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Introduction 

1.1 General Introduction 

Traditional plant breeding methods exploit the natural genetic variation 

found in plant species to create new genetic permutations; the recombination of 

desired inherited characteristics is achieved by performing crosses between 

varieties of interest and successively selecting progeny that show the desired traits. 

The crop varieties in use today derived from such breeding programmes often have 

improved characteristics such as better crop yield and quality, disease resistance 

and climate tolerance. However, further quantitative and qualitative 

improvements are frequently highly desirable. 

The ability to isolate, characterize even manipulate specific genes 

responsible for traits that _may be advantageous to crop plants, has been made 

possible by the advent of molecular biological and recombinant DNA technologies. 

The successful introduction, stable incorporation and efficient expression of 

isolated genes in a plant genome of another species offers enormous potential for 

the transfer of characteristics among plant species, even between widely divergent 

species, not possible using conventional breeding methods. 

An assessment of potential methods of achieving such a transfer of plant 

genes, and an analysis of the expression of a transferred gene, forms the basis of 

this work. 

1.2 Plant Genetic Manipulation 

The genetic manipulation of eukaryotic genes was made possible by the 

development in the late 1960's and early 1970's of recombinant DNA technology, 

following the advancement of knowledge concerning the molecular biology of 

bacterial genetics. The discovery of restriction endonucleases and their ability to 

specifically cleave DNA (for example, Eco RI, Mertz iind Davis, 1972) and the 
I 

subsequent use of the enzyme DNA ligase to recombine DNA molecules in vitro to 

2 



form biologically functional bacterial plasmids which could be introduced into a 

bacterial host by transformation procedures (Cohen et al., 1973), together with the 

use of powerful screening techniques to select for specific (recombinant) DNA 

sequences, le.d.: to the development of bacterial plasmid vectors that permitted the 

cloning of DNA sequences and genes from both prokaryotic and eukaryotic origin 

(see Old and Primrose, 1981 ). 

The possibility of cloning and manipulating DNA sequences made possible 

the isolation of eukaryotic genes and the formation of complementary DNA 

(eDNA) and genomic libraries of plant and animal genes (Dahl et al., 1981), genes 

from many species have been isolated (for example, a comprehensive list of cloned 

eukaryotic genes up to 1981 was published by Davies (1981)). In more recent years, 

a large number of plant genes have been identified and their DNA sequence 

published. Many of these sequences can be obtained from the computer gene data 

storage facility "Genbank". An analysis of gene codon usage in plant genes by 

Murray et al. in 1988 listed 53 monocot and 154 dicot plant genes, for which DNA 

sequence data was available. The availability of isolated genes and the ability to 

perform DNA sequence analysis and recombine elements of the gene allowed the 

molecular biology of plant and animal genes to be studied in detail, and to 

elucidate possible functions of DNA sequence elements found conserved in certain 

genes. The goals of genetic manipulation and genetic engineering, particularly as 

applied to plant systems are: (i) to identify and isolate genes and regulatory 

elements of interest to the improvement of plant species; (ii) to be able to 

introduce novel and potentially useful gene products to a plant (for example, 

disease resistance); (iii) to alter gene products already present in the plant so as to 

improve their properties (for example, nutritional or functional characteristics); 

and/or (iv) to alter the expression of existing gene products, either by an increase 

or decrease in expression levels. In order to achieve these goals, a thorough 
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knowledge of the molecular biology of plant genes and the regulation and control 

mechanisms that operate is essential. 

The development of efficient gene transfer procedures applicable to a wide 

range of plants is essential for the further investigation of the process of plant 

gene expression control and regulation in heterologous and homologous species. 

Thus, plant genes can be isolated and modified and the effects of these 

modificiations on their expression can be studied in transformed plants. The use 

of modifying enzymes, synthetic oligonucleotides or site-specific mutagenesis are 

now routine methods for altering the gene coding regions by addition, substitution 

or deletion of DNA sequences. The addition or removal of enhancer or silencer 

elements or the use of appropriate tissue-specific promoters will allow the directed 

expression of genes introduced into plants and thus permit greater scope in the 

genetic manipulation of plant genes. 

1.3 Gene Transfer Techniques 

1.3.1 Plant breeding programmes 

Traditional plant breeding techniques involve the cross-fertilization of two 

parent plants of the same o,r related species and the selection of progeny exhibiting 

desired inherited characteristics resulting from an exchange of genetic material. In 

the course of such crosses undesirable traits may also be acquired and these are 

removed by further crosses and the use of selection procedures that favour more 

desirable gene combinations. Thus, natural genetic variation is exploited by 

directed sexual crossing and subsequent artificial selection in the production of 

improved commercial crop varieties. Modern cultivated varieties of many crop 

species originated from such intra-spe-cific gene transfer programmes, with desired 

traits being introduced from wild varieties of the species. However, intraspecific 

genetic crossing has the limitation that only the existing genetic variability found 
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in that particular species can be utilized; often the incorporation of beneficial 

traits of other species is desired. While such interspecific genetic transfer has 

occurred naturally in some related species, for example Zea mays and Z. mexicana 

(Heisser, 1973), the natural barriers to sexual exchange of genes between species 

have to be overcome for the vast majority of species; after all genetic isolation 

generally defines a species. 

In this century, many crop varieties have been improved by the interspecific 

transfer of genes from related non-cultivated species. Examples of traits 

transferred to agronomically important crop species, such as oat, sugarbeet, cotton, 

tomato and rice, are given by Goodman et al. (1987); perhaps one of the most 

important advances made by such breeding techniques has been the improvement 

of wheat varieties. In the 1930's, two disease resistance traits (stem rust and loose 

smut) were transferred to the bread wheat Triticum aestivum from T. tauschii by 

McFadden (see Goodman et al., 1987), and many other resistance genes have since 

been transferred to wheat varieties by interspecific crossing. 

More ambitious crosses have been used in plant breeding, with the transfer 

of genes between species of different genera. The novel cereal Triticale was 

developed by intergeneric crossing of wheat (Triticum) and rye (Secale). Examples 

of intergeneric transfer of specific traits include the transfer to wheat crop 

varieties of resistance to leaf rust and of high kernel protein from wild grass 

species (Aegilops sp.) (Goodman et al., 1987). 

The crossing of plant species, particularly of different genera, is clearly not 

as simple as the above description implies. Often, there are specific biological 

mechanisms which prevent the formation of interspecific hybrids. The advent of 

in vitro culture and cytogenic manipulation techniques has allowed the 

circumvention of some of these mechanisms. For example, a hybrid zygote may 

not be capable of normal development due to genetic incompatibility with the 
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ovule. This incompatibility can be circumvented in certain cases, for example, 

treatwent of wheat kern.e.ls with the plant hormone gibberelic acid allows the 

initial development of an otherwise incompatible wheat/barley embryo. 

Subsequent in vitro culture of the embryo during its development 'facilitates the 

production of the hybrid plant (Hart et a!., 1980). Promoting recombination 
\. 

between donor and recipient genomes can be achieved by the use of irradiation 

techniques, this rna y be especially necessary in crosses between unrelated species 

where natural recombination may not take place. Non-sexual methods of 

transferring genes such as somatic cell fusion, have also been studied as a method 

of overcoming the difficulties of incompatibility in sexual crosses. Genetic 

transfer can be achieved by the fusion of protoplasts of two species, subsequent 

callus production and hybrid plant regeneration. However, this cell fusion 

technique as with sexual crosses has drawbacks, such as potential genetic 

instability of the introduced chromosomes and hybrid sterility. Successive back-

crossing remains a requirement to produce stable incorporation of the desired 

genes. 

Clearly then, many plant breeding programmes have resulted in the 

production of improved crop varieties containing novel genes. However, even 

when crosses are possible between the species of interest, the selection procedures 

involving numerous back-crosses that are necessary to fix a desired trait in a 

genome, are very time-consuming and problems, such as the linkage of unwanted 

genes to the desired genes, may prove an impediment to the production of a useful 

crop variety. 

The transfer of genes by the direct manipulation of DNA has been 

made possible by the advent of recombinant DNA methodologies. The ability to 

identify and clone genes of interest, and the development of techniques that permit 

the introduction of these genes in host plants has, in principle, enormous 
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advantages over the traditional plant breeding strategies. The two main 

advantages are firstly, that the introduction of specific genes governing a 

particular trait is much more precise than methods relying on recombination events 

between entire genomes. The problem of co-inheritance of undesirable genes is 

thus overcome by only introducing the genes of interest. Indeed, genetic elements 

involved in the control of the introduced genes if identified can potentially be 

modified to influence its expression in the new host plant. Secondly, the genes 

that can be introduced to plants can be obtained from a much greater array of 

genetic sources than available by traditional breeding. Thus, genes can be derived 

from widely divergent plant species, and even from animal, bacterial or viral 

genomes. Plant breeding will continue to be used as a method of crop improvement 

but genetic engineering techniques can be used as important tools to produce 

beneficial changes that are difficult or even impossible using conventional methods 

and could potentially achieve results in a much shorter time period. 

1.3.2 Agrobacterium Infection 

Agrobacterium tumejaciens is a gram-negative soil bacterium that naturally 

infects a wide range of dicotyledonous plant species, causing a neoplastic disease 

known as 'Crown Gall' (Bevan and Chilton, 1982; Holsters et al., 1982; Nester et 

al., 1984). On infection, the bacterium transfers a set of genes to the plant cell 

that directs the production of phytohormones (auxins and cytokinins) that 

stimulate the plant cells to proliferate forming a tumorous growth (Barry et al., 

1984; Schroder eta/,, 1984). Also transferred are genes that mediate the synthesis 

of novel metabolites called opines that the Agrobacteria specifically catabolize 

allowing the bacteria to proliferate (Schell et al., 1979; Tempe and Goldman, 1982; 

Kemp, 1982). Indeed, Agrobacteria are classified by the opine type they produce; 

the two major classes are the octopine and nopaline producing strains. 

7 



The transferred genes are contained on a well-defined section of the large 

(-200 kbp) Agrobacterium Ti (tumour inducing)-plasmid termed the T-DNA (for 

Transfer-DNA). On infection, the T-DNA is transferred from the Ti-plasmid to 

the plant cell nucleus where it becomes integrated into the plant genomic DNA 

(Zambryski et al., 1989). Expression of the T-DNA genes is then mediated by the 

plant cell. 

The T-DNA is flanked by a 25 bp·.· sequence motif that is directly repeated 

at both ends, these are known as the left and right T-DNA borders as they specify 

the termini of the integrated DNA in the plant genome (Barker et al., 1984; 

Slightom et al., 1985). It has been found that the right border sequence is essential 

for the transfer of the T -DNA, in contrast to the left border, the absence of which 

does not prevent integration (Joos et al., 1983; Shaw et al., 1984b; Wang et al., 

1984; Horsch and Klee, 1986) and that the transfer appears to proceed in an 

oriented fashion from the right to left border (Wang et al., 1984; Peralta and 

Ream, 1985'). 

The transfer and integration of T-DNA is mediated by a group of genes 

resident on the Ti-plasmid. These genes are clustered in an -40 kbp region known 

as the vir region (for virulence) (Garfinkel and Nester, 1980; Ooms et al., 1980; 

Klee et al., 1983) that is not part of the transferred portion of Ti-plasmid DNA. 

Genetic analysis has revealed that the vir genes are organized at six loci, namely vir 

A to E and vir G (Stachel and Nester, 1986). Specific activation of these vir genes 

by plant wound substances (Stachel et al., 1985; Yanofsky et al., 1986) results in 

the transfer of the T-DNA. It is believed a vir D encoded site-specific 

endonuclease nicks the borders of the T-DNA (Alt-Moerbe et al., 1986; Yanofsky 

et al., 1986; Yamamoto et al., 1987; Wang et al., 1987) creating a single-stranded 

linear, free T-DNA intermediate (the lower strand of the T-DNA) (Stachel et al., 

1986; 1987). Circular T-DNA intennediate molecules have also been implicated in 
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the transfer process (Koukolikova-Nicola et al., 1985). The exact molecular 

mechanisms that act in T-DNA transfer are not yet fully known but it is believed 

that other vir gene products mediate the transfer and integration of these T-strands 

from the bacterium into the plant genome (see Zambryski et al., 1989). 

The T -DNA transfer constitutes a natural genetic engineering system, 

certain features of which are amenable to manipuplation to provide a convenient 

and efficient plant gene transfer system. It was found that the oncogenic genes 

contained within the T-DNA borders could be removed without impeding the 

transfer process creating so-called "disarmed" strains of Agrobacterium (Zambryski 

et al., 1983). This is important as it is necessary to introduce genes into plant cells 

and subsequently obtain normal differentiating tissues without abnormal cell 

proliferation. Importantly, it was found that any DNA sequence introduced 

between the T-DNA borders was faithfully integrated into the plant genome upon 

transfer (Hernalsteens et a!., 1980; Holsters et a/., 1982). 

Early work in assessing the feasibility of using the Ti-plasmid of 

Agrobacterium <J> a gene transfer. vector used oncogenic Ti-plasmids with genes 

inserted into the T-DNA. Hernalsteens et al. (1980) demonstrated the integration of 

bacterial transposon Til7 DNA in tobacco tumour tissue using a Ti-plasmid 

containing the Tn7 DNA in the nopaline synthase gene of the T-DNA. However, 

the use of intact T-DNA meant that regeneration of plants from the tumour tissue 

was not possible. Barton et al. (1983) reported the insertion of a yeast alcohol 

dehydrogenase gene into a site of the T-DNA of a Ti-plasmid that inactivated one 

of the oncogenic loci. Healthy tobacco plants containing intact T-DNA copies were 

regenerated from tumour tissue derived from infected tobacco stem segements. 

However, Zambryski et al. (1983) femoved all the T-DNA sequence except the 

borders and nopaline synthase gene (nos) and introduced a T-DNA specific marker 

(pBR322 phtimid DNA) to create a non-oncogenic Ti-plasmid vector (pGV3850). 
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Use of this vector, enabled the regeneration of plants following T-DNA transfer, 

the nos gene provided a marker for the presence of the T-DNA in transformed 

tissues. 

So the T-DNA was demonstrated to be a useful tool in the transfer of genes 

to plants. With the ability to culture transformed tissue and regenerate plants, the 

Agrobacterium mediated gene transfer procedure offered great potential for the 

genetic manipulation of plant species that were susceptible to Agrobacterium 

infection. 

1.3.3. Direct uptake of DNA molecules 

Interest has been focussed on alternative gene transfer techniques that do 

not depend on the specific plant/bacterial interaction of the Agrobacterium

infection process, in order to develop efficient transformation systems for species 

that do not fall within the Agrobacterium host range. 

The uptake of naked DNA molecules by plant cells was studied as a method 

of introducing genes before the advent of the Agrobacterium-mediated gene 

transfer techniques. Incubation of germinating pollen and seeds with DNA 

solutions (Hess, 1969; Ledoux et al., 1974) and more recently cultured cells and 

protoplasts (Davey et al., 1980; Krens et al., 1982) was attempted in an effort to 

demonstrate uptake of DNA. 

Early work on the uptake of DNA by pollen grains and pollen tubes has 

been reviewed by Hess (1987). Generally, these experiments were inconclusive as 

they relied on examination of phenotypic markers such as flower colour, following 

treatment of pollen of a mutant typ'e with wild-type total genomic DNA (Hess, 

1980), and this evidence was open to different interpretations. Similarly, studies to 

demonstrate DNA uptake were provdi inconclusive, as autoradiographic analysis of 

seeds and polJen incubated with radio-labelled DNA gave equivocal results, with 
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also vary in charge. A total of 22 oL - and 11 f3 -polypeptides have been identified. 

A detailed classification of these major and minor legumin polypeptide types has 

been developed (see Casey, 1979; Matta et a!., 1981). Legumin proteins, in contrast 

to some vicilin proteins, are not glycosylated (Casey, 1979). 

The genes encoding the seed storage proteins are developmentally regulated, 

that is the level of expression of the genes varies according to the developmental 

stage of the seed. The accumulation pattern of vicilin and legumin proteins differ 

in the developing pea seed. It has been found that vicilin accumulates faster than 

legumin reaching a maximum level at about 14 days after flowering (d.a.f.), 

whereas although legumin accumulates at a lower rate, it continues to be 

synthesised up to 20 d.a.f. (Boulter, 1981; Boulter et al., 1987). The pea seed 

reaches maturity at approximately 24 d.a.f. 

The developmental regulation of the expression of the legumin genes is 

described by Boulter et al (I 987). Briefly, the level of legumin mRNA dramatically 

increases from low levels at 7 d.a.f. to a maximum at 18 d.a.f. after which the 

levels fall. Translational control is implicated in the later stages of seed 

maturation as legumin mRNA levels peak at 18 d.a.f. and polysomal associated 

mRNA at 22 d.a.f., but the rate of legumin protein synthesis is constant throughout 

this period. 

The pea legumin protein once synthesised is extensively co- and post

translationally modified. The legumin is synthesised on the rough endoplasmic 

reticulum, then transported to aild deposited in the protein bodies via the golgi 

apparatus (Harris, 1979; 1986). 

1.4.2 Legumin A gene 

Pea legumin, in common with many seed storage proteins, is coded for by a 

multigene family (Boulter et al., 1987; Levasseur, 1988). The genes that make up 
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addition to an antibiotic resistance marker gene, necessary to allow selection of 

transformed plant cells, the constructs also contained an unselected gene in order 

to assess its co-transformation with the marker gene and to study its expression in 

the transformed plants. 

The unselected gene chosen was one of the genes coding for the A-type 

legumin of pea (Pisum sativum L.) (see Section 1.5.3). This legA gene is a member 

of the multi-gene family that codes for legumin, a major seed storage protein, and 

is expressed only in the seed tissues of pea. The 5'-flanking region of this gene has 

been shown to contain sequences that control its seed-specific expression 

(Gatehouse et al., 1986; Boulter et al., 1987; Ellis et al., 1988; Shirsat et al., 1989). 

The aim in this study was to produce a chimeric legumin gene for use in gene 

transfer experiments, whereby the 'seed-specific' promoter of /egA was replaced 

with a promoter known to be expressed in a more constitutive manner in plant 

tissues. 

The promoter chosen for this purpose was that of the nopaline synthase 

gene (nos). This gene is present on the T-DNA segment of the Ti-plasmid of 

Agrobacterium tumejaciens (see Section 1.4.2), which is transformed and integrated 

into the plant genomic DNA on Agrobaeterium infection (Thomashaw et al., 1980; 

Nester et al., 1984). The nos gene is constitutively expressed in the plant cells into 

which it is transferred (Wullems et 'al., 1981). The nos promoter has been 

demonstrated to contain all sequences necessary to direct the constitutive 

expression of chimeric foreign genes in plants (Herrera-Estrella et al., 1983b; 

Bevan et al., 1983b; Fraley et al., 1983). 

The complete nucleotide sequence of the /egA gene has been determined 

(Lycett et al., 1984). The sequence was analysed in an attempt to devise a 

construction strategy to remove th'e /egA 5'-flanking region and hence the putative 

'seed-specific' control sequences, whilst retaining the translation start codon and an 
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FIGURE 1. 

Construction of pADYI. 

Strategy for the construction of the chimeric nosjlegA gene. 
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intact coding sequence. Since no suitable restriction sites were found immediately 

5' of the 'A TG' start codon an alternative strategies was devised (see Fig. 1), 

whereby a /egA genomic clone containing the coding and 3'-flanking sequences 

minus the start codon and next 4 bp was used. 

The nos promoter used to produce the chimeric legumin gene was obtained 

as a fragment from the chimeric neomycin phosphotransferase gene - pNosNeo 

(Bevan, 1984). In this gene the nos promoter is coupled to the neo coding region 

and nos 3'-flanking region. The DNA sequence of the nos promoter fragment has 

already been determined (Bevan eta/., 1983a). 

The fusion of the nos promoter to the /egA coding region was achieved by 

the use of a synthetic oligonucleotide linker molecule. Neither the promoter nor 

coding sequence used contained a start codon, so the sequence of the linker 

molecule was chosen in order to include the sequence 'A TG' in such a position as 

to be "in-phase" with the /egA reading frame when finally ligated. 

The construct used in the study of Agrobacterium-mediated plant 

transformation was cloned into the 'binary vector' Bin 19 (Bevan, 1984). In the Ti

plasmid binary vector system, the virulence (vir) region and the T-DNA sequence 

(see Section 1.3.2) are contained on separate plasmids within an Agrobacterium 

tume faciens host; the vir region acting in trans to transfer the T-DNA to the plant 

cell upon infection (Hoekema et al., 1983; De Framond et a/., 1983). The plasmid 

containing the T-DNA is capable of replication in Escherichia coli; this allows the 

insertion of desired sequences into the T-DNA to be carried out in an E. coli host 

with subsequent transfer of the genetically manipulated T -DNA plasmid to the vir 

region-containing Agrobacterium host. This system was chosen as it is simpler than 

the technique that relies upon reciprodtl recombination between an intermediate 

vector containing · . .-_:·. a manipulated T-bNA region and the resident Ti-plasmid in 

an Agrobacterium host (Van Montagu et al., 1980; Leemans et al., 1981; Shaw, 
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FIGURE 2. 

Construction of pADY2. 

Strategy for the insertion of the chimeric nos/legA gene into the binary 

vector plasmid Bin 19. 
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FIGURE 3. 

Construction of pADY3. 

Strategy for the removal of the chimeric nosjneo and nosjlegA genes from 

pADY2 and their insertion into the plasmid vector pUC8. 
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1984), and thus more efficient; typical frequencies of formation of the desired 

recombined Ti-plasmid in Agrobacterium are 10-5 compared to 10-1 for 

transformation with the binary vector (Klee et al., 1987). The T-DNA of Bin 19 

consists of a multiple cloning site, interrupting a f3 -galactosidase gene, and 

chimeric nosjneo gene conferring resistance to kanamycin in transformed plants, 

between the left and right 25 bp T-DNA border repeat sequences. The construction 

strategy was to insert the chimeric legumin gene into the T-DNA region of Bin 19 

(see Fig. 2), the pUC8 vector used in the construct of the chimeric legumin gene 

was also inserted (see Section 4.3.2). 

The construct used for the study of direct gene transfer to protoplasts was 

required to be a simple vector containing only the selective marker and chimeric 

legumin genes. The strategy devised (Fig. 3) was based on the Bin 19/legumin 

construct in that the nosjneo and nos/leg genes were excised and transferred to the 

plasmid cloning vector pUC8. 

1.6 Aims and objectives of this study 

The aim of this study was to evaluate a number of gene transfer techniques 

that have potential application in the genetic manipulation of plant species. At the 

beginning of the study (1983), plant gene transfer techniques were in their infancy; 

initially novel methods such as direct uptake of DNA molecules by pollen tubes 

and microinjection into ovaries, were assessed as alternatives to the then 

developing Agrobacterium infection technique. However, with the advent of non

oncogenic Agrobacterium-mediated gene transfer and direct uptake of exogenously 

applied DNA by protoplasts, a strategy was devised to transfer a gene construct 

into tobacco plants using both techniques. In so doing, a comparison of the two 

methods was made possible, particularly an assessment of the relative efficiencies 

of the methods, with reference to factors such as the transformation frequency and 
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structural integrity of the introduced foreign genes. The expression of the foreign 

gene was studied in the tobacco transformants obtained. As the gene chosen was a 

developmentally regulated, tissue-specific gene, its expression when directed by a 

constitutive promoter, in the heterologous environment of the tobacco leaf tissue, 

was of particular interest. 
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CHAPTER 2. 

MATERIALS AND METHODS. 
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Materials and Methods 

2.1 Materials 

2.1.1 Chemicals and biological reagents 

All reagents, except those .listed below, were obtained from BDH Chemicals 

Ltd., Poole, Dorset, U.K. and were of analytical grade or the best available. 

Acridine orange acrylamide, bis-acrylamide, adenosine 5'-triphosphate (A TP), 

antibiotics used for selection (ampicillin, kanamycin, rifampicin and streptomycin), 

bovine serum albumin (BSA), dithiothreitol (DTT), ethidium bromide (EtBr), ethylene 

glycol bis (o( -amino-ethyl ether)-N,N,N'-tetra-acetic acid (EGT A), herring sperm DNA 

(HsDNA), egg white lysozyme, pronase P and protease K, RNase A, sodium dodecyl 

sulphate (SDS) and spermidine, were from Sigma Chemical Co., Poole, Dorset, U.K. 

'Repelcote' was from Hopkins and Williams, Romford, U.K. 

Ficol 400, Sephadex G-50, 'Cia I oligomeric linker' molecules and 

oligonucleotide primer molecules were from Pharmacia PL Biochemicals Inc., 

Pharmacia (GB) Ltd., Milton Keynes, Bucks, U.K. 

o£ 32P-dCTP, X 32P-ATP and 'Nick-translation kit' were from Amersham 

International plc, White Lion Road, Amersham, Bucks., U.K. 

'Liquiscint' scintillation fluid was from National Diagnostics (U.K.) Ltd., 45 

Long Plough, Aston Clinton, Bucks, U.K. 

Glass-fibre filters (GF /C) and 3 MM paper were from Whatman Ltd., Maidstone, 

Kent, U.K. 

Dialysis tubing (size 1-8/32") was from Medicell International Ltd., 239 

Liverpool Road, London, U.K. 

Fuji RX-100 X-ray film was from Fuji Ltd., Swindon, Wilts., U.K. 

Dupont 'lightning plus cronex' intensifying screens were from E.l. Dupont de 

Nemours and Company (Inc.), Photoproducts Department, Wedgewood Way, Stevenage, 

Herts., U.K. 
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