respectively. Lane M: 

Lambda Hind/// digest. 

(B) Autoradiograph of the gel in figure (3.50A) after Southern transfer and hybridisation to 

the lecA coding sequence. (see text for further details). 



Mbol-Sau3A, and EcoRII!BstM differ in their sensitivity to methylation in their 

respective recognotion sequences and are useful in determining the methylation at CG 

or CNG sites. Restriction endonucleases Hpa// and Mspl were used to monitor DNA 

methylation at CCGG sites. While Hpa/1 only cleaves target sites containing 

unmethylated C residues, Msp/ is blocked by CCGG residues that have the first residue 

methylated. Hence if, in a DNA digestion experiment, no cleavage is seen with either 

enzyme, the CNG sequence is methylated. If only CG is methylated the recognition 

site is cleaved by Mspl, but not by Hpa/1. The sites indicated for Mbol-Sau3A form 

putative methylatable sites either CG or CNG, therefore resistance to cleavage by 

Sau3A (Sau3A does not cleave the methylated GATmc site) would indicate methylation 

at a CG or CNG recognition site. Isoschizomers EcoR/1 and BstM both recognise the 

sequence CCAITGG. BstNI cleaves the DNA when methylated at both C residues 

whereas EcoRII is blocked when the internal C is methylated. Thus if no cleavage is 

observed with EcoR/1, the CNG sequence is methylated. Hhal is sensitive to 

methylation of the CG dinucleotide in its recognition site CGCG. Hael/1 however does 

not contain methylatable C residues at CG or CNG sites within its GGCC sequence and 

such a site is not generated by G or NG nucleotides adjacent to the Hael// sites as 

deduced from the sequence of the trans gene. Therefore if no cleavage is observed with . 

Hae/II it may indicate methylation of cytosines in non-CG and non-eNG sequences. 

3.8.3.1 Methylation status of the integrated CaMV-lecA gene in leaf 

tissue using Mspl-Hpall. 

The probe used in this analysis was a 1.2Kb Sph 1/EcoR/ lecA coding region from 

pDUB80 homologous to the pea lectin gene. The strategy for determining the 

methylation status of the CaMV-lecA gene using isoschizomers Hpa//-Mspl is shown 

in figure 3.48. The recognition sequence CCGG (site 3) is unique at position -315 

within the 35S CaMV promoter. 3' to this site are two CCGG (1 and 2) sequences 

present within the pea lectin coding region. Non-methylation of the CCGG sites ( 1 and 

2) located within the lecA gene results in 2 predicted fragments on hybridisation to the 

113 



probe of 0.6Kb and 0.8Kb whereas methylation of any site will generate fragments 

much larger in size. 

DNA (lOj.ig) restricted to completion with EcoRI!Hindlll (figure 3.50) was digested 

with Mspl or Hpair (figure 3.51 (A)). Southern blot analysis of CaMV-lecA (26 and 

20) T1 individuals (figure 3.51 (B); lanes 3-6) showed non-methylation of CCGG sites 

1 and 2 (see figure 3.48) within the lecA gene by having homology to the predicted 

fragments 0.8Kb and 0.6Kb op digestion with both Mspl and Hpa/1 as observed with 

the control of unmethylated Agrobacterium DNA (figure 3.51 (B); lane 9). In addition 

to the predicted non-methylated fragments a much larger fragment of 1.2Kb was 

observed for both CaMV-lecA (26 and 20) T1 individuals (denoted by an asterisk in 

figure 3.51 (B); lanes 3-6). This band can be interpreted if the Hpa II-Mspl -315 

CCGG site 3 within the CaMV promoter is methylated (see figure 3.48 (B)). T-DNA 

in the octopine type Ti-plasmid pTiB6806 and the nopaline type Ti-plasmid pTiT37 

were reported by Gelvin etal., (1983) to be non-methylated at the sequence 5'CCGG 

3' in Agrobacterium, indicating that the observed methylation has arisen as a 

consequence of an in planta event. In contrast CaMV-lec A line 4 displayed only one 

band of homology to the non-methylated predicted size of 0.8Kb (figure 3.51 (B); lanes 

7 and 8) and two larger bands, one of 1.2Kb as observed with CaMV-lecA (26 and 20) 

T1 individuals and an additional band of 1.5Kb. The presence of 1.5Kb band can be 

allocated on the assumption that site 2 (see figure 3.48) within the lecA gene was 

methylated. It may thus be seen that the methylation profiles observed for the three 

lines analysed do not fit with any of the predicted profiles in that sites are found both 

methylated and unmethylated in the same leaf. These apparent discrepencies may 

perhaps be explained on the basis of the fact that the tissue type analysed i.e. leaf is 

compri&ed of a number of different cell types, each of which may exhibit a methylation 

profile specific to that cell type and therefore give rise to anomalous hybridising 

fragments under the conditions used here. 
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Figure 3.49: 

Strategy used for the methylation analysis of T-DNA in transgenic tobacco plants 

transformed with the CaMV-lecA construct. Enzymes used. for the methylation assay by 

Southern analysis are listed with regard to their methylation sensitivity. 5mdCTP is indicated 

* as C . 
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Figure 3.51: 

(A) Agarose gel analysis of genomic DNA extracted from CaMV-lecA (26, 20, & 4) Tl 

individuals after digestion with EcoRI/Hindlll and methylation sensitive restriction 

endonucleases Hpall and Mspl. Lanes 1 and 2: SRI genomic DNA restricted with Hpall 

and Mspl Lanes 3 and 4: CaMV-lecA 26 Tl individual restricted with Hpall andMspl . 

Lanes 5 and 6: CaMV-lecA Tl 20 individual restricted with Hpall andMspl. Lanes 7 and 8: 

CaMV-lecA Tl 4 individual restricted with Hpall and Mspl . 

(B) Autoradiograph of the gel in figure 3.51(A) after Southern transfer and hybridisation to 

a 32P-labelled 1.2Kb Sph 1/EcoRI fragment containing the lecA coding region. Lane 9: 

Agrobacterium (pGV3850::130) DNA restricted with Mspl 
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3.8.3.2 Methylation status of the integrated CaMV-lecA gene in 

leaf tissue using Mspl-Hpall, Hae/11, Mbol-Sau 3a, Hhal, and BstNI

EcoRII. 

A more extensive analysis was conducted using restriction enzymes Hpall- . Mspl, 

Hael/1, Mbol-Sau3A, llhll/, and BstM-EcoRII. The number of sites together with the 

recognition sequences of the restriction enzymes are detailed in figure 3.49. DNA 

(90ug) from CaMV-lecA Tl individuals (26, 20, and 4) was digested first with EcoRI 

and 1 OJ.lg removed for restriction with methylation sensitive/insensitive restriction 

endonucleases (figures 3.52 (A); figure 3.53 (A); and figure 3.54 (A)). Parallel 

digestions of Agrobacterium (pGV3850:: 130) DNA were performed for all enzymes to 

evaluate the extents of digestion and to determine the precise size of non-methylated T

DNA fragments with homology to the probe (figure 3.49). Southern blot analysis of 

CaMV-lecA line 26 after hybridisation to a 32P-labelled lecA gene displayed resistance 

to methylation sensitive sites Hpall, Mspl, Sau3A, llhlll and EcoRII (figure 3.52 (B); 

lanes 2, 3, 6, 7, and 9) when compared with the Agrobacterium control (figure 3.55; 

lanes 7, 8, 4, 3, and 1). Hybridisation patterns of CaMV-lecA line 26 after digestion 

with Hpa/1-Msp/ showed a predicted fragment of 0.8Kb and larger molecular weight 

fragmentsof2.1Kb and >2.1Kb. After digestion with Mbol and Sau3A resistance to 

Sau3A cleavage was observed (Sau3A does not cleave the methylated GATffiC site). 

Hhal was expected to release a 0.4Kb fragment with homology to the ptobe, however 

much iarger fragments were observed greater than 2.1Kb. The Southern profile of 

CaMV-lecA line 20 (figure 3.53 (B)) was similar to that of CaMV-lecA 26 Tl 

individual in that Hpa/1-Mspl cleavage yielded identical fragments of 0.8Kb, 2.1Kb, 

and >2.1Kb (figure 3.53 (B); lanes 2 and 3). The profile of Haell/ digestion produced 

the predicted fragment of lKb identical to the Agrobacterium control (figure 3.55; lane 

6). As observed with CaMV-lecA line 26 resistance to cleavage by Sau3A was also 

found (lane 6). An extra band of hybridisatioo was observed after an EcoRII digestion 

>2.1Kb (lane 9). The hybridisation pattern obtajned with CaMV-lecA line 4 on the 

other hand did not resemble that of the other two Tl individuals and qisplayed greater 
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Figure 3.52: 

(A) Agarose gel analysis of DNA extracted from CaMV-lecA 26 Tl individual restricted , 

with the following restriction enzymes. Lane 1: EcoRI. Lane 2: Hpall. Lane 3: Mspl. 

Lane 4: Haeiii. Lane 5: Mbol. Lane 6: Sau3A. Lane 7: Hhal. Lane 8: BstNI. Lane 9: 

EcoRII. Lane M: Lambda Hindiii. 

(B) Southern blot analysis of DNA extracted from CaMV-lecA 26 Tl individual, restricted 

with EcoRI (Lane 1), followed by cleavage with Hpall, Mspl, Haeiii, Mbol, Sau3A, Hhal, 

BstNI, EcoRII (Lane 2-9), and hybridised to a 32P-labelled 1.2Kb Sphl/EcoRI fragment 

containing the lecA coding region. 

Asterisks denote hybridising fragments showing altered size on comparison with similar 

hybridising fragments in figure 3.55. The observed size alterations have arisen as a 

consequence of resistance to endonuclease cleavage caused by methylation at specific sites 

within the transgene. 
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Figure 3.53: 

(A) Agarose gel analysis of DNA extracted from CaMV-lecA 20 Tl individual restricted 

with the following restriction enzymes. Lane 1: EcoRI. Lane 2: Hpa/1. Lane 3: Mspl. 

Lane 4: Hae/II. Lane 5: Mbol. Lane 6: Sau3A. Lane 7: Hhal. Lane 8: BstNI. Lane 9: 

EcoRII. Lane M: Lambda Hindi//. 

(B) Southern blot analysis of DNA extracted from CaMV-lecA 20 Tl individual restricted 

with EcoRI (Lane 1), followed by cleavage with Hpa//, Mspl, Hael/1, Mbol, Sau3A, Hha/, 

BstNI, EcoRII (Lane 2-9), and hybridised to a 32P-labelled 1.2Kb Sphl!EcoRI fragment 

containing the lecA coding region. 

Asterisks denote hybridising fragments showing altered size on comparison with similar 

hybridising fragments in figure 3.55. The observed size alterations have arisen as a 

consequence of resistance to endonuclease cleavage caused by methylation at specific sites 

within the transgene. 
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Figure 3.54: 

(A) Agarose gel analysis of DNA extracted from CaMV-lecA 4 T1 individual restricted with 

the following restriction enzymes. Lane 1: EcoRI. Lane 2: Hpa/1. Lane 3: Mspl. Lane 4: 

Hae//1. Lane 5: Mbol. Lane 6: Sau3A. Lane 7: Hhal. Lane 8: BstNI. Lane 9: EcoRII. 

Lane M: Lambda Hindi//. 

(B) Southern blot analysis of DNA extracted from CaMV-lecA 4 T1 individual (plant), 

restricted with EcoRI (Lane 1 ), followed by cleavage with Hpa//, Mspl, Hae/1/, Mbol, 

Sau3A, Hhal, BstNI, Ecl)Rl/ (Lane 2-9), and hybridised to a 32P-labelled 1.2Kb 

Sphl/EcoRI fragment containing the lecA coding region. 

Asterisks denote hybridising fragments showing altered size on comparison with similar 

hybridising fragments in figure 3.55. The observed size alterations have arisen as a 

consequence of resistance to endonuclease cleavage caused by methylation at specific sites 

within the transgene. 
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Figure 3.55: 

Southern blot of ·total DNA isolated from Agrobacterium (GV3101) harbouring tlie co

integrate pGV3850::pDUB130, hybridised to a digoxigenin labelled 1.2Kb Sph 1/EcoRI 

fragment containing the lecA coding region. Lanes 1-8: pGV3850::pDUB130 DNA digested 

first with EcoRI then with EcoR/1, BstNI, Hhn1, Sau3A, Mbo1, Hae1II, Msp1, Hpall. 

Detection of fragments homologous to the probe was achieved with colourmetric substrates 

nitroblue tetrazolium (NB1) and 5-bromo-4-chloro-3-indoyl phosphate (BCIP) after 

hybridisation with an alkaline phosphatase conjugated anti-digoxigenin antibody( 1 :5 ,000) 
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Table 3.24: 

Summary of data obtained from methylation analysis of transgenic CaMV-lecA lines 26, 20 

and 4. None, partial and complete refer to the level of methylation observed. 

Key: +: positive for the specified charcteristic. 

-: negative for the specified characteristc. 

n.d: not determined. 

Table 3.25: 

Interpretation of data obtained from methylation analysis of transgenic CaMV-lecA lines 26, 

20 and 4. 

Key: H: High levels of pea lectin; L: Low levels of pea lectin. 



i 

Restriction site Line26 Lipe20 Line4 

none partial complete none partial complete none partial complete 

Hpall + + - + + - - + + 

Mspl + + - + + - - + + 

Sau 3A - - + - - + - - + 

Hhal - - + - - + - - + 

Eco RII - - + - - + - - + 

Methylation level Pea lectin levels 

Line 26 Line 20 Line 4 
(H) (H) (L) 

none 2 2 0 

partial 2 2 2 

complete 3 3 5 
,. 



resistance to cleavage by Hpall, Mspl , Sau3A, Hho1, and EcoR/1 (figure 3.54 (B); 

lanes 2, 3, 6, 7, and 9). Many of the fragments homologous to the probe were 

observed to be greater than 9.4Kb. 

3.8.3.3 Interpretation of methylation data. 

The results of the methylation analysis were compiled together into a tables 3.24 and 

3.25 based on whether the sites were non-methylated, partially methylated or 

completely methylated within the lecA sequence. This allows one to speculate as to the 

relationship between the extent of methylation occuring over regions of the lecA 

portion of the transgene and detectable pea lectin levels. 

From table 3.23 one may observ~ that in all plants analysed methylation was found to 

occur at both CG and CNG sites (Hpall~Mspl, Hhal, EcoR II, and Sau3A digests), 

sites known to be targets of plant methyl transferases (Adams and Pradhan, 1995). At 

non-CG and CNG sites methylation was not detected (Hae/11 digest). Therefore 

methylation does occur within leaf tissue. However what is apparent from the data is 

that within the leaf different cell types may potentially exhibit differential methylation 

profiles. Because it appears to happen in this cell specific manner it is impossible to 

draw definite conclusions regarding the influence of methylation on transgene 

expression, within the leaf tissue. 

3.8.4 Detection of histone acetylation in CaMV-lecA plants. 

Histone acetylation, the acetylation of specific lysines within the amino terminal 

domains of each core histone is an active process whose precise role(s) remains 

controversial. Because the acetylation of lysine residues neutralises their positive 

charge, it has long been suggested that this modification modulates the interaction of 

amino termini with the negatively charged DNA backbone (Alfrey, 1977), leading to 

chromatin decondensation. Thus determination of the acetylation status of histones 

associated with the T-DNA may allow one to speculate as to the chromatin 

configuration at the site of integration. Recently the generation of antibodies which 
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recognise the hyperacetylated amino termini of core histones have become useful new 

probes to investigate the acetylation stat~ of nucleosomes in transcriptionally 

active/inactive chromatin. In studies conducted by Jeppesen and Turner (1993) 

antibodies specific for acetylated isoforms of histone H4 were used to immunolabel 

human and mouse metaphase chromosomes. It was discovered that all chromosomes 

were labelled in regions corresponding to .conventional R-bands (regions enriched in 

coding DNA) except for a single chromosome in female cells which was largely 

unlabelled and identified as the inactive X-chromosome. Many aspects of the inactive 

X-chromosome resemble non-transcribed constitutive heterochromatin, including the 

methylation of CpG islands at the 5' ends of several X-linked genes (Grant and 

Chapman, 1988). Tazi and Bird, 1990 have shown that nucleosomes from non

methylated CpG islands contain highly acetylated histones H3 and H4. A direct link 

between core histone acetylation and active genes was established using an antibody 

against the Ne..acety1-lysine for the isolation of acetylated nucleosomes from embryonic 

chicken chromatin Hebbes et al., (1988). Immunofractionation was performed by 

incubating chromatin with antibody, and the complexes were isolated by centrifugation 

after binding to formalin fixed Staphylococcus aureus cells that had protein A in the 

outer membrane. On probing with gene sequences, antibody bound chromatin was 

found to be enriched in the actively transcribed a-globin gene and1 not enriched in the 

inactive ovalbumin gene. An investigation into the chromatin acetylation status of 

CaMV-lecA (26 and 4) T1 individuals was conducted similar to the approach described 

by Hebbes et al., (1988), using antibody probes specific to the tetra-acetylated N

terminal domain ofhistoneH4 (Lin etal., 1989). 

3.8.4.1 Investigation into the relationship between histone 

acetylation and transgene expression levels. 

Nuclei from CaMV-lecA T1 individuals of lines 26 and 4 were isolated in the presence 

of 5mM sodium butyrate a known inhibitor of histone deactetylases which does not 

interfere with the activity of acetyl transferases (Hebbes et aL, 1988), thus preserving 
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core histone acetylation. The histones extracted with 0.4M sulphuric acid, were 

subjected to SDS-PAGE, blotted onto nitrocellulose and probed with rabbit polyclonal 

antibodies (1 :500) specific to the acetylated terminal domain of histone H4 (figure 3.56) 

and detected via autoradiography after reacting with a secondary conjugated 1251 anti

rabbit IgG antibody. The results indicated banding patterns for the most conserved 

histones (H4, H3, H2A, and H2B) with less similarity in mobilities for proteins which 

could correspond to the least conserved histone Hl (figure 3.56; lane 1). On probing 

with a rabbit anti-acetylated histone H4 antibody, a band with similar mobility to 

histone H4 was detected (figure 3.56; lane A), suggesting that histone H4 in plant cells 

as in animal cells can be modified by acetylation. Since the rabbit anti-acetylated 

histone H4 antibody was observed to be functional it was used to fractionate chromatin 

fragments for both Tl individuals (see material and methods). Nuclei were first treated 

with micrococcal nuclease to generate a nucleosome ladder for both CaMV-lecA (26 and 

4) Tl individuals (figure 3.57 (A); lanes 1, and 2). The nucloosome preparations were 

then fractionated by immune precipitation using the antibody, and DNA isolated from 

the antibody bound (acetylated fraction) and unbound (unacetylated fraction) 

nucleosomes. Analysis of DNA on 0.8%(wlv) agarose gels in figure 3.57 (B) revealed 

some faint nucloosomtd banding; however it appeared that most of chromalin structure 

had been. lost after the fractionation procedure. The gel was blotted onto nylon and 

probed with a 32P-labelled 1.2Kb Sph 1/EcoRI fragment containing the lecA coding 

region, however no enrichment was found for pea lectin sequences in either fraction. 

Thi~ may reflect the protocol used by which the DNA was analysed by agarose gel 

electrophoresis whereby concentrating the DNA and performing dot-blot hybridisations 

could have proved more sensitive. Due to time constraints it was not possible to 

continue this work further. 
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3. 9 Conclusions, discussion and suggested further 

research. 

This research programme has been concerned with detailing the major underlying 

factors exerting a determinatory effect on levels of transgene expression following 

· Agrobacterium-mediated transformation of tobacco. A detailed investigation and 

characterisation of these factors should, it was hoped, allow the determination of the 

significance of the role played by factors such as transgene copy number and number 

and location of integration sites in determining the levels of transgene expression 

observed in stable transgenics. 

Initial work centered on the characterisation of supplied material. Of the three lines 

provided only one; L4, was deemed suitable for detailed analysis. Having determined 

both transgene expression levels and copy number for this line it was noted that 

expression levels appeared to be independent of the number of integrated transgenes. 

However the obvious lack of suitable material i.e. of sufficien.t numbers of independent 

transgenic lines carrying the transgene at a number of different loci necessitated the 

generation of further transgenic :pOpulations in order to carry out this study in sufficient 

depth. 

Thus, a large population of transgenic plants were generated harbouring both the 

CaMV-lecA and ssRubisco-lecA trans genes. Analysis of lectin levels (directly 

correlated with transgene expression levels) revealed extensive variation in expression 

levels within both populations. It was observed that, whille the range over which this 

variation was distributed was the same for both populations, the distribution of 

variation was significantly different between the two. Investigating the segregation of 

kanamycin resistance within these populations showed that transformants could be 

placed into one of four apparent inheritance classes: Class I plants had a segregation 

ratio of 3:1 kanr:kans indicating the presence of a single integration locus; Class II 

plants segregated with a resistant: sensitive ratio of 15: 1, a ratio associated with the 
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presence of two integration loci; plants of Class ill possessed more than two 

integrations as shown by a ratio of 1:0, while Class N plants segregated with a ratio of 

<3: 1 which would appear to indicate the presence of less than one integration site, 

possibly reflecting the occurrence of some form of transgene silencing. A number of 

plants of classes I, IT and ill were then selected for furthtfl" investigation. 

Southern blot analysis allowed a detailed characterisation ofT-DNA structure, copy 

number and number of integration sites to be undertaken. Results confrrmed, in the 

majority of cases, the data previously obtained using kanamycin segregation analysis. 

A high frequency of multiple integrations was observed, with those plants containing 

>2 T-DNAs integrated at >2 sites showing a higher frequency of T-DNA 

rearrangements, all of which were observed to occur at or towards the left hand border. 

Plants containing more than one T -DNA were also frequently found to contain these T

DNAs arranged as an inverted repeat at a single l~us although no significant 

relationship between copy number and the presence of such structures was found. 

Having thus characterised in detail both T-DNA integrity and organisation further 

analysis was undertaken to determine the impact ofT-DNA-refated factors on transgene 

expression. Analysing levels of lectin accumulation in T1 populations of CaMV-lecA 

and ssRubisco-lecA revealed a significant difference in average levels of lectin 

accumulated. Within population variation was not statistically significant; this was 

expected since all plants within each T1 population were derived from a single 

transformant (TO). The variability in expression levels determined for TO individuals 

was found to be inherited in the progeny, in agreement with previously published 

reports (Dean et aL, 1988). 

Correlating transgene expression levels with T -DNA copy number and structure 

revealed no significant relationship to be evident Thus one may conclude that the 

major factor influencing levels of transgene expression is the location of T-DNA 

integration within the genome. Subsequent work was thus concerned with 

investigating the nature of those integration site-specific factors i.e. 'position effect'. 
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Figure 3.57: 

(A) Agarose gel analysis of nuclei from CaMV-lecA 26 and 4 Tl individuals digested with 

micrococcal nuclease. Lane 1: Micrococcal nuclease digestion of nuclei from CaMV-lecA 26 

T1 individual. Lane 2: Micrococcal nuclease digestion of nuclei from CaMV-lecA 4 Tl 

individual. Lane M: Lambda Hindl/I DNA size markers. 

(B) Agarose gel analysis of nucleosomes fractionated using an anti-acetylated antibody. 

Lanes 1 and 2: CaMV-lecA 26 T1 individual unacetylated and acetylated fractions 

respectively. Lanes 3 and 4: CaMV-lecA 4 T1 individual unacetylated and acetylated 

fractions respectively. Lane M: Lambda BstEII size markers 
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Figure 3.56: 

SDS-PAGE analysis of isolated tobacco histone proteins and immunoblot detection of 

acetylated Histone 4. Lane M: Dalton vn SDS-PAGE molecular weight size marker. Lane 

1: SDS-PAGE analysis of 0.2M H2S04 extracted tobacco histone proteins for CaMV-lecA 

T 1 individual 26, stained with coomassie blue. Lane A: Immunoblot of gel after probing 

with a rabbit anti-acetylated histone 4 antibody and detection with a 1251 conjugated goat 

anti-rabbit antibody via autoradiography. 



In order to assess the chromatin conformation of the integration site a number of 

analyses were undertaken. Results obtained following DNasei assay of selected 

material proved inconclusive, although would appear to indicate that, in all plants 

analysed, the integrated T-DNAs are located within DNasei-resistant regions of the 

genome. Resistance to DNasel digestion is taken to reflect a condensed chromatin 

conformation. Methylation analysis revealed that in all cases methylation was found to 

occur at both CG and CNG sites, sites known to be targets of plant methyl transferases. 

However, it was difficult to draw absolute conclusions from these analyses given the 

apparent cell type-specificity of methylation observed. Characterisation of histone 

acetylation within the integration site proved unsuccessful. 

It thus appears that in optimising ti"ansgene expression in stably transformed plants a 

'hierarchy' of contributory factors must be considered. Results obtained in this thesis 

show that, having eliminated the contribution ofT -DNA copy number by selecting for 

single copy integrations, and as a direct consequence of this the elimination of factors 

associated with the presence of aberrant T -DNA structures, extreme levels of 

expression level variability are still apparent. Thus one can conclude that, having 

shown that these factors exert no significant effect on transgene expression levels, it is 

the site of T -DNA integration within the genome and factors associated with this that 

exert the major determinatory effect, giving rise to the observed levels of inter

transformant variability. 

It must be accepted, therefore, that in designing a plant transformation strategy either 

for commercial exploitation or fundamental . research purposes one must either 

accomodate trans~ene variability through the generation and analysis of large, and in 

many cases excessively so, transgenic populations or strive to minimise the extent to 

which such variability is manifest. Producing, maintaining and analysing large 

populations of transformed plants is clearly dependent on the provision of adequate 

facilities and large areas of containment growth space, and is a labour-intensive, costly 

process. Although such expense may be easily absorbed by larger commercial projects, 
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less so by smaller research groups, the cost -efficiency of such programmes would be 

greatly increased were it possible to reduce the extent of expression level variability. To 

this end only two approaches have met with substantial interest to date: the use of 

homologous recombination-based systems and nuclear scaffold/matrix attachment 

regions (SARs!MARs). 

In principle, DNA integration into the plant genome via homologous recombination 

should be more precise than the random DNA insertion achieved by Agrobacteriwn

mediated transformation. In practice however, there has been a lack of success with 

homologous recombination reflecting the low frequencies with which recombination 

events oocur within the genome. For example Swoboda et al., (1994) set up a non

selective assay system to visualise intrachromosomal homologous recombination events 

throughout the whole life-cycle of Arabidopsis thialana transformed with two 

overlapping, non-functional deletion mutants of a chimaeric B-glucoronidase (uidA) 

genes. Upon recombination, a functional gus gene was restored as determined by 

Southern blotting and detection by histochemical staining for GUS enzyme activity. 

Recombination was observed in most plant organs analysed throughout plant 

development. Recombination frequencies were typically low in the range lQ-6-lQ-7 

events per genome. It was also demonstrated that recombination frequencies differed 

between organs within the same plant line. Thus it can be seen that homologous 

recombination within plant somatic cells occurs at extremely low frequencies and 

therefore at this time is not a yiable consideration for large scale transformation 

programs. In contrast with homologous recombination, the application of site-specific 

recombination systems has been progressing steadily in recent years. Qin et al., (1994) 

described the use of the Cre-lox system to integrate DNA into a lox site previously 

placed In the tobacco genome by transformation of protoplasts with a plasmid carrying a 

lox site. The efficiency of obtaining transformants with this system due to site specific 

integration approaches that of random integration. Most Cre-lox-mediated DNA 

integration events were found to be the insertion of a no~-rearrnnged single copy of the 

introduced molecule at the chromosomal lox site. Because it allows some of the 
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vqriables common to current gene transformation to be controlled, this system would 

appear to be the likely candidate for future exploitation in the analysis of transgene 

behaviour. Although one limitation is that the system is dependent on a primary 

transformation prograinme which necessitates extensive characterisation of integration 

site and selection of different level expressors. 

An alternative to site specific recombination is the modification of the T -DNA itself such 

that integration in some way is targeted The primary interest in this arf2 is in the use of 

nuclear scaffold or matrix attachment regions (SARs/MARs). In general, SARs/MARs 

appear to incrf2se overall levels of transgene expression and decrf2se transformant -to

transformant variability in transgene expression (position effects). However there 

exists within the literature conflicting data with some workers reporting an increase in 

expression levels with either slight or no. effect on variability within the population 

(Schoff! etal., 1993, Spiker etal., 1995) and others reporting a reduction in variability 

together with an overall incrf2se in expres~on levels (Mlyruirova et al., 1994, 1995). 

The role of SARs/MARs in overcomimg position effects remains ambiguous and is 

currently the subject of much research. 

Since the site of transgene integration within the genome appears to be the major 

contributory factor to transgene expression variability future research interests are to 

look at the influence of the different integration regions on gene activity. This would 

involve the isolation of the genomic insertion sites either by constructing genomic 

libraries in bacteriophage lambda or recovering the plant flanking sequenceS by inverse 

PCR (polymerase chain reaction). This analysis would be useful for a detailed 

characterisation of the T -DNA/plant DNA junctions to elucidate if sequence or structure

specific characteristics of the integration sites can be related to transgene expression 

level variability between independent transformants. 

It may now be seen that the expression of a transgene as a consequence of its 

integration into the plant genome via Agrobacteriwn-mediated transformation is a 

complex series of events, influenced by a number of factors acting both independently 
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and together. This thesis has attempted to illuminate the worker as to the influence 

exerted by each of these factors and to address the phenomenon of trans gene expression 

variability. It is hoped that future research here at Durham and elsewhere will allow us 

to undertake 'designer' transformation programmes, furthering the usefulness of 

transgenic plant research in the commercial and everyday environments. 
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