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ABSTRACT

A conjugation system in Staphylococcus aureus has been investigated and shown to be deter­ 
mined, at least in part, by genes carried on plasmids. Conjugation required cell-to-cell contact 
but not calcium ions. The frequency of conjugation depended on the recipient used and on the 
incubation conditions.

Two conjugative plasmids were mapped by restriction enzyme analysis but experiments to 
clone the conjugation-determining region were unsuccessful although separate regions specifying 
gentamicin resistance, ethidium bromide resistance and cadmium resistance were cloned. The 
gentamicin resistance determinant was probably part of Tu4001. Deletion of various sized pieces 
of DNA from one of the plasmids resulted in reduction of its ability to specify conjugation but no 
specific part of this plasmid could be implicated in the process. Further experiments led to the 
conclusion that this particular plasmid (p8325-4) is probably not self-transmissible but transferred 
by a phage-mediated system.

Strains of Staphylococcus aureus produced a pheromone-like substance that elicited a clumping 
response in Streptococcus faecalis but no evidence was found for the involvement of staphylococcal 
conjugative plasmids in this.

The conjugative plasmid, p8325-2, mobilized a small plasmid (pT181) but not a chromosomal 
gene.

Insertion of transposon Tn551 was used to produce mutants of the conjugative plasmid 
p8325-2. Some twenty-six mutants were studied and the position of Tn551 in them mapped. 
There were preferred regions of insertion for Tn551 and twenty out of the twenty-six mutants had 
altered ability to conjugate. One showed a significantly higher frequency of conjugation and the 
other nineteen, all with substantially lower frequencies of conjugation, were mapped to two well- 
separated regions of the plasmid. Similarity between the locations of these putative regions and 
those reported for some other conjugative plasmids from staphylococci is striking and suggests a 
common origin.
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Chapter 1

Introduction

1.1 Staphylococcus aureus

Staphylococcus aureus is a member of the Micrococcaceae family of bacteria. It is a non-motile, 

Gram-positive, facultative anaerobe whose cocci are usually arranged in clusters. It is distinguished 

from other staphylococcal species in having the capability of producing coagulase. Most strains 

contain Protein A in their cell wall. This immunologically active substance has the ability to 

bind and aggregate immunoglobulin IgG molecules (see Sheagren, 1984). A variety of extracellular 

enzymes are produced by S.aureus, many participating in its pathogenic capabilities (see Arvidson, 

1983). Six enterotoxins (A to F) have also been described and are best known as the causative 

agents of staphylococcal food poisoning.

In the absence of a useful serological typing system, phage typing has been employed to classify 

S.aureus strains. Most coagulase-positive staphylococci carry phages that can be detected by cross 

culture of pairs of strains and propagated on the sensitive member of the pair. Lysis by these phages 

is strain-specific. Certain combinations of lytic reactions occur much more often than others and 

it is possible to divide the phages into lytic groups, members of which appear together in typing 

patterns and to divide staphylococci into corresponding phage groups. Three main phage groups 

have been characterized and are numbered I, II, and III (see Parker, 1983).

The molecular genetics of S. aureus is not very well developed but some basic facts are known. 

The amount of DNA carried by the staphylococcal cell has been estimated at 2 to 4 X 109 daltons 

assuming one chromosome per cell. The estimate is based on between 3.5x 10~ 14 and 12 X 10~ 14 g of 

DNA per cell (Novick and Bouanchaud, 1971; Lacey, 1975). The value is similar to that estimated 

for other bacteria such as Escherichia coli (2.5 x 109 daltons) and Bacillus subtilis (1.3 x 109 

daltons). For staphylococci this represents about 3 x 103-6 X 10s kbp of DNA, enough theoretically 

to code for about 3000-6000 proteins.

Transformation has been used to establish three major linkage groups of chromosomal genes in 

S.aureus strain NCTC 8325 (Pattee and Neveln, 1975; Pattee, 1976) including nutritional markers,



antibiotic resistance loci, phage attachment sites and pigment production. Protoplast fusion has 

been used to identify linkage between the three groups of genes and establish a circular linkage map 

in S.aureus 8325N (Stahl and Pattee, 1983).

1.2 Transfer of antibiotic resistance in staphylococci

Staphylococcus aureus is a normal inhabitant of the skin and anterior nares of man and infection 

represents an uncommon migration from these habitats. Its biochemical mechanisms enable it 

to invade through minor breaks in skin and mucous membranes causing a variety of soft tissue 

infections such as cellulitis and lymphangitis and infections of the bones and joints leading to such 

diseases as septic arthritis. It frequently reaches the blood stream and once blood-borne is likely 

to seed to organs already injured by another process. Acute bacterial endocarditis is perhaps one 

of the most dramatic syndromes which can result (for review, see Sheagren, 1984). In the pre- 

antibiotic era, staphylococcal bacteremia resulted in 80% mortality. This was initially controlled 

by antibiotics but their introduction into clinical use has been accompanied by the emergence of 

resistant strains within the bacterial population and S.aureus continues to be a major pathogen. 

As a result of antibiotic use, resistant strains are selected to form a resistant population.

The rapidity with which resistance to novel antibiotics can develop has been attributed to the 

observation that most resistance determinants are borne on extrachromosomal pieces of DNA such 

as plasmids. These are genetic elements which replicate independently of the host chromosome. 

They generally exist in the form of supercoiled covalently-closed, circular DNA molecules, ranging 

in size from about one kilobase (1 or 2 genes) to over 300 kilobases. Large (> 35 kbp) plasmids 

are maintained at about 1-4 copies per chromosome whereas smaller plasmids are usually present 

in multiple (10-40) copies. The minimum requirement for independent replication of a plasmid is 

that it contains at least one origin of replication (ort'V), the site at which vegetative replication is 

initiated. Different plasmids make varying contributions to their own replication, but in all cases, 

ordered replication and segregation is essential if they are to be maintained in the host cell line. 

Plasmids are maintained at widely differing growth rates by the coupling of plasmid replication to 

the host's growth rate via the initiation at the origin. Regulation of replication and hence of copy 

number is related to plasmid incompatibility (the failure of two different plasmids to co-exist in the 

same host cell). This allows the classification of plasmids into incompatibility (Inc) groups, useful 

in epidemiological studies of resistance (see Saunders, 1984).



Resistance genes may also be organized as part of a transposon which can transfer between 

bacterial replicons to build up complex groups of genes. Unlike plasmids, transposons are not able 

to replicate independently but must be maintained as part of a functional replicon (self-replicating 

DNA molecule). The existence of resistance-conferring transposons could account for the emergence 

of multiply resistant bacteria due to the insertion of such transposons into non-essential sites on 

resident plasmids (see Saunders, 1984).

The plasmid pSKl was the first staphylococcal plasmid shown to carry a transposable amino- 

glycoside resistance determinant. This 4.7 kbp transposon specifies resistance to gentamicin, to- 

bramycin and kanamycin and can undergo rec-independent transposition to the chromosome from 

pSKl (Lyon et al, 1984). The presence of Tn4001 sequences on all gentamicin resistance plasmids 

in Australian isolates as well as aminoglycoside resistance plasmids from the USA (Gillespie and 

Skurray, 1986) has been shown, demonstrating its wide geographical distribution.

The success of plasmid-encoded antibiotic resistance could be due to a number of factors:

a) genetic load on a host strain is reduced by the maintenance of a limited number of resistance 

plasmids. These are selected for by antibiotic use.

b) plasmid genes evolve independently of the chromosome and there is therefore no pressure to 

maintain chromosome integrity.

c) plasmids are able to transfer freely between or within strains so their genes are more mobile 

than those on the chromosome.

d) transposons often reside on plasmids.

Plasmids can be released or extracted from a donor cell and incorporated into a recipient by 

transduction, transformation or conjugation (see Lacey, 1980).

i) Transduction.

Lysogenic bacteriophages are able to integrate into the plasmid genome by recombination where 

they can exist as a prophage, replicating in synchrony with the host. Transduction occurs when the 

phage incorporates the plasmid genome into its protein coat, infects a new host cell and so inserts 

the plasmid DNA into the recipient. Bacteriophages extracted from cultures of S.aureus are well 

known to mediate generalized transduction in this species (Novick, 1963) and these transduction 

techniques have been used in the elucidation of the genetics of antibiotic resistance (Novick, 1963; 

Dornbusch et al, 1969; DeSaxe and Porthouse, 1979).



Townsend et al (1985) reported that a representative of the most common aminoglycoside 

resistance plasmids in Australian isolates of methicillin-resistant S.aureus was non-conjugative and 

transferred by a bacteriophage-mediated system to a lysogenic recipient. With one exception, all 

conjugative plasmids could also be transferred by transduction.

The possibility that antibiotic resistance in S.aureus might spread between bacteria in nature 

by transduction was strengthened by the construction of an element that contained DNA of both 

plasmid and phage origin (Novick, 1967). The extent to which spontaneous transfer by generalized 

transduction accounts for the spread of resistance in nature is unknown but antibiotic resistance 

does spread rapidly between strains in a particular phage group whilst the spread of resistance 

between phage groups is much slower, suggesting that phage is involved in the transmission.

ii) Transformation.

Transformation involves the uptake and expression of free DNA by a recipient strain and 

has been shown for both chromosomal and plasmid genes in S.aureus (Lindberg and Novick,1973; 

Lindberg, 1981). The competence of a strain (the ability to be transformed) is dependent upon 

a number of factors including a high concentration of divalent cations. The presence of phage 

enhances competence, possibly due either to the involvement of an early phage gene (Sjostrom and 

Philipson, 1974) or the modification of the cell surface by incomplete phage virions (Tompson and 

Pattee, 1977). Nuclease production by the recipient or the presence of a host restriction system 

can prevent transformation making it difficult to assess the extent to which transformation plays a 

role in vitro.

iii) Mixed broth transfer.

It has been shown that antibiotic resistance can be transferred between strains in mixed broth 

culture (Lacey, 1980; Lacey and Lord, 1980; Fouace, 1981). This process could account for in- 

traspecific transfer of resistance genes in vivo since staphylococci are often found in close proximity 

to each other under natural conditions.

Lacey (1980) has provided evidence for a type of spontaneous transfer in mixed culture, distinct 

from conventional transduction. He describes this process as "phage-mediated conjugation" since 

transfer requires direct cell-to-cell contact as well as the presence of lysogenic transducing phage 

in either the donor or the recipient. That the process is similar to transfer by transduction is



suggested by the requirement for calcium ions (about 0.001 to 0.01M) and the higher frequency of 

plasmid gene transfer compared with transfer of chromosomal genes. In contrast to transduction, 

however, transfer of resistance can occur from a non-lysogenic donor to a recipient, the frequency 

of transfer is often much higher than that of conventional transduction and transducing phage are 

not detectable in the supernatant. It is possible that the transducing vector may be a short-lived 

or cell-bound phage particle that causes cell-to-cell adhesion by the alteration of surface proteins. 

The precise mechanism of this "phage-mediated conjugation" and its similarity to conventional 

transduction, remains obscure.

iv) Conjugation.

Conjugation is a process requiring cell-to-cell contact whereby DNA is transferred from a donor 

to a recipient bacterium. The ability to conjugate is normally encoded by conjugative plasmids 

although a conjugal process has recently been described in which no plasmid DNA could be detected 

(El Solh et al, 1986a). Conjugation has been extensively studied in Gram-negative bacteria but 

is also known to occur in Gram-positive bacteria such as clostridia and streptococci (Jacob and 

Hobbs, 1974). There is now substantial evidence for conjugation between Staphylococcus aureus 

strains (Archer and Johnson, 1983; Goering and Ruff, 1983; McDonnell et al, 1983), between 

Staphylococcus epidermidis and Staph. aureus (Forbes and Schaberg, 1983; McDonnell et al, 1983) 

and between Streptococcus faecalis and Staph. aureus (Engel et al, 1980; Schaberg et al, 1982).

In 1982, Schaberg et al reported the self-transfer of plasmid pAM/#l from Streptococcus faecalis 

JH2-2 to Staphylococcus aureus via conjugation on membrane filters. A non-conjugative plasmid 

(pAMal) was mobilized by pAM^91 and once in S.aureus, the conjugative plasmids could be trans­ 

ferred to a second S. aureus or back into S.faecalis. Leblanc and Lee (1984) have located at least 

one conjugative function on pAM/#l within an 8 kbp region.

Several groups have now independently demonstrated the conjugative transfer of staphylococ- 

cal gentamicin resistance conferring plasmids between staphylococci.

Forbes and Schaberg (1983) showed that plasmid pAM899-l was able to direct its own transfer 

in filter matings between non-lysogenic donors and recipients. A number of factors proved that the 

process was a conjugative one. Firstly, direct cell-to-cell contact was necessary since transfer failed 

to occur in broth or when filters of donor and recipient were placed back-to-back. The process was 

energy dependent and required viable donor cells. It was resistant to DNAase and occurred in the



presence of chelating agents such as citrate and EDTA. Such evidence is contrary to the theory 

that either transduction or transformation are involved. Plasmid pAM899-l was able to mobilize 

plasmid pAM899-2 (a small tetracycline resistance conferring plasmid) and plasmid pAM899-3 (an 

erythromycin resistance conferring plasmid).

Me Donnell et al (1983) characterized a series of gentamicin resistance conferring plasmids from 

S.aureus and S.epidermidis and demonstrated inter- and intra-specific transfer both in mixed broth 

matings (required 0.01M Ca2+ ) and on filters (no Ca2 + requirement). Donors and recipients were 

both non-lysogenic. The conjugative plasmids studied (pSH8 and pSH9) were large (46 and 58 kbp 

respectively) and encoded resistance to ethidium bromide and tobramycin as well as gentamicin. 

During the transfer process, deletions often formed, allowing a functional map to be constructed. 

Jaffe et al (1982) reported the transfer of a single gentamicin resistance conferring plasmid between 

S.aureus and S.epidermidis in a neonatal special care nursery. Restriction endonuclease analysis 

results showed that the two plasmids were indistinguishable and that therefore plasmid transfer 

may occur between the two species in nature.

Archer and Johnson (1983) reported that all 17 gentamicin resistant S.aureus and all 6 

S.epidermidis isolates from an outbreak of staphylococcal infections in a nursery for neonates 

contained conjugative plasmids. Again, the transfer mechanism did not involve phage (mitomycin 

C-induced lysates of donor did not mediate transfer which occurred at high frequency between 

non-lysogenic donor and recipient cells) but required cell-to-cell contact. They postulated that the 

increase in nosocomial infections caused by gentamicin-resistant staphylococci could be partially 

explained by the evolution of self-transmissible plasmids in these isolates.

Goering and Ruff (1983) demonstrated that certain gentamicin resistance conferring self- 

transmissible plasmids of unrelated geographical origin gave similar restriction endonuclease pat­ 

terns, suggesting the significant contribution of common conjugal plasmids to the emergence of 

gentamicin resistance in S.aureus populations.

Asch et al (1984) analysed plasmid deletion mutants from the self-transmissible gentamicin- 

resistant plasmid pCRGlGOO (52.9 kbp). The transfer region was located within a 14.6 kbp region 

whilst an 8.5 kbp deletion was associated with an increased conjugal transferability (100-fold), 

similar to derepressed (drd) plasmid mutants in Gram-negative bacteria.

In vivo, staphylococci accumulate in large numbers in pathological situations such as boils, ab­ 

scesses and on the skin of dermatology patients subjected to antibiotic therapy (Naidoo and Noble,



1978a; Noble and Naidoo, 1978b). Such close contact of cells would provide an ideal environment 

for conjugation as a means of transferring resistance.

1.3 Gentamicin resistance

Gentamicin is an aminoglycoside-aminocyclitol antibiotic containing 2-deoxystrepamine substi­ 

tuted at positions 4 and 6 (Figure 1.1). Aminoglycoside antibiotics are often used for the treatment 

of serious outbreaks of infection. They form a large and diverse group but all contain cyclic al­ 

cohols (aminocyclitols) in glycosidic linkage with amino-substituted sugars. Uptake into the cell 

is thought to occur in at least two phases (for review see Phillips and Shannon, 1984). The 

first energy-independent phase involves binding to the cell exterior. The second phase is energy- 

dependent in which the aminoglycoside associates with membrane "transporters", and is driven 

across the cytoplasmic membrane by a difference in electric potential.

The mode of action of aminoglycosides has been studied most extensively using streptomycin 

which inhibits protein synthesis via its interaction with the bacterial ribosome resulting in the 

formation of aberrant initiation complexes. It is thought that lethality results from a disorganization 

of the cytoplasmic membrane during the transport of aminoglycosides. This leads to a loss of 

permeability control and hence cell death (see Bryan, 1984).

Gentamicin was used for almost a decade before, in 1976, outbreaks of hospital infection due 

to gentamicin-resistant strains of S.aureus occurred in Britain (Shanson et al, 1976). The epidemic 

strains were all multiply antibiotic resistant. The dissemination of gentamicin resistance in different 

strains of S.aureus during the 1970's was probably due to topical gentamicin therapy used mainly 

on dermatology patients. During the 1970's and 1980's, outbreaks of hospital infection in different 

countries were being increasingly caused by S.aureus strains resistant to at least five antibiotics 

including gentamicin and methicillin (Shanson et al, 1976).

Methicillin-resistant S.aureus strains (MRSA) are now a serious problem; in the South East of 

England for example, there has been a slow but uninterrupted spread of epidemic MRSA (EMRSA) 

between hospitals (Cooke and Marples, 1985). Antibiotic-resistance studies showed that EMRSA 

sent to Colindale during 1983 and 1984 were resistant to tetracycline, minocycline and stretomycin. 

Some 70% were resistant to gentamicin. They were constitutively resistant to macrolide antibiotics 

(Marples and Cooke, 1985).



Figure 1.1
Structure of Gentamicin

H3C
HNCH3 OH——AAD(2) 

APH(2')

The arrows indicate the sites of attack by aminoglycoside
modifying enzymes
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Methicillin-resistant S.aureus strains are also currently endemic in many Australian hospitals 

(Gillespie et al, 1986). They frequently encode resistance to antiseptics and disinfectants, such as 

quaternary ammonium compounds and to ethidium bromide. Resistance to such agents is encoded 

by a common determinant on a group of structurally related plasmids, many of which carry the 

transposon TnJOOl and also encode resistance to trimethoprim. The recognition of antiseptic 

resistance in S.aureus is of particular significance in terms of the organism's potential for survival 

in the hospital environment. To establish the nature and distribution of the determinant in the 

staphylococcal population, it has been cloned into an E.coli vector system (Gillespie et al, 1986).

Methicillin-resistant S.aureus (MRSA) are now a serious problem in Australian hospitals 

and are difficult to treat due to their general resistance to many other chemotherapeutic agents 

(Townsend et al, 1983). Although vancomycin is often used (Marples and Cooke, 1985) this is an 

expensive and toxic drug so alternatives and drug combinations must be assessed.

In S.aureus, gentamicin resistance is due to specific adenyltransferases (AAD), acetyltrans- 

ferases (AAC) and phosphotransferases (APH) (Scott et al, 1978). The site of modification is 

provided by the number of the position modified given in parenthesis following the enzyme des­ 

ignation. Enzymes with a distinctly different substrate profile are numbered by roman numerals 

following the designation of the type of enzyme activity and the site of modification (see Bryan, 

1984). The assay often employed in the detection and identification of aminoglycoside-modifying 

enzymes is based on the firm binding of modified and unmodified aminoglycosides to phosphocel- 

lulose paper (Ozanneei al, 1969). This assay uses radiolabelled acetate, acetyl-coenzyme A or ATP 

and measures the transfer of the labelled acetate. Definitive conclusions require identification of the 

structure of its product. Site determination is made by the combination of a selection of substrates 

which possess or lack a specific OH or NH2 group, exclusion and by characteristic reactions of 

certain enzymes.

In staphylococci, the most common enzymes modifying deoxystreptamine aminoglycoside are 

the APH (1")- AAC (6") dual function enzyme, AAD (4', 4"), and APH (3') III (Grayet al, 

1983). All aminoglycoside modifying enzymes that have been studied are constitutively expressed, 

but their activity can in some cases be enhanced to a small extent by growth in sub-inhibitory 

concentrations of a substrate.

Several enzymes have been partially purified and characterized and sequence analysis of cloned 

DNA specifying some of the aminoglycoside-modifying enzymes is well underway. Chromosomal



DNA fragments from S.aurcua of 1.5 and 1.95 kbp carrying aphA and oacA genes respectively 

(specifying the aminoglycoside-modifying enzymes APH3' III and an AAC6/-APH2/) have been 

cloned and successfully introduced into E.coli and B.subtilis (El Solh et al, 1986b).

Gentamicin resistance (mediated by APH (2") and AAC (6')) has been localized to two small 

adjacent Hind III fragments on the plasmid pSH8 (McDonnell et al, 1983) which also carries the 

gene encoding the AAD (4') enzyme which inactivates tobramycin and paromomycin. Extensive 

homology between the amino acid sequences for APH (3') from Tn908, Tn5 and Streptomyces 

fradiae and the APH (3') II genes of Staphylococcus aureus has been found suggesting a common 

evolutionary origin for these genes. A survey of a series of plasmids specifying aminoglycoside 

resistance has been made by Gray (Gray et al, 1983) leading to the tentative hypothesis that 

aminoglycoside resistance determinants in 5. aureus may reside on transposable elements. This 

conclusion been supported by Gillespie and Skurray (1986) who detected Tn4001 sequences in 

all gentamicin resistance plasmids in Australian isolates in addition to aminoglycoside resistance 

plasmids from the USA.

1.4 Conjugation in other bacterial species

i) Escherichia colt

The first extrachromosomal genetic element identified in E.coli was the F plasmid (or F sex 

factor) which is a covalently-closed circular molecule of DNA of about 100 kbp. The importance 

of F lies in the fact that it is a conjugative plasmid: it exhibits the property of DNA transmission 

between bacterial cells. F can replicate as an autonomous plasmid or as part of the host genome. 

Cells that carry the F plasmid (F+ bacteria) are morphologically distinct from their F~ counter­ 

parts. In addition to the large number of small "common" pili often present, there are a few 

long, thin proteinaceous appendages called F (or sex) pili. These thread-like appendages (up to 

several micrometres in length and about 8 nm in diameter) are primarily made up of subunits of 

a phosphorylated glycoprotein, F pilin. F pili are male specific, that is, they are encoded by the F 

plasmid.

In addition to its property of self-transfer, the F plasmid also mediates the transfer of other 

DNA sequences. This process of F-duction has two forms; mobilization of the bacterial chromosome 

(an Hfr x F~ cross) or transfer of small pieces of chromosome (an F'x F~ cross).

10



Mobilization of donor chromosomal DNA is due to insertion of the F plasmid into the chro­ 

mosome. Bacteria harbouring the F plasmid in this integrated state are called Hfrs since they give 

a high frequency of recombination of donor markers. The integration of the F plasmid into the 

host chromosome is a reversible process and excision restores the genome to its original structure. 

Occasionally however, aberrant removal of the F plasmid occurs forming a genetic element carrying 

F and some bacterial DNA. This results in the formation of a hybrid called an F-prime (F') which 

has gained genes from the bacterial chromosome but may have lost some of its own DNA in the 

process.

Organization of the F plasmid.

Despite its relatively large size, the F plasmid makes use of host functions for the majority of 

its needs such as transcription, translation and replication. It does however, encode information 

for transfer, vegetative replication and site-specific recombination represented by three main gene 

clusters on the circular genetic map (Figure 1.2). Comprehensive reviews on F-conjugation can 

be found in Lewin, 1977; Broda, 1979; Willetts and Skurray, 1980; Glass, 1982 and Willetts and 

Wilkins, 1984.

The number and organization of genes in the tra operon (responsible for transfer) was produced 

by allocating tra mutations to particular genes by complementation tests. The order of genes 

was determined from complementation tests between deletion mutants and point mutants; their 

organization into a single operon was determined from the effects of polar mutations, especially 

those produced by insertion of bacteriophage Mu. Complementation tests had to be carried out 

between compatible plasmids; this involved the use of R100.1 (an F-like R plasmid), the formation 

of "transient heterozygotes" or in vitro recombination of plasmid or phage with F.

The tra operon consists of a 33 kbp contiguous DNA sequence of at least 22 different genes 

situated between positions 60 and 93 on the F map (Figure 1.2). The traJ product is required for 

transcription of all tra genes other than M and is itself regulated by fisO. The tra functions are 

naturally derepressed; a negative control system exists whereby a represser acts at an operator to 

inhibit transcription. This was discovered by analysing plasmid mutants de-repressed for conjugal 

transfer which expressed donor ability constitutively. The transfer origin of replication (ort'T) 

is located to the left of traM. The majority of genes identified to date are implicated in pilus 

production, including traJ, A, L, E, K, B, V, W, C, U, F, H and the promoter-proximal part of 

traG. The traJ gene product resides in the outer membrane and may have both a regulatory and
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Figure 1-2

Organization of the F plasmid

,___49 Replication

The three main gene clusters on the 9£5kb F plasmid 
are concerned with insertion, replication and transfer. 
The fra operon consists of atleast 22 different genes. 
The arrowhead represents the direction of transfer 
from 0r/T

Taken from Glass(1982)
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a structural role. Mating aggregate formation, triggering of DNA transfer and transfer itself, are 

mediated by traG/traN, tral/M and traD respectively, the traYZ endonuclease is responsible for 

nicking at ort'T whilst the traS and traT genes are responsible for surface exclusion.

A model for F-conjugation is given in Figure 1.3 (Willetts and Skurray, 1980). Cell-cell in­ 

teraction between the F + donor and F~ recipient results in the formation of a mating-pair. The 

tip of the pilus is probably involved, inter-acting with a specific recognition site on the surface of 

the F~ cell. It may then either contract or be reabsorbed. It is, as yet unknown whether DNA is 

actually transferred through the pilus (a conjugation tube) or whether this merely serves to bring 

the bacteria close together to form wall-to-wall contact upon pilus contraction, and it has been 

suggested that the term "conjugation bridge" is more appropriate.

Transfer of F DNA is initiated from a unique site (ort'T) at which a specific plasmid-encoded 

endonuclease (the traYZ gene products) is triggered to act by pair formation. Transfer is orientated 

and unidirectional; a single linear strand of F DNA enters the F~ cell, 5'-end first, leaving behind 

the complementary strand in the F+ cell. Transfer is completed within one to two minutes. For 

transfer to occur, there is a requirement for donor F plasmid replication (probably via the rolling- 

circle mode of replication). Normally, the transferred strand is also replicated.

The region implicated in F insertion into the chromosome contains four insertion sequences 

(Figure 1.2), three of which are non-identical (IS2, IS3 and 7^). As IS sequences lie at the junctions 

of plasmid and chromosomal DNA, it is likely that F integration is via these transposable elements. 

Although there are hotspots at which insertion occurs, integration is not restricted to certain 

positions since the IS elements are capable of translocation.

F-like R plasmids.

F-like R plasmids encode both drug resistance and conjugative properties. They possess a 

transfer region showing great homology with the F tra operon and produce F-like pili allowing 

co-polymerization of the F-like and F pilin subunits. F-like R plasmids are generally repressed for 

transfer however. The presence of an F-like R plasmid in an F + cell reduces the frequency of F 

transfer. A model for this transfer inhibition has been postulated involving three loci, an operator 

site, fisO and two represser genes, finO and finP. The tra operon is subject to two regulatory 

circuits: positive control through traJ and negative control of traJ through the finOP-fiaO system. 

That F-like R plasmids possess a closely related transfer system to F is demonstrated by homology
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Figure V3 
A model for the mating cycle of E.coli.

^~^^^—^ ^*»

recipient cell

nicking- 
ligation 

at oriT
CJ-n pilus 

binding

donor cells
k active 
disaggregation
Ira expression 

recircularization

triggering of 
conjugal DMA 

metabolism 
fraS —

pilus 
retraction

LP
DMA

donoiNX transfer 
conjugal

DMA synthesis

unstable 
mating pair

fral

stable mating pair

Taken from Willets and Skurray, 1980. 
6 and o represent the superhelical and nicked 
circular forms of plasmid DMA respectively.

14



between the tra regions and the fact that two systems interact when the two genetic elements 

co-exist in one cell.

ii) Streptococci.

Three main types of conjugative systems have been found in the streptococci, two of which 

are mediated by plasmids (see Brunton, 1984). The first type of plasmid-mediated conjugation 

requires cell-to-cell contact which can be achieved on the surface of solid agar or on filters. Plasmids 

mediating this type of transfer (such as pAM/31) have a broad host range.

The second type of plasmid-requiring transfer system occurs in broth culture but only in 

Streptococcus faecalis. The recipient secretes a heat-stable peptide (a pheromome) called dumping- 

inducing agent (CIA) which induces the donor cells (harbouring the pheromone responsive plasmid) 

to produce a protein called aggregation substance. This adheres to the recipients facilitating the 

formation of mating aggregates. The aggregation substance is believed to adhere to a binding 

substance located on the surface of both donor and recipient cells (Dunny et al, 1978). Clumping- 

inducing-agent (a sex pheromone) also promotes the subsequent transfer of plasmids from the donor 

to the recipient (Clewell and Brown, 1980) via the initiation of DNA metabolism. Examples of 

plasmids exhibiting this type of transfer are pADl and pAM7l. The genetics of these plasmids 

have been studied in some detail and will be discussed in a later chapter. For a general review see 

Clewell, 1981.

The third type of transfer occurs in the absence of extrachromosomal DNA. Examples of this 

are Tn916 in S.faecalis and Cleat tet in S.pneumoniae.
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1.5 Mobilization

Many plasmids are not conjugative themselves but are nevertheless spread much more rapidly 

between strains of bacteria than are chromosomal genes due to their mobilization by conjugative 

plasmids. For example, more than 90% of recipients of the F plasmid from a donor harbouring both 

F and the non-conjugative plasmid ColEl also receive ColEl and about 5% of recipients receive 

ColEl but remain F~. Vegetative replication of ColEl has recently been reviewed by Sherratt 

(1986). The plasmid is known to specify at least one protein which acts in trans; the mo65 protein 

that nicks at ort'T. A 555 bp primer (RNAII) initiates DNA synthesis at oriV. It is negatively 

controlled by a trans-acting RNA represser (RNAI) encoded by the DNA strand complementary 

to that which encodes RNAII. Complexes between RNAI and II prevent the processing needed to 

produce an active primer. The rom protein (represser of modulator) is required for repression by 

RNAI; it enhances the initial interaction between RNAI and II (Tomizawa and Som, 1984).

Mobilization is important in the transmission of drug resistance; resistance determinants to 

streptomycin, sulphonamide, ampicillin and tetracycline could be transferred by conjugation from 

Salmonella although none was present on a conjugative plasmid. Their transfer produced strain 

Salmonella typhimurium type 29, responsible for the outbreak of salmonellosis during 1963-66 

(Anderson, 1968).

1.6 Plasmids as cloning vehicles

The ideal properties for cloning vectors include: low molecular weight, the ability to confer 

readily selectable phenotypic traits on host cells and single sites for a large number of restriction 

endonucleases, preferably in genes with an easily recognizable phenotype. Plasmids are widely used 

as cloning vehicles.

Basic techniques in gene cloning and recombinant DNA technology can be found in Mani- 

atis et al, 1982; Old and Primrose, 1985 and Brown, 1986. The vectors available for cloning in 

S.aureus are discussed in detail in Chapter 5.

Shuttle vectors provide a means whereby genes from one organism can be introduced and 

expressed in another. The vector is constructed by tn vitro genetic manipulation; it consists of 

DNA from the species from which DNA is to be cloned in addition to DNA from the species into
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which the cloned fragment is to be introduced. By carrying genetic determinants, at least one of 

which must be selectable in each species, it can be transferred between the species. To enable it to 

replicate and express its resistances in both organisms, it must have a replication origin functional 

in both species, or, two origins, one of which is expressed in each species.

1.7 Transposon mutagenesis

Transposons are transposable genetic elements that confer a heritable property on the host 

bacterium (see Bennett, 1985). The most common transposon-carried genes confer antibiotic re­ 

sistance. There are two types of transposon. Class I (compound) transposons have a resistance 

determinant flanked by copies of an insertion sequence either as direct or indirect repeats. Exam­ 

ples are Tn5 and TnJ0. Class II (complex) transposons such as Tnl are flanked by short inverted 

repeats. Examples of staphylococcal transposons include Tn551 (5.3 kbp) and Tn55^ which both 

encode resistance to erythromycin. Transposon Tn551 has been used to locate the methicillin 

resistance determinant on the chromosome of S.aureus (Berger-Bach, 1983) and by Luchansky and 

Pattee (1984) to map the staphylococcal chromosome. It was used in this survey (Chapter 7) to 

locate regions of a gentamicin resistance conferring plasmid involved in conjugal transfer.

Transposons are useful genetic tools which can be used to mutate and locate genes. Their 

ability to integrate at random in two opposing orientations provides a means for the generation 

of non-leaky polar mutations at any site. Their drug resistance genes provide convenient markers 

linking the insertion and the mutation, simplifying genetic analysis. The location of the transposon 

can be determined by restriction endonuclease analysis, providing a means of physically locating the 

gene into which the transposon has inserted. The presence of the inserted DNA in a coding region 

is usually polar on distal genes: transcription often terminates within the transposon resulting in 

the inhibition of expression of genes within the same operon, downstream from the site of insertion.

There are practical restrictions to the technique. Firstly, DNA sequences may differ in their 

readiness to act as target site for a particular transposon and secondly transposons often transpose 

at low frequency into plasmids already containing another copy of the transposon. This is known 

as transposon immunity (Robinson et al, 1977). There are a number of ways in which the plasmid 

could affect the host genome. It may affect the expression of more than one gene as transcription 

could terminate within the transposon or it could increase transcription of a particular gene due to 

the presence of a high level promoter within the transposon itself. Alternatively, the transposon may
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have no effect. The orientation of insertion is also important; termination and/or promoter signals 

may be present in one or both orientations. Care must therefore be taken in the interpretation of 

data derived from transposon mutagenesis. The technique is described in detail in Chapter 7.

1.8 Aims of the research

The aim of the research was to study the newly described conjugation system of Staphylo- 

coccus aureus, at least part of which is specified by genes present on plasmids that also carry 

determinants for gentamicin resistance. Firstly the mechanism of transfer would be investigated 

and a suitable plasmid selected with which to pursue genetic analysis of the system. The regions of 

this plasmid involved in conjugation would be located and analysed with the longer term possibility 

of studying the products of the genes. This research would provide the preliminary analysis for 

future work into devising methods of limiting the transfer of such plasmids and hence resistance.
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Chapter 2

Materials and Methods

2.1 Chemicals

Standard chemicals used were obtained from Fisons Ltd, Loughborough, Leics., B.D.H. Ltd, 

Poole, Dorset, or Oxoid Ltd, Basingstoke, Hants. These were of analytical grade when available. 

The sources of other chemicals are listed below:

Agarose type I (low electroendosmosis) Sigma Chemical Company, St. Louis, USA.

Adenosine triphosphate

Bovine serum albumin

Bromophenol blue

Difco agar

Dithiothreitol

Ethidium bromide

Fusidic acid (sodium salt)

Sodium dodecyl sulphate

Sigma

Sigma

May and Baker Ltd, Dagenham, UK.

Difco laboratories, Detroit, USA.

Sigma

Sigma

Sigma

Sigma

Tris (hydroxymethyl amino methane) Sigma

2.2 Enzymes

Lysostaphin, lysozyme (Grade I), T4 DNA ligase, ribonuclease-A from bovine pancreas, ri- 

bonuclease Tl (Grade III), protease purified Type XIV and calf intestinal alkaline phosphatase 

were all obtained from Sigma.

Solutions of RNAase were heated at 80° C for 30 minutes to inactivate any contaminating 

DNAase.

Solutions of proteases were heated at 30°C for 30 minutes for activation.
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2.3 Restriction Endonucleases

These were obtained from Amersham International, Amersham, Bucks., Bethesda Research 

Laboratories (UK) Ltd, Cambridge or New England Biolabs (CP Laboratories Ltd, Herts.) and 

were used with the restriction buffers shown in Table 2.1. The Sma I buffer was obtained from 

Amersham International.

2.4 Antibiotics

Table 2.2 describes the use of antibiotics for selection of resistant bacteria. Antibiotics were 

dissolved in the solvent described and filter sterilized (except for ethanol solutions). The stocks 

were stored at   20°C. The stock solutions were added to sterile medium or agar which had been 

autoclaved and cooled to 50°C to produce selective plates or media. The final concentrations of 

antibiotics used are also listed in Table 2.2.

2.5 Media

i) Brain Heart Infusion (BHI) medium.

37g of BHI powder was dissolved in one litre of deionised water.

ii) BHI-agar.

20g of Difco agar was dissolved in one litre of BHI medium.

iii) Casein Hydrolyase Yeast Extract (CY) medium. 

Amounts per litre:

Casein hydrolysate (acid) lOg

Yeast extract lOg

MgSO4 .7H2 O 0.25g

Trace elements solution 0.04ml.

One litre of trace element solution contained:

CuS0 4 .5H2 O 2.5g

ZnS0 4 .7H2 O 2.5g

FeSO 4 .7H2 O 2.5g

MnCl 2 .4H2 O l.Og

Cone. HC1 50ml.

Before use, lOg glucose was added per litre of CY medium.
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Table 2.1

Buffers used for restriction enzyme analysis

Enzyme Type of buffer used.

Ace I
Ava I
Bell
Bgll
Bgl II
Cla I

Eco RI
Eco RV
Hae II
tftnc II
Hind III

Mlu I
I
II 

Sac II 
Sea I 
5s* I 
Xho I

core buffer 
(medium salt)

5am HI
Hgi AI
Nco I
Sa/I

Xba I

high salt buffer

Dra I 
/fpn I 
Nar I

low salt buffer

Sma I 5ma I buffer
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Table 2.2

Antibiotics used for the selection of resistant bacterial strains

Antibiotic

Ampicillin

Chloramphenicol

Erythromycin

Gentamicin 
(sulphate)

Kanamycin 
(sulphate)

Novobiocin 
(sodium salt)

Paromomycin

Penicillin-G 
(benzyl penicillin)

Sulphanilamide 
(p-Aminobenzene- 

sulphonamide)

Tetracycline 
(hydrochloride)

Solvent

H 2 O
(+0.1%NaOH)

Et.OH

H 2 0

H 2 O

H 2 O

H 2 0

H 2 0

H2 0

H2 O

H 2 0

Stock 
concentration 

(mg/ml)

25

5

5

10

5

5

5

 

5

5

Working 
concentration 

(/^g/ml)

50

20

10

20

50

5

100

8000

100

5

Source

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Parke-Davis 
Research Labs.

Sigma

Sigma

Cyanamid Ltd, 
Gosport, Hants.
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iv) 2xTY medium. 

Amounts per litre:

Bacto-tryptone 15g

Bacto-yeast extract lOg

NaCl 5g

The pH was adjusted to 7.5 with NaOH.

v) DM3-agar

As described by Chang and Cohen (1979).

vi) Starch plates

4g of starch was dissolved in 1 litre of BHI agar and autoclaved.

vii) TBAB (tryptone broth agar base).

33g of TBAB powder was dissolved in one litre of deionised water.

2.6 Chemical solutions

i) lOxTBE

SOOmM Tris

500mM boric acid

lOOmM EDTA

The pH was adjusted to 8.3 with HC1

ii) 10 x core buffer

50mM TVis-HCl (pHS.O)

lOmM MgCl2

50mM NaCl

Stored at 4°C

iii) High salt buffer

6mM Tris-HCl (pH7.9) 

6mM MgCl2 

150mM NaCl

Stored at 4°C
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iv) Low salt buffer

6mM Tris-HCl (pH7.5) 

6mM NaCl

6mM /?-mercaptoethanol 

6mM MgCl2

v) 2xCIP reaction buffer (calf intestinal alkaline phosphatase)

20mM Tris-HCl pH9.2 

0.2mM EDTA

vi) lOxligation buffer

lOOmM Tris-HCl (pH 7.5) 

500mM NaCl 

lOOmM MgCl 2

vii) TE buffer

lOmM Tris-HCl 

ImM EDTA

Adjust to pHS.O with HC1 

viii) Tf buffer

50mM CaCl2

15% glycerol

lOmM Pipes-NaOH pH6.6

ix) Phage buffer

lOmM Tris-HCl (pH7.4)

lOOmM NaCl

lOmM MgCl2

ImM CaCl2

0.7g gelatin per litre.

The gelatin was dissolved in deionized water by gently heating before being added to the other 

solutions and then autoclaved. 

x) TCG solution

50mM glucose

lOmM CDTA (trans 1,2 diaminocyclohexane N.N.N^N 1 , tetraacetic acid)

25mM Tris-HCl (pHS.O)
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xi) High salt buffer (E.coli plasmid prep.)

3M potassium acetate 

1.8M formic acid

xii) TES solution

50mM Tris

5mM EDTA

lOOmM NaCl pH 7.2

xiii) 2xHB (hypertonic buffer)

1.4M sucrose

0.04M maleate

0.04M MgCl2

xiv) HBM (hypertonic buffered medium)

43g of Penassay broth (antibiotic medium 3) was dissolved in 1 litre of HB solution.

xv) Sinker/dye solution

20% Ficoll

0.025% bromophenol blue

0.025% xylene cyanol

2.7 Sterilization

In general, media and solutions were sterilized by autoclaving for 20 minutes at a pressure of 

151b/in2 . Aqueous stock solutions of sugars were sterilized at a pressure of 101b/in2 for 10 minutes. 

Bacteriophage suspensions, solutions of bovine serum albumin (BSA) and of antibiotics were steril­ 

ized by passage through a sterile 25mm millipore filter (0.45/zm pore size) into a previously sterilized 

container. Glassware was generally sterilized in an oven at 160°C for 1 hour. Plastic Eppendorf 

tubes and plastic pipette tips used in DNA manipulation procedures were also autoclaved.
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2.8 Bacterial strains

The convention of Novick et al (1976) has been used for the plasmid nomenclature. The 

phenotypes of naturally occurring strains and their plasmids are shown, together with reference to 

their origins in Table 2.3. The letter "N" following the strain number indicates the absence of a 

known plasmid in that strain. The E.coli strain MC1061 was used in cloning steps because cells 

may be frozen in a competent state and then defrosted for use in transformation.

2.9 Maintenance of cultures

a) Frozen stock.

A stock of all bacterial strains was kept at  70°C. To add a strain to the long term stock, 1ml 

of an overnight culture of the strain (in BHI medium) was added to a 2ml barrel jar containing 1ml 

sterile glycerol/BHI medium (30%/70%).The jar was tightly capped, inverted to mix and placed 

immediately at -70°C.

b) Plate stock.

For normal use, bacterial strains were stored on BHI-agar plates at 4°C, containing appropriate 

antibiotics. Stock plates were prepared by removing a frozen aliquot of the desired strain from the 

 70°C stock, sterilizing a wire loop in a flame, inserting it into the frozen culture and streaking a 

fresh plate for single colonies. The jar was immediately returned to the freezer and the plate was 

incubated at 37° C overnight before being stored at 4°C. Stock plates were subcultured onto fresh 

agar every 6-8 weeks.

2.10 Bacterial growth

a) Solid culture.

Plates of BHI-agar containing appropriate antibiotics were used to store, select and to screen 

bacterial strains. Plates were inoculated either by streaking with bacteria from a sterile platinum 

loop or a toothpick or by spreading 0.1-0.2mls of a liquid culture over the surface with a sterile 

bent glass rod. Plates were inverted and incubated at 37°C. Colonies generally grew overnight.

b) Liquid culture.

BHI medium was transferred to a conical flask or test tube of at least five times the volume 

of the medium. Appropriate antibiotics were added. The medium was inoculated either by trans­ 

ferring bacteria from a single colony on a stock plate or by pipetting bacteria from another liquid 

culture. The culture was grown at 37°C with vigorous shaking unless otherwise stated.
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Table 2.3

Table of Bacterial Strains and Plasmids

Strain/Plasmid Antibiotic 
Resistances

Comment, Source 
and Reference

Staphylococcus aureus 
strains

8325N

A53

8325 Nov 1

none

gentamicin
erythromycin
tetracycline
neomycin

novobiocin

Bill Novr novobiocin 
penicillin

PSSOd.ero
[pI9789,seg-l.Int-A]
RevE.17

PSSOd.ero

cadmium 
erythromycin

erythromycin

A naturally occurring strain 
Novick and Roth, 1968

German strain, phage-type 85. 
Contains a Gmr plasmid. 
Donated by Dr. J. Naidoo.

A novobiocin resistant mutant
of 8325N.
Donated by Dr. J. Naidoo.

A novobiocin resistant mutant 
of Bill (a wild type strain 
isolated at the Institute of 
Dermatology of phage type 3A/53/85). 
Naidoo et al, 1983. 
Donated by Dr. J. Naidoo.

A strain containing the transposon 
Tn551. Made and donated by 
Browne, D.Phil thesis, 1985. 
This laboratory

Johnston, D.Phil thesis, 1971. 
This laboratory.
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Table 2.3 (cont.)

Strain/Plasmid Antibiotic 
Resistances

Comment, Source 
and Reference

Staphylococcus aureus 
plasmids (all in 8325N)

p8325-2 
(strain 8325-2)

p8325-3 
(strain 8325-3)

p8325-4

p8325-5 
(strain 8325-5)

pC194 

pCW3

pCW7

PCW59

pC221

pCW41

gentamicin
ethidium bromide

paromomycin

gentamicin

gentamicin
penicillin
cadmium
arsenate
arsenite

gentamicin

chloramphenicol 

tetracycline

chloramphenicol

chloramphenicol 
tetracycline

chloramphenicol

chloramphenicol

Constructed by transfer of the 
Gmr plasmid from A118 
(German-strain, phage-type
29/52/79/95/6/42E/47/53/54/77/84).t

Constructed by transfer of the Gmr 
plasmid from A53.f

Constructed by transfer of the Gmr 
plasmid from A102 (German strain, 
phage-type 77).f

Constructed by transfer of the Gmr 
plasmid from S. hominis.\

Horinouchi and Weisblum, 1982a.

Transformed from S.aureus JB48827 
Wilson and Baldwin, 1978. 
Donated by Ms. S.J. Harris

Transformed from S.aureus JB48827 
Wilson and Baldwin, 1978. 
Donated by Ms. S.J. Harris

Wilson et al, 1981.

Natural isolate.
Novick and Bouanchaud, 1971.
Donated by Prof. W.V. Shaw.

Wilson et al, 1981.
Donated by Prof. W.V. Shaw.
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Table 2.3 (cont.)

Strain/Plasmid Antibiotic 
Resistances

Comment, Source 
and Reference

pCElO

pT181

pT181 cop-608

Staphylococcus hominis

Staphylococcus
epidermidis

Streptococcus faecalis 
strains

JH2-2

FA2-2

FA373

chloramphenicol 
erythromycin

tetracycline

tetracycline

gentamicin 
tetracycline

penicillin 
erythromycin

none

rifampicin 
fusidic acid

rifampicin 
fusidic acid

rifampicin 
fusidic acid 
tetracycline

Keller et al, 1983 
Donated by Dr. F. Gotz.

Natural isolate. 
Khan et al, 1981.

A mutant of pT181 with a high 
copy number. 
Khan et al, 1981.

A coagulase-negative Staphylococcus 
isolated at the Institute of 
Dermatology, London. 
Donated by Dr. J. Naidoo.

Naidoo and Noble, 1978b. 
Donated by Dr. J. Naidoo.

Plasmid-free strain. 
Jacob and Hobbs, 1974. 
Donated by Dr. A. Jacob.

A plasmid-free derivative of
JH2-2.
Clewell et al, 1982.
Donated by Dr. D.B. Clewell.

An FA2-2 strain harboring
pAM373.
Clewell et al, 1985.
Donated by Dr. D.B. Clewell.
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Table 2.3 (cont.)

Strain/Plasmid Antibiotic 
Resistances

Comment, Source 
and Reference

Escherichia coli 
strains

JM107

MC1061

RR1 [PRWY21]

Bacillus subtilis 
strains

IE21 BD426[pBD8]

MY2016

none

none

ampicillin
chloramphenicol

tetracycline

chloramphenicol
kanamycin 

streptomycin

rifampicin 
sulphanamide

A restriction minus, modification
plus strain.
Yanisch-Perron et al, 1985.

Casadaban and Cohen, 1980.

Donated by Mr. B. Tidor. 
(personal communication).

Obtained from the 
Bacillus Genetic Stock 
Centre, Columbus, Ohio.

Donated by Dr. M. Yudkin

f All four strains were made and donated by Dr. J. Naidoo (personal communication). 

Dept. of Bacteriology, Institute of Dermatology, London E9 6BX.
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2.11 Determination of antibiotic resistance

In addition to the use of selective BHI plates, strains were screened for antibiotic resistance 

by the use of multodisks. A lawn of the bacteria to be tested was made by flooding a BHI-agar 

plate with 3mls of a 6 hour culture. Excess liquid was removed and the plate allowed to dry for 1 

hour at 37°C. A sterile Oxoid multodisk was laid on the lawn of cells and incubation continued for 

16 hours at 37°C. The zones of inhibition of growth around the various antibiotics were compared 

with a control (normally 8325N). Growth up to the disk was taken to indicate resistance. The disks 

carried the antibiotics as shown below:

Concentration of antibiotics in multodisks. 

Antibiotic Amount per disk

Chloramphenicol 10/ig

Erythromycin 10/^g

Penicillin G l.Sunits

Tetracycline 10//g

Streptomycin 5/zg

Novobiocin 5/*g

Oleandomycin 5/zg

Sulphafurazole 100/zg

For antibiotics not on the disks (such as gentamicin) and for cadmium resistance, agar plates 

containing antibiotic/chemical to the required concentration were made. Bacteria, to be tested 

were streaked over the plate using a sterile loop.

2.12 Agar plate test for /3-lactamase production

Colonies to be tested were grown on BHI-agar plates containing 0.4% starch. The plates were 

flooded with a solution made up of:

0.2M Na2 HPO4 .12H2 O 10ml

0.2M NaH 2 PO4 .2H2 O 10ml

0.5M iodine solution 5ml (40.6g I2 and 200g KI per litre of distilled water)

Penicillin G 0.2g

Excess liquid was poured off. The presence of iodine turned the starch agar blue/black. Hy­ 

drolysis of penicillin produced penicilloic acid which reduced the iodine to iodide. The production 

of /3-lactamase was thus indicated by the appearance of white halos around colonies.
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2.13 Test for arsenate resistance

Resistance to arsenate was tested by applying a small paper disc containing 20/il of 0.1M 

sodium arsenate to the centre of a horizontal inoculum streak of the strain to be tested on a BHI- 

agar plate. Resistant colonies grew right up to the disc whereas sensitive colonies grew only at 

some distance from the disc.

2.14 Replica plating

Individual colonies were transferred to a "master" BHI-agar plate using sterile wooden tooth­ 

picks and grown overnight. A grid pattern was used beneath the plate to ensure even spacing of 

the colonies. The grid of colonies was then transferred in a single step to the surface of a piece of 

sterile velvet, stretched tightly over a cylindrical block by pressing the inverted master plate onto 

it. The colonies were transferred by placing a new agar plate over the velvet. Overnight incubation 

followed.

2.15 Full scale preparation of plasmid DNA from Staphylococcus aureus

The method of Novick and Bouanchaud (1971) was used to purify plasmid DNA from S.aureus 

for cloning, transformation and restriction endonuclease analysis. The appropriate S.aureus strain 

was grown overnight in 50mls of CY + glucose medium at 37°C with aeration. A further 200mls 

of the same medium was added and incubation continued for 90 minutes. The culture was cen- 

trifuged for 10 minutes at 5,000 rpm (Sorvall RC-5B, GSA rotor) and the pellet resuspended in 

250mls of cold lOmM EDTA (pH 7.0). Following re-centrifugation, the pellet was resuspended 

in 4mls of cold lOmM EDTA. To this, 8mls of acetone : ethanol (1:1 by volume) was added 

and the mixture incubated on ice for 20 minutes, with occasional shaking. After a further ad­ 

dition of 40mls EDTA, cells were pelleted by centrifugation as before, then drained well and 

all remaining acetone/ethanol removed by evaporation under compressed nitrogen. The pellet 

was resuspended in 16mls of 0.1M NaCl + 0.05M EDTA (pH7.0) and lysostaphin added to a fi­ 

nal concentration of 15/ig/ml. Lysis occurred after incubation for 1 hour at 37°C whereupon, 

2.85ml 5M NaCl

1.85ml 0.5M EDTA

17ml 2% SDS in 0.7M NaCl

were added sequentially. The mixture was inverted once after each addition and the lysate held 

overnight at 4°C. Unbroken cells and other large debris were removed from the lysate by centrifu­ 

gation at 19,000 rpm (Sorvall RC-5B, SS34 rotor) for 45 minutes. The supernatant containing the
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DNA was retained. RNAase (previously heat treated at 80°C for 30 minutes to remove DNAase 

activity) was added to 50/ig/ml and TI RNAase to 1 unit/ml. After incubation for 1 hour at 37°C, 

pronase was added to a final concentration of 50/ig/ml and incubation continued for a further 

hour. Sodium acetate was added to a final volume of 0.3M followed by 2 volumes of cold ethanol 

(96%). After incubation in a dry ice/ethanol bath for 1 hour, the DNA was pelleted by centrifu- 

gation at 10,000 rpm (Sorvall RC-5B, GSA rotor) for 20 minutes. The pellet was drained well and 

resuspended in 3.2ml O.IM NaCl + 0.05M EDTA in preparation for caesium chloride density cen- 

trifugation. Solid caesium chloride (2.97g) was dissolved in the resuspension and 0.2ml of ethidium 

bromide solution (lOmg/ml) added. This solution was sealed in a polyallomer Beckman Quick Seal 

tube and centrifuged at 45,000 rpm for 16 hours (Beckman L5 SOB ultracentrifuge, VTi65 rotor). 

Two flourescent bands were visible under U.V. light. The lower plasmid band was removed with a 

syringe after side puncture of the tube. Ethidium bromide was removed by two extractions with 

2 volumes of propan-2-ol and CsCl by exhaustive dialysis against 2mM Tris-HCl (pH7.2) at 4°C. 

DNA was precipitated as before and resuspended in 2mM Tris-HCl (pH7.2).

Storage of DNA.

Plasmid DNA was stored in 2mM Tris-HCl (pH7.2) at 4°C in Eppendorf tubes.

2.16 Rapid purification of plasmid DNA from S.aureua

This method allows the rapid preparation of plasmid DNA from many cultures simultaneously. 

The product, although crude, can be used for restriction enzyme analysis. The method is based 

upon that of Birnboim and Doly (1979). A sample of liquid culture (1.0 to 1.5ml) was placed in 

a 1.5ml Eppendorf tube and centrifuged for 1 minute in a Beckman Microfuge. The supernatant 

was removed using a fine aspirator and the pellet was resuspended in O.lml of lysis buffer (50 mM 

glucose, 25mM Tris-HCL pH 8.0, lOmM EDTA) containing 50/zg lysostaphin/ml. After 30 minutes 

at room temperature, 0.2ml of alkaline SDS solution (0.2 M NaOH, 1% (w/v) SDS) was added 

and the tube contents were mixed thoroughly by inversion. The tube was maintained at 0°C for 5 

minutes and then 0.15ml of 3M sodium acetate (pH 4.8) was added. When the tube contents were 

mixed gently, a clot of DNA formed. After a further 1 hour at 0°C (when most of the protein, high 

molecular weight RNA and chromosomal DNA precipitated) the tube was centrifuged for 5 minutes 

and 0.4ml of the supernatant transferred to a second tube. Cold ethanol (1ml) was added and the 

tube held at 20°C for 30 minutes. The precipitate was collected by centrifugation for 2 minutes and 

the supernatant removed by aspiration. The pellet was dissolved in O.lml of O.IM sodium acetate, 

50 mM Tris-HCl (pH 8.0) and re-precipitated with 0.2ml of cold ethanol. After 20 minutes at 20°C, 

the precipitate was collected by centrifugation as before. The pellet was dissolved in 40/il of 2 mM
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Tris and 20/il of sinker/dye solution (20% Ficoll, 0.025% bromophenol blue, 0.025% xylene cyanol) 

was added. Samples of 25/il were loaded into the wells of an agarose gel slab for electrophoretic 

analysis. The remaining sample was stored at 4°C.

2.17 Preparation of plasmid DNA from E. coli

The method is based on that of Birnboim and Doly (1979) modified by Maniatis et al (1982). 

Appropriate strains were grown overnight in lOOmls 2xTY medium with antibiotic if desired. The 

culture was centrifuged at 5,000 rpm for 5 minutes (Sorvall RC-5B, GSA rotor) and the pellet 

resuspended in 2ml TCG in a 50ml polypropylene tube. To each tube, lOmg lysozyme was added. 

The tube was vortexed briefly. After standing at room temperature for 15 minutes, 4ml alkaline 

SDS (0.2N NaOH, 1% SDS) was added and mixed by inversion. Incubation on ice for 15 minutes 

was followed by addition of 3ml high salt buffer. Tubes were vortexed for 20 seconds and placed 

on ice for 15 minutes. Chromosomal DNA and protein complexes were pelleted by centrifugation 

for 20 minutes at 18,000 rpm (Sorvall SS-34 rotor, 4°C). The supernatant was carefully decanted 

into a 30ml corex tube and 5.5ml of propan-2-ol added. The tubes were carefully inverted to mix 

the contents then incubated at room temperature for 10 minutes. The RNA+DNA precipitate was 

collected by centrifugation for 20 minutes at 10,000 rpm (Sorval SS-34 rotor). The supernatant 

was removed and the pellet rinsed in 80% ice-cold ethanol, dried under compressed nitrogen and 

resuspended in 4mls TC buffer. Solid caesium chloride (4.0g) was added followed by 0.2ml ethidium 

bromide (lOmg/ml). The solution was sealed in a polyallomer Beckman Quick Seal tube and 

centrifuged at 45,000 rpm for 16 hours (Beckman L5 50B ultracentrifuge, VTi65 rotor). The 

procedure was completed as given for the preparation of plasmid DNA from S.aureus (Section 

2.15).
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2.18 Preparation of plasmid DNA from Bacillus.subtilis

The appropriate strain was grown overnight at 30°C in 100 mis of 2XTY medium. The 

following morning, 120ml of fresh medium was added and the incubation continued for 2-3 hours. 

The cells were harvested by centrifugation at 5,000 rpm for 5 minutes (Sorvall GSA rotor, 4°C), 

washed twice in ice-cold TES solution and resuspended in 10ml of TES. To this was added lOmg 

lysozyme and 5mg heat-shocked RNAase I. The sample was incubated with gentle shaking for 30 

minutes at 37°C after which time, 10ml fresh TES was added with 5mg of self-digested (37°C, 90 

min) pronase. Following an incubation at 37°C for 30 minutes, the solution was centrifuged for 20 

minutes at 15,000 rpm (Sorvall SS34 rotor, 4°C). The slightly viscous supernatant was tipped into 

a clean tube, holding the viscous mass at the bottom. The supernatant was ethanol precipitated. 

The procedure was completed as given for the preparation of S.aureus (Section 2.15). The final 

sample of DNA was resuspended in 2mM Tris-HCl.

2.19 Conjugation of S.aureus strains

Bacterial matings were performed by a modification of the procedure described by Forbes and 

Schaberg (1983). Donor and recipient cells were grown overnight on selective BHI-agar plates. Cells 

were scraped off the plates and adjusted in BHI medium (containing 0.01M CaC^) to an optical 

density of 2.5 at 675nm. Suspensions (2 or 3mls) of donor and recipient cells were combined, mixed 

well and collected by membrane filtration (nitrocellulose, 0.45/zm). The filter was immediately 

placed on a BHI-agar plate, with the bacterial cells touching the surface. After an overnight 

incubation at 37°C, each filter was transferred to lOmls of 0.9% saline and vortexed thoroughly. 

Mating mixtures, with dilutions where necessary, were spread onto plates containing appropriate 

selective antibiotics. Colonies were counted after overnight incubation at 37°C.

2.20 Restriction enzyme analysis

The amount of plasmid DNA solution required for each digestion was estimated by running 

2/zl of the stock solution on an agarose minigel. The DNA to be restricted was incubated with 

2/zl of the appropriate 10 X concentration reaction buffer and 1-10 units of restriction enzyme was 

added. The final volume of the reaction mixture was made up to 20/zl with d.r^O. Incubations were 

at 37°C for up to 6 hours. In reactions involving digestion by two restriction enzymes requiring 

different buffer systems, DNA was first digested by the enzyme with the lower salt requirement. 

When digestion was complete, the salt concentration was raised to that required by the second 

enzyme which was then added. Reactions were terminated by heating at 65°C for 10 minutes. If 

the sample was to be loaded onto a gel, 10/zl of sinker/dye solution was also added.
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2.21 Agarose gel electrophoresis

Plasmid DNA was analysed by agarose slab gel electrophoresis. Agarose powder was added to 

150ml of IxTBE buffer to a concentration of 1% (w/v) and dissolved by boiling. Once dissolved, 

the agarose was allowed to cool to around 45°C and ethidium bromide was added to a concentration 

of 500/Ltg/l. For vertical gel electrophoresis, the gel mould consisted of two glass plates separated 

by 3mm spacers producing a gel of dimensions 15 x 15 x 0.3cm. Before pouring the gel, a small 

amount of moulten agarose was run along the inside edges of the spacers and allowed to harden. 

A sample comb giving 12 wells was inserted and the gel allowed to set for one hour. Before 

running the gel, the bottom spacer was removed and replaced by a porous polythene strip. The 

gel was then clamped to the electrophoresis apparatus and the reservoirs filled with 1 x TBE buffer 

containing 500/zg ethidium bromide per litre. Sinker/dye solution (10/^1) was added to each 20/il 

of DNA sample. The comb was removed and the samples (30//1) loaded into the wells. The gel 

was run at 30V (6mA) for 16 hours from a constant D.C. voltage supplied by a power pack. At 

the end of the run, the gel was removed from the plates and the DNA bands visualised on a U.V. 

transilluminator (Ultra-Violet Products Inc., California USA.) The gel was photographed through 

a red filter (Wratten no.25) using either 35mm Dford FP4 or Polaroid type 667 films. Where 

appropriate, negatives were printed onto Hfospeed photographic paper.

For small gels, a minigel electrophoresis apparatus (workshop produced) was used, giving a gel 

of dimensions 5 x 7 x 2mm. The gel was run at 50V for 30 minutes in IxTBE buffer containing 

ethidium bromide at 500/Ltg/l.

2.22 Dephosphorylation of DNA

The terminal 5' phosphates were removed from DNA by treatment with calf intestinal phos- 

phatase (CIP). The method was taken from the Amersham cloning and sequencing handbook.

A sample (1-2 /*g) of the plasmid DNA to be de-phosphorylated was ethanol precipitated and 

resuspended in 19/il d.I^O, to which 20/il of 2xCIP buffer was added. The sample was incubated 

with Ipl calf intestinal phosphatase ( 1 unit) for 30 minutes at 45°C. A further 1/zl of enzyme was 

added and the reaction was re-incubated for a further 30 minutes and then terminated by phenol 

extraction (Section 2.24). The phosphatased sample was stored at -20°C in TE buffer.
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2.23 Phenol extraction

The DNA to be phenol extracted was mixed with 50/il of phenol saturated with TE buffer 

in an Eppendorf tube and vortexed to form an emulsion. The sample was then centrifuged for 4 

minutes in a microfuge and the upper aqueous layer removed to a clean tube with a micropipette. 

Another 50/il of phenol was added to this aqueous phase and the procedure repeated. The aqueous 

phase from the second reaction was mixed with 500/zl of diethyl ether and centrifuged briefly. The 

lower (aqueous) phase was removed and placed in a clean tube. The ether extraction was repeated 

twice, after which, the solution was ethanol precipitated.

2.24 Ethanol precipitation

The DNA to be ethanol precipitated was mixed carefully with one tenth volume 3M sodium 

acetate and 2 volumes cold ethanol. After incubation in a dry ice/ethanol bath (15 minutes for 

samples in Eppendorf tubes, up to 1 hour for larger samples) the DNA was pelleted (microcentrifuge 

for 5 minutes or 20 minutes at 10,000rpm in a Sorvall RC-5B centrifuge, GSA/SS34 rotor for larger 

samples). The pellet was dried well (under compressed nitrogen) and resuspended in the desired 

buffer solution.

2.25 Ligation

The vector and insert DNA to be ligated were restricted with appropriate enzymes. After a 

minigel had been run to ensure digestion was complete, the restriction enzymes were inactivated 

by heat treatment (65°C/10 minutes) and the digests diluted to the required concentration. Vector 

DNA (usually 10-30ng) and insert DNA (usually 5 times molar excess of vector) were combined 

with the ligation mixture shown below:

10 X ligation buffer 

DTT (500mM) 

ATP (50mM) 

T4 DNA ligase (1 unit)

The volume was adjusted to 50/zl with d.H2O and the mixture incubated at 12-16°C for 12 

hours. The reaction was terminated by heating at 65°C for 10 minutes and subsequently stored on 

ice.
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2.26 Transformation of S.aureus protoplasts

The procedure is based upon that by Lindberg (1981). A culture of the strain to be protoplasted 

was grown overnight in lOmls BHI. The cells were harvested (bench centrifuge, 10 minutes no. 10) 

and resuspended in 5mls HBM containing 100/ig lysostaphin and lOmg lysozyme. The culture was 

incubated at 37°C and the O.D. taken every half hour until it remained constant (approximately 

3 hours). The protoplast suspensions were centrifuged at 7,000 rpm (Sorvall RC-2B, SS34 rotor, 

4°C) which removed cell debris and most of the non- protoplasted bacteria. The supernatants 

were collected and centrifuged again at 19,000 rpm for 17 minutes. The pelleted protoplasts were 

resuspended in 0.5-1.Oml HBM and divided into 0.2ml aliquots. A 50/^1 sample of DNA (about 

150ng) was added. After gentle mixing, 1.8ml of 40% PEG 6000 was added followed 2 minutes 

later by 10ml HBM. The suspension was centrifuged at 19,000 rpm for 30 minutes (Sorvall RC-5B, 

SS34 rotor) and the pellet resuspended in 0.4mls HBM. Samples of O.lml were gently plated onto 

DM3 agar plates and phenotypic expression allowed for 3 hours at 37°C before 5mls of soft agar, 

containing an appropriate amount of antibiotic was added. Transformed colonies were picked for 

purification after 3-4 days incubation at 37°C.

2.27 Transformation of E.coli cells

The E.coli strain MC1061 was used to prepare competent cultures which were frozen at  70°C 

in aliquots and defrosted when needed for transformation. Competent cells were prepared by 

inoculating 5mls of 2xTY medium with a single colony of E.coli from a fresh stock plate. The 

culture was grown with shaking at 37°C until the O.D.eoonm was 0.2-0.3 (usually 4 hours). A 

1ml sample of the culture was used to inoculate 100ml of pre-warmed 2xTY medium and grown 

to an O.D.eoo of 0.2 (usually 2-3 hours). The culture was chilled for 10 minutes in ice water then 

centrifuged (RC-5B, SS34 rotor) for 10 minutes at 5,000 rpm (4°C). The pellet was resuspended 

in half the original volume of cold Tf buffer, incubated for 20 minutes on ice then centrifuged as 

before. The pellet was resuspended in 0.05 times the original volume of cold Tf buffer and 0.15ml 

aliquots were dispensed into Eppendorf tubes and frozen at   70°C. The cells remained competent 

for several months. For transformation, an aliquot of competent cells was removed from the freezer, 

thawed rapidly in a water bath (1-2 minutes, room temperature) and incubated for 5 minutes on 

ice. A 50/il sample of DNA (about 150ng) was added, the tube mixed by gentle inversion and then 

placed for 5 minutes at 37°C. Pre-warmed 2xTY medium (0.15ml) was added and the tube re- 

incubated for 1 hour at 37°C. Selective BHI plates were spread with 0.1-0.2ml and grown overnight 

at 37°C.
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2.28 Sex pheromone testing

The method is based upon that of Dunny et al (1979).

a) Filtrate production.

Strains to be tested for their ability to produce dumping-inducing agent (CIA) were grown 

overnight in 2mls BHI medium. Each strain was diluted (1 in 10) in BHI medium and grown for 

about 5 hours at 37°C with shaking. Cells were pelleted by centrifugation (bench centrifuge, no. 

10, 10 minutes) and the supernatant was filtered through a Millipore filter (0.45/zm pore size). The 

resulting filtrates were autoclaved for 20 minutes at 151b/in 2 to "stabilize" the CIA activity and 

stored at 4°C.

b) CIA assay.

Responder cells (Streptococcus faecalis FA373) were grown overnight in 2mls BHI medium and 

diluted the following morning (1 in 10) in fresh BHI medium. The culture was grown to early 

stationary phase (usually 5-6 hours) with shaking, then diluted to O.D.eeormi of 0.5 in BHI. A 

microtitre system was used for the quantitation of CIA. Filtrates were serially diluted two-fold into 

BHI medium (in sterile Eppendorf tubes) and added to Inter Med "U"-shaped plates (100/zl into 

each well). A control using BHI medium in the place of a filtrate sample was also used. A 100^1 

sample of responder cells was then added to each well. The titre was read after approximately 

5 hours incubation at 37°C on a shaker. The maximum dilution at which clumping was visible 

represented the titre of that particular filtrate and was used to express the CIA activity. The 

"endpoints" were reasonably well defined.

2.29 Phage assaying

a) Growing phage.

The bacterial strain upon which the phage was to be grown was cultured overnight in 2mls 

of BHI. The following morning, O.lml of this culture was added to 5mls of BHI and lOmls of 

phage buffer containing calcium to a final concentration of 4mM. The phage to be grown was 

added (usually O.lmls of a stock solution) and the mixture incubated for 4-8 hours at 30°C, gently 

shaking. After lysis (the solution suddenly becomes clear) the phage was collected by centrifugation 

for 15 minutes (bench centrifuge, no. 10). The supernatant was filtered through a Millipore filter 

(0.45/um pore size) and then titred.

b) Titration.

The stock solution of phage was serially diluted 1 in 10 in phage buffer. A lawn of the bacteria 

upon which the phage was to be titrated was made on a BHI-agar plate containing calcium and 

allowed to dry for one hour. A sample (20/zl) of each dilution of the phage was carefully dropped
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onto an appointed position on the lawn of bacteria. Plates were incubated overnight a 30°C. The 

resulting plaques were counted and the titre determined, taking into account the dilution factor. 

The phage titre is expressed as the number of phage per millilitre of solution.

40



Chapter 3

The Mechanism of Conjugation

3.1 Introduction

Recent reports have demonstrated the conjugal transfer of gentamicin resistance plasmids in 

Staphylococcus aureus (Schaberg el a/,1982; Archer and Johnson, 1983; Forbes and Schaberg, 1983; 

McDonnell et al, 1983). That the process is one of true conjugation and not transduction has been 

proved by Forbes and Schaberg (1983) in a number of experiments. For example, no transfer of 

resistance was observed when cell-free or mitomycin C-induced filtrates of donor and recipient cells 

were incubated and transconjugants showed no plaque-forming ability. The chelation of calcium ions 

by the addition of EDTA or citrate resulted in no change in the transfer frequency whereas cultures 

treated with chloroform showed no transfer. It is therefore probable that a chloroform resistant 

phage was not involved. Archer and Johnson (1983) also showed that involvement of phage was 

unlikely as mating proceeded at high frequency between non-lysogenic donor and recipient cells, 

and transfer of the gentamicin resistance conferring plasmid mobilized the transfer of as many as 

five additional plasmids.

Transformation was eliminated as a potential mechanism for this transfer after a crude lysate 

of donors failed to transfer resistance and DNAase treatment showed no effect. The DNAase 

treatment would eliminate transformation due to the digestion of unprotected DNA as it was 

transferred. Cell-to-cell contact was an absolute requirement since transfer did not occur in broth 

or when filters were incubated back-to-back so that donor and recipient cells were not touching 

(Forbes and Schaberg, 1983).

Since substantial evidence for conjugal transfer in S. aureus has already been provided by other 

workers in this field, this aspect of the work was not pursued. It was decided instead to direct the 

initial series of investigations towards the actual mechanism by which conjugal transfer occurs in 

this system. Firstly a suitable experimental transfer method had to be established. It was also 

important to select a suitable recipient with which to work. Once these factors had been achieved, 

variations on the basic method were employed in order to gain a better understanding of the 

mechanism of transfer.
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After consultation with Dr.J.Naidoo, who had much experience in the routine conjugation of 

staphylococcal cells, it was decided to base the experimental method for mating S.aureus cells upon 

that of Forbes and Schaberg (1983). This method, described in detail in Section 2.19, involves the 

forcing together of donor and recipient cells onto a nitrocellulose membrane filter.

Finally, a second type of transfer system was analysed involving smaller plasmids and their 

related phages. This latter system is distinct from the newly described conjugation system of 

S.aureus and occurs at a much lower frequency (verified in the initial series of experiments).

3.2 Establishing the conjugation method

The method of conjugation used is described in detail in Section 2.19 and illustrated in Figure 

3.1. It is a modification of the procedure used by Forbes and Schaberg (1983), the main difference 

being that donor and recipient cells were grown initially on agar plates rather than in broth. The 

transfer frequency is expressed as the number of transconjugants per recipient cell, which seems to 

be a standard method of expression in such filter mating experiments (Forbes and Schaberg, 1983).

3.2.1 Selection and analysis of recipient strains.

Two possible S.aureus strains (Bill Nov r and 8325 Novr ) suitable as recipients for the study 

of gentamicin resistance transfer were kindly donated by Dr.J.Naidoo. Both were resistant to the 

antibiotic novobiocin but sensitive to other antibiotics and to ethidium bromide (Table 2.3). The 

novobiocin resistance marker was chromosomal in both cases and was not present in any of the 

gentamicin resistant donor strains.

To compare the two recipients, a basic conjugation experiment was performed using the donor 

strains S.hominis and A53 (Table 2.3). Gentamicin-resistant, novobiocin-resistant transconjugants 

were selected.

There was found to be no significant difference in the number of transconjugants obtained be­ 

tween S.hominis and A53. However, ten times the number of transconjugants were counted when 

Bill Novr was used as the recipient compared to 8325 Nov r . The strain Bill Nov r was subse­ 

quently used in all experiments to characterize the conjugation system, unless otherwise indicated.
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Figure 3.1

Diagrammatic representation of the method for conjugation.

DONOR RECIPIENT

Overnight growth on a 
gentamicin-agar plate

Resuspension to O.D. 675 
of 2.5 in BHI medium

Overnight growth on a 
novobiocin-agar plate

Resuspension to O.D. 6 7s 
of 2.5 in BHI medium

Mix 3mls of each strain

Passage through a nitrocellulose filter (0.45/zm)

Overnight incubation of the filter on a BHI-agar plate

Resuspension of cells in lOmls of saline (0.9%)

Plate O.lmls onto BHI-agar plates containing gentamicin and novobiocin

Overnight incubation

Growth of doubly resistant transconjugants (GmrNovr )
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3.2.2 Selection and analysis of donor strains.

The gentamicin resistant strains of S.aureus used are listed in Table 2.3. In order to com­ 

pare their rates of plasmid transfer, bacterial matings were carried out using Bill Nov r as the 

recipient. Gentamicin resistant, novobiocin resistant transconjugants were selected. Results are 

shown in Table 3.1 which shows that the rates of transfer ranged from 4.00 x 10~ 7 to 5.33 x 10~~ 3 

transconjugants per recipient cell.

With reference to Table 3.1, it can be seen that 8325-4 failed to transfer its plasmid to 

Bill Novr at all. In order therefore to confirm that the strain containing 8325-4 was actually 

able to transfer its plasmid by conjugation, bacterial matings were carried out using 8325 Nov r 

as the recipient. Again gentamicin resistant, novobiocin resistant transconjugants were selected. 

Results are shown in Table 3.2. This experiment confirmed that the gentamicin-resistance plasmid 

p8325-4 was transferred to 8325 Novr during conjugation. There is therefore a variation in the 

frequency with which donors transfer their plasmids to different recipients.

3.3 Variation in the basic conjugation method

To gain a more detailed understanding of the precise mechanism by which staphylococci trans­ 

fer gentamicin-resistance conferring plasmids, conditions in the basic conjugation method were 

varied, hi all experiments, the strain harboring plasmid p8325-2 was used as the donor and the 

strain Bill Novr as the recipient.

3.3.1 Conjugation without filtration.

An experiment was set up to determine if transfer of gentamicin resistance occurred without 

the donor and recipient cells being artificially forced together on a nitrocellulose filter. High concen­ 

trations (3.75 X 109 cells) of both donor and recipient cells were mixed in BHI medium and plated 

directly onto selective agar plates. Cells were also mixed together, again in high concentrations, 

on the surface of the selective agar plates. No transconjugants were detected in either experiment 

even after several nights incubation at 37° C. Enforced cell-to-cell contact via membrane filtration 

was therefore a requirement for transfer.
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Table 3.1

Comparison of the transfer frequencies from 

gentamicin-resistant strains with Bill Novr as recipient

Donor Strain

S.hominis

8325-2

8325-3

8325-4

8325-5

Mean Frequency

Frequency of Conjugation

Range

1.39 x 10- 5 — 2.67 x 10- 4

3.71 x 1(T 5 — 5.33 x 10~ 3

4.00 x 10~ 7— 2.37 x 10~ 5

no conjugation

5.33 x 10~ 6— 3.33 x 10~ 5

—

No. of Expts.

6

40

6

6

6

—

Mean

1.17x 10~ 4

5.12x KT 4

9.84 x 10~ 6

< 2.67 x 10~ 8

1.80 x 10~ 5

1.64 x 10~ 4

Table 3.2

Comparison of the transfer frequencies from 

gentamicin-resistant strains with 8325 Novr as recipient

Donor Strain

S.hominis

8325-2

8325-3

8325-4

8325-5

Mean Frequency

Frequency of Conjugation

Range

2.00 x 10~ 5 — 2.27 x 10~ 5

7.20 x 10~ 7— 1.04 x 10~ 5

1.33 x 10- 6— 2.53 x 10~ 5

2.27 x 10- 6— 1.29 x 10~ 4

1.33 x 10- 6— 2.93 x KT 6

—

No. of Expts.

4

10

4

22

4

—

Mean

2.13x KT 5

4.49 X 10- 6

1.28 x 10~ 5

3.93 x 10" 5

2.21 x KT 6

1.60 x 10~ 5
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3.3.2 Incubation time prior to filtration.

Results from the experiment described above suggest that transfer occurs only on the filter. 

To verify this and to determine whether any plasmid transfer occurred in solution prior to filter 

incubation, donor and recipient cells were incubated together in BHI medium for various times 

before filtration. Equal numbers of donor and recipient cells were mixed well by vortexing and 

left to stand at room temperature for the appropriate time. They were then filtered as normal. 

Two such experiments were carried out and the results for each shown in Table 3.3. Although 

different time courses were used in each experiment, the results are comparable. The frequency of 

conjugation was found not to be proportional to the incubation time prior to filtration, suggesting 

that little, if any, conjugation occurred in solution.

3.3.3 Filter size.

The initial experiments established the importance of the filter in the transfer process. Its 

involvement was therefore studied further. Firstly, the effect of varying the size of the nitrocel­ 

lulose filter, by which cell-to-cell contact is normally established, was investigated. Two sizes of 

nitrocellulose filter (0.45//m pore size) were used:

a) 25mm diameter, 491mm area

b) 47mm diameter, 1735mm area.

The ratio of the area sizes is 1 : 3.5.

The same number of donor and recipient cells (3.75 x 109 cells) were mixed and forced through 

the filters. Results are given in Table 3.4. The frequency of transfer was about four times higher 

when the smaller filter was used. It is interesting that this corresponds to the difference in filter 

area. In all subsequent experiments, the smaller filter was used, as it had been in all previous 

experiments.

3.3.4 Duration of filter incubation.

In the standard method of conjugation (Section 2.19) the nitrocellulose filter was incubated 

overnight before the amount of conjugation which had occurred was determined by plating on 

selective media. To determine whether conjugation actually occurred on the filter whilst it was 

incubating, the duration of filter incubation was varied and the number of resulting transconjugants
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Table 3.3

Conjugation frequencies after various incubation times

prior to filtration

Length of 
incubation

(mins)

0

5

15

30

60

120

180

240

Frequency of 

Experiment 1

5.44 x 10~ 4

—

—

9.12 x 10~ 4

4.03 x 10~ 4

5.44 x 10~ 4

1.44 x 10~ 4

5.52 X 10~ 4

Conjugation 

Experiment 2

1.31 x 10~ 3

1.15X 10~ 3

7.55 x ID- 3

1.08 x 10- 3

2.40 X ID- 3

—

—

—

Table 3.4

Comparison of the transfer frequencies using 

small and large filters

Area of filter 
(mm2 )

Frequency of Conjugation

491 (small) 

1735 (large)

1.22 x 10~ 3 

3.15 x 10~ 4
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determined after various times. The incubation time was varied between 0 and 8 hours and results 

compared with overnight incubation (16 hours). The total number of cells recovered after filter 

incubation from each conjugation was also determined. This allowed the total number of cells 

recovered from the filter to be compared with the number of transconjugants recovered. The 

results given in Table 3.5 demonstrate that although the frequency of conjugation increased with 

the length of filter incubation, the total number of cells recovered varied and was not proportional 

to the final number of transconjugants. This leads to the speculation that any one donor cell 

can donate its plasmid to more than one recipient. That is, there is more than one round of 

conjugation in any one generation time. The following experiment was carried out to pursue this 

theory in greater depth.

3.3.5 Investigating the donor to recipient ratio.

In all previous experiments, the ratio of donor to recipient cells mixed together prior to filtration 

was 1 : 1 (using 3mls of each). Varying the ratio of donor to recipient cells, whilst keeping the total 

number of cells constant should indicate the number of transfer processes which occur in any one 

generation time. That is, to how many recipient cells any one donor will transfer its gentamicin 

resistance plasmid before it divides. The ratios used were 1:5, 1:2, 1:1, 2:1 and 5:1 but the total 

number of cells (that is, donor plus recipients) held on the filter was 7.5 x 109 in each mating. The 

number of cells recovered after each filter incubation is also given. The results given in Table 3.6 

show that an equal ratio of donor and recipient cells results in the highest frequency of conjugation. 

The total number of cells recovered after filter incubation varies very little.

3.3.6 Investigating the calcium requirement.

Various reports have demonstrated that the transfer of resistance by S. aureus in mixed broth 

culture is dependent on the presence of calcium chloride (Naidoo and Noble, 1981; Lacey, 1980). 

Since many phages require calcium for successful infection, this suggests that transfer in mixed 

broth involves phage participation, as the process is abolished by addition of sodium citrate. The 

conjugation process, however, does not appear to require calcium ions. Forbes and Schaberg (1983) 

pre-treated donor and recipient cells with EDTA and tri-sodium citrate which inactivated calcium 

cations as a cofactor for the adsorption of phage. The presence of these chelating agents during 

the incubation of mating filters had no effect on resistance transfer, providing evidence against 

the involvement of phage in the conjugation process. McDonnell et al (1983) also showed that 

addition of calcium cations did not appreciably alter the frequency of transfer. To verify that
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Table 3.5

Conjugation frequencies after varying durations

of filter incubation

Duration of 
filter incubation 

(hours)

0

2

4

6

8

16

No. of cells after 
filter incubation

5.95 x 109

6.50 x 109

3.70 x 108

5.75 x 108

7.25 x 108

1.16 x 10 10

Frequency of Conjugation

< 2.67 x 10~ 8

1.07 x 10- 7

9.07 x 10~ 7

6.67 x 10~ 6

2.08 x 10~ 5

1.65 x 10~ 3

Table 3.6

Conjugation frequencies after variation in the ratio 

of donor to recipient cells

Ratio of donor to 
recipient cells

1 : 5

1 : 2

1 : 1

2 : 1

5 : 1

No. of cells after 
filter incubation

9.75 x 109

1.25 x 10 10

1.92 x 10 10

1.36 x 10 10

1.57x 10 10

Frequency of Conjugation

1.57 x 10~ 4

7.49 x 10~ 4

8.32 x 10~ 4

4.75 x 10~ 4

1.63 x 10~ 4
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the conjugation system in S.aureus, requiring cell-to-cell contact (via filter matings) is a distinct 

process to the "phage-mediated process" postulated by Lacey (1980) the calcium ion requirement 

was investigated.

The method by which mating experiments were performed (Section 2.19) involves the addition 

of calcium chloride to a final concentration of 0.01M. This method was established on the basis 

of reports by other workers (Forbes and Schaberg, 1983; McDonnell et al, 1983; Dr. J. Naidoo, 

personal communication). To determine whether calcium ions were an absolute requirement in 

the conjugation process, their involvement was studied by varying the concentration of calcium 

chloride added to the incubation medium into which donor and recipient cells were suspended prior 

to filtration. The conjugation method was performed as usual and the resulting transconjugants 

used to determine the level of conjugation. The results given in Table 3.7 demonstrate that there is 

no direct correlation between the calcium ion concentration and the frequency of transfer. Indeed, 

transfer occurred in the absence of the added cations.

3.3.7 Addition of antibiotics to the filter incubation plates.

In all previous conjugation experiments, the filters had been incubated on BHI-agar plates 

overnight. In general, this seems to be the common procedure employed in the investigation of 

transfer via filter matings (Schaberg et a/, 1982; Archer and Johnson, 1983; Forbes and Schaberg, 

1983; Goering and Ruff, 1983). Although McDonnell et al (1983) reported similar transfer fre­ 

quencies whether nutrient agar or brain heart infusion plates were used, to date, no report has 

investigated the effect of incubating the filter on selective agar plates. An experiment was therefore 

set up to study the effect of plating the filters on BHI-agar plates containing various antibiotics. 

Transfer frequencies between matings placed on the antibiotic-agar plates were compared with those 

on BHI-agar. All filters were placed, as usual, with the bacterial cells touching the surface of the 

agar.

Firstly, plates containing either one or both of the antibiotics used for the selection of transcon­ 

jugants (gentamicin and novobiocin) were prepared. The concentration of antibiotic used were the 

same as those used in the selection of transconjugants (20 and 5/ig/ml respectively). Results are 

given in Table 3.8.

The addition of gentamicin and novobiocin obviously influenced the frequency of transfer to a 

large extent. Transfer occurred most readily when gentamicin and novobiocin were added together,
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Table 3.7

Conjugation frequencies after the addition of various 

concentrations of calcium ions

Concentration of CaCl 
added. (M).

Frequency of Conjugation

0

0.001

0.01

0.05

0.1

0.5

1.0

2.80 x 10~ 5 

6.29 x 10~ 5 

3.71 x 10~ 4 

6.61 x 10~ 5 

1.12x 10~4 

2.85 x 10~ 5 

2.08 x 10~4

Table 3.8

Conjugation frequencies after the addition of the antibiotics 

gentamicin and novobiocin to the filter incubation

agar plates

Medium for filter 
incubation

No. of cells after 
filter incubation

Frequency of Conjugation

BHI-agar only 

BHI-agar + gentamicin 

BHI-agar + novobiocin

BHI-agar + gentamicin 
and novobiocin

1.02 x 10 10 

1.49 x 1010 

1.28 x 10 10 

5.35 x 109

4.59 x 10~ 4

1.87 x 10~ 6

5.33 x 10~ 5

> 2.67 x KT 3
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Table 3.9

Conjugation frequencies after the addition of chloramphenicol

to the filter incubation plates

Medium upon which filter 
•was incubated.

Frequency of Conjugation

BHI-agar only

BHI-agar + chloramphenicol 

BHI-agar + gentamicin 

BHI-agar + novobiocin

BHI-agar + gentamicin 
and novobiocin

6.67 x 10-* 

2.13x 10~ 3 

2.19 x 10~ 5 

2.69 x 10~ 4 

2.40 x 1CT 3

Table 3.10

Conjugation frequencies after filter incubation on

de-ionised water-agar plates supplemented

•with antibiotics

Medium for filter 
incubation

BHI-agar only

Water-agar only

Water-agar + chloramphenicol

Water-agar + gentamicin

Water-agar + novobiocin

Water-agar + gentamicin
and novobiocin

No. of cells after 
filter incubation

9.00 x 109

1.70 x 109

1.70 x 109

1.05 x 109

1.55 x 109

1.35 x 109

Frequency of Conjugation

2.93 x 10~ 5

1.33 x 10~ 6

3.73 x 10~6

< 2.67 x 10- 8

< 2.67 x 10- 8

< 2.67 x 10~ 8
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but was reduced when either was added alone. It was possible therefore, that growth on the

filters was affecting the rate of transfer in some way. The investigation was pursued further by the

use of BHI-agar plates containing the antibiotic chloramphenicol at a concentration of 5 /^g/ml.

Chloramphenicol inhibits protein synthesis by its action upon bacterial ribosomes. Plating filters

on chloramphenicol should therefore eliminate growth. The results in Table 3.9 show that the

frequency of conjugation was indeed increased when chloramphenicol was added to the plates. In

fact, transfer occurred at a similar rate to when gentamicin and novobiocin were added together.

It is possible therefore, that growth inhibits transfer in some way. To verify this theory, agar plates

were made up using only deionised water and agar (no BHI) and supplemented with the antibiotics

as before. This ensured that there were no traces of contaminating elements or compounds which

were interfering with the conjugation process in any way and that there were no nutrients available

for growth. Filters were placed, as before, on the surface of these plates and incubated overnight.

Results are given in Table 3.10. Transfer was higher when the filter was placed on BHI-agar

compared to de-ionised water-agar platings and failed to occur at all when gentamicin and/or

novobiocin were added. The addition of chloramphenicol to water-agar plates did increase the

transfer frequency slightly compared with that using water-agar plates only. This is contrary to

the theory that growth inhibits transfer but suggests that chloramphenicol affects the process in

another way. These results are discussed in more detail in Section 3.5.2.

3.3.8 Orientation of the filter on the agar surface.

In all previous experiments, the nitrocellulose filter had been placed, on the BHI-agar plate 

with the bacterial cells in direct contact with the agar surface, allowing the direct absorption of 

nutrients. An experiment was carried out to determine if transfer occurred when filters were placed 

with the bacteria uppermost (not therefore, in contact with the agar surface). This reduces the 

availability of nutrients. The results given in Table 3.11 show that transfer was 40 times higher 

when growth was allowed to take place. Again, this is contrary to the growth inhibition theory.
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Table 3.11

Conjugation frequencies with filters incubated 

in opposite orientations

Orientation of 
filter

No. of cells after 
filter incubation

Frequency of Conjugation

Bacteria-side-down

Bacteria-side-up

1.13x 1010 

1.03 x 10 10

1.02 x 10~3 

2.67 x 10- 5
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3.4 The involvement of bacteriophage in transfer processes

The involvement of phage in plasmid transfer in S.aureus was studied to gain a better un­ 

derstanding of the process and to detect differences between this type of transfer and that of true 

conjugation. The plasmids used in this study are listed in Table 2.3, but are presented in more 

detail in Table 3.12.

3.4.1 Basic transfer involving phage.

A conjugation experiment was set up to compare the frequencies of conjugation between strains 

containing the small plasmids pCW59, pCW3, pCW7 and pC194. Before the conjugations were 

performed, all the small plasmids were transformed into the 5". aureus strain 8325N using the pro­ 

toplast regeneration method (Section 2.26). Accurate comparisons between the rates of transfer 

could then be made. To examine whether the host donor strain in which the small plasmid resided 

had any effect on the transfer frequency a conjugation was also performed using the original strain 

in which pCW59 was obtained, that is, RN4220[pCW59j. The conjugation experiment was per­ 

formed in the standard way and the number of resulting transconjugants taken as a measure of the 

frequency of conjugation. The two strains, Bill Novr and 8325 Novr , were used as recipients. Re­ 

sults are shown in Table 3.13 and are discussed in detail in Section 3.5.3. The antibiotic resistance 

markers carried by the small plasmids were transferred to 8325 Novr in all cases. The frequency of 

transfer however was considerably lower (up to 2000 times) than that of the transfer of gentamicin 

resistance plasmid, p8325-4.

3.4.2 Transfer with a high copy number mutant.

The effect of increased copy number was studied using plasmid pT181 (copy number of about 

20 per cell) compared with its deletion mutant, cop-608 (copy number of 800-1000 per cell). The 

increased copy number is due to a deletion of 179 base pairs (Khan et a/, 1981). The strains are 

described in Table 2.3 and results are given in Table 3.13.

3.4.3 Investigation of the involvement of relaxation complexes.

The involvement of relaxation complexes was then investigated using plasmids pC221, pCW41, 

pT181, pC194 and pCW59. Plasmid pC221 is a chloramphenicol resistant isolate from S. aureus 

which has been reported to form unstable relaxation complexes. That is, the DNA is covalently
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Table 3.13

Table showing the transfer frequencies 

of small plasmids

Plasmid residing 
in 8325N

p8325-4

pCW59

pCW59

pCW3

PCW7

pC194

pT181

pTl8lcop-608

RN4220[pCW59]

pCElO

Selection 
antibiotics

Gm 4 Nov

Tc 4 Nov

Cm 4 Nov

Tc 4 Nov

Cm 4 Nov

Cm + Nov

Tc 4 Nov

Tc 4- Nov

Tc 4- Nov

Cm 4 Nov

Transfer frequency to: 
8325 Novr Bill Novr

3.93 x 1CT 5 < 2.67 x 1CT 8

1.06 x 10~ 6 < 2.67 x 1(T 8

1.13 x 10- 6 < 2.67 x ID" 8

3.29 x 1(T 6 < 2.67 x 10~ 8

6.00 x 10~ 7 < 2.67 x 10~ 8

< 2.67 x KT 8 < 2.67 x 10~ 8

1.80 x 10~ 6 < 2.67 x 10~ 8

4.32 x 10~ 5 < 2.67 x 10~ 8

6.86 x HT 6 < 2.67 x 10~ 8

3.30 x 10~6 < 2.67 x 10~8

"Background 
growth"

none

none

some

none

much

much

none

none

none

some
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closed but is nicked by a disturbance of the complex possibly due to bound protein (Novick, 

1976). There is considerable variability between plasmids with respect to their ability to form 

these complexes. Plasmids pC194 and pT181, for example, are described as non-relaxable. Plasmid 

pCW41 consists of the Mbol fragment A (1.8 kbp) from pC221. It is also non-relaxable (Wilson et a/, 

1981). The five small plasmids (pC221, pCW41, pCW59, pC194 and pTlSl) were conjugated with 

8325 Novr and the frequency of transfer determined by the number of transconjugants produced. 

Results are shown in Table 3.14 which also indicates their ability to form a complex. All plasmids 

had been transformed into 8325N before conjugation so that an accurate comparison could be 

made.

3.4.4 Isolation of "lytic activity" from a conjugation plate.

After the conjugation between pC221 and 8325 Novr had been performed and the plates 

incubated overnight, it was observed that there were some plaques (absence of bacterial growth) 

on the conjugation plates. These were observed within the "background growth" (a faint lawn of 

bacterial growth covering the plate through which distinct transconjugant colonies could be seen). 

Initially it was thought that these plaques were due to the presence of phage, participating in some 

type of low frequency "phage-mediated conjugation" as postulated by Lacey (1980). To analyse the 

role of these phage, they were isolated from the selective agar plates by the method in Section 2.29 

and then titered on 8325 Novr . A 20/zl suspension of either undiluted or a 1 in 10 dilution of phage 

produced complete clearing. Further dilutions (1 in 102 to 1 in 108 ), however, resulted in no lysis 

of the bacteria. Although phage may have been present in the stock solution, the titre could not 

be calculated. The ability of this phage (originally isolated from 8325 Novr [pC221] transconjugant 

plates) to infect and lyse various plasmid strains and their corresponding transconjugants (with 

8325 Novr) was investigated. The procedure is the same as that used to titre the phage except 

that several bacterial host strains were used (Section 2.29). The results given in Table 3.15 show, 

in general, either complete lysis or the absence of lysis at all. The titre could only be calculated 

in two examples. This leads to the speculation that the plaques may not have been due to the 

presence of phage but to a type of staphylococcin which was lysing the cells. This is discussed in 

more detail in Section 3.5.3.
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Table 3.14

The effect of relaxability on the 

frequency of transfer

Plasmid

pC221

pCW41

pC194

pT181

pCW7

Ability to form a
relaxation complex

yes

no

no

no

no

Frequency of Conjugation

1.20 x 10~ 7

< 2.67 x 1C)- 8

< 2.67 x 1CT 8

1.74 x 1(T 6

6.00 x 10~ 7
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Table 3.15

The ability of "phage" isolated from 8325 Novr [pC22l] transconjugant plates 

to lyse various plasmid strains and their corresponding transconjugants

Test strain

8325N

8325 Nov r

8325 [pC221]

8325 Nov r [PC221]

8325 [pCW59]

8325 Nov r [pCW59]

8325 [pCW41]

8325 Novr [PCW41]

8325 [pT181]

8325 Novr [pT181]

Dilution
10- l

V

V
X

X

V

V
V
V
V
V

of phage 
10~ 2

V
V 3

X

X

V
V
V
V
•J
V

used for 
10~ 3

X

.5 x IO 5

X

X

V
V
X

V
V
V

infectionio-4

X

X

X

X

X

X

X

5 x IO6

X

X

indicates complete lysis

X indicates no lysis

60



3.5 Discussion

3.5.1 Conjugation between various strains of S.aureus.

The procedure employed by Forbes and Schaberg (1983) was established as being suitable for 

the analysis of the conjugation system in S.aureus. The method involves the forcing of bacterial 

donor and recipient cells onto a nitrocellulose membrane filter followed by incubation of the filter 

on BHI-agar plates and then resuspension of the resulting growth the following day into saline 

solution. The number of transconjugants found in this solution was taken as a measure of the 

conjugation frequency between the two strains. Although it was decided that this was the most 

suitable method for analysis of the conjugation system, various problems and inaccuracies were 

encountered.

Firstly, it often proved difficult to force all the medium in which donor and recipient cells were 

suspended through the filter. Presumably the high concentration of mating cells required in the 

method blocked the pores in the filter. It was not possible in every mating experiment therefore, 

to force all the mixture onto the membrane. This reduced the number of bacteria available for 

conjugation on the filter in certain cases. Another limiting factor is that when the filter was 

removed from the agar plate and added to saline solution, some bacterial cells remained on the 

surface of the agar plate. Although as much as possible was removed, varying amounts remained 

in each mating.

Although the conjugation method used throughout the investigation does result in a number 

of inaccuracies, it is suitably effective for the comparison of conjugation between various strains 

of staphylococci and for the analysis of the conditions under which conjugation takes place. The 

conjugation frequencies (expressed as the number of transconjugants per recipient cell) were in 

general agreement with those of other workers (Schaberg et al, 1982; Forbes and Schaberg, 1983; 

McDonnell et a/, 1983). The mean frequencies of conjugation for each of the five gentamicin- 

resistant strains studied in this survey are given in Tables 3.1 (with recipient Bill Novr ) and 3.2 

(8325 Novr) together with the range in frequency and the number of experiments carried out for 

each particular strain. The highest mean frequency ever obtained was 5.12 x 10~ 4 transconjugants 

per recipient and the lowest was 2.21 X 10~ 6 transconjugants per recipient in the initial series of 

basic conjugations.

When Bill Novr was used as a recipient (Table 3.1) the mean frequency of conjugation
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varied between 5.12 x 10~ 4 and 9.84 x 10 6 transconjugants per recipient (for 8325-2 and 8325- 

3 respectively). There was a complete absence of transconjugants when 8325-4 was mated with 

Bill Nov r . The frequency of conjugation is therefore given as less than 2.67 x 10~ 8 transconjugants 

per recipient which would be the frequency of transfer if only one transconjugant had been found.

When 8325 Novr was used as the recipient (Table 3.2) the mean frequency of conjugation 

varied between 3.93 X 10~ 5 and 2.21 x 10~ 6 transconjugants per recipient cell (for 8325-4 and 

8325-5 respectively).

In general, Bill Nov r is a better recipient than 8325 Nov r (mean conjugation frequencies of 

1.64 x 10~ 4 and 1.60 x 10~ 5 respectively).

It is interesting to note that donors transfer at different rates to different recipients. For 

example, p8325-2 is transferred to Bill Nov r at high frequency (5.12 x 10~ 4 ) but at a much lower 

frequency to 8325 Novr (4.49 x KT 6 ).

The rate of transfer to Bill Novr (in decreasing order) is :

8325-2 > 5. hominia >8325-5 > 8325-3 > 8325-4

and to 8325 Novr :

8325-4 > S.hominis >8325-3 > 8325-2 > 8325-5

Although therefore p8325-2 is transferred more efficiently than any other plasmid to Bill Novr , 

it is one of the plasmids transferred least effectively to 8325 Nov r . The reason for this can only 

be speculated upon until the precise mechanism by which transfer occurs is known. No sex pili 

have ever been observed in S,aureus and it is therefore possible that the mating process involves 

some type of transient protoplast fusion event. It is possible that the gentamicin-resistant donor 

produces a membrane degrading enzyme which acts on the recipient cell wall. If different donors 

produced slightly different enzymes, these could act with varying degrees of effectiveness upon the 

various recipients. Recipient cells may vary in their resistance to enzymatic attack, some may even 

be totally resistant and hence not conjugate with donors which secrete that particular enzyme as 

in the case, for example, of 8325-4 and Bill Novr .
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It is possible that the non-transferability of p8325-4 to Bill Nov r is not at the level of entry 

into the cell but is due to the failure of the donor DNA to replicate and express its gentamicin 

resistance once it has entered the cell. For example, a restriction system may exist in the recipient 

which degrades the donor DNA. Certain donor plasmids may be resistant to attack, due perhaps 

to a modification type of system. Others may be susceptible due to the lack of such a system.

The mechanism of conjugation in S.aureus must be analysed in more detail before the variation 

in conjugation frequencies between various strains can be understood.

3.5.2 The mechanism of conjugation.

It was found (Section 3.3.1) that membrane filtration was an important requirement for gen­ 

tamicin resistant plasmid transfer in the strain studied. No transconjugants were detected when 

cells were mixed in broth or on the surface of an agar plate. Also, increasing the length of incu­ 

bation in broth did not result in any significant increase in the frequency of transfer. As can be 

seen from Table 3.3, the frequency of conjugation was virtually unchanged after an incubation of 

240 minutes (5.52 x 10~ 4 ) compared to that following no incubation (5.44 x 10~ 4 ). Conjugation 

does not, therefore, appear to occur to any significant extent in suspension. This suggests that direct 

cell-to-cell contact is needed and the process is one of conjugation and not transduction or trans­ 

formation. Further evidence for this is exhibited by the use of small and large filters (Table 3.4). 

The frequency of conjugation was four times higher when small filters were used compared with 

large filters whilst the ratio of small filter surface area to large filter surface area is 1 to 3.5. This 

suggests that the small filters increase the rate of transfer by bringing the donor and recipient cells 

into closer proximity, increasing the probability of cells meeting and forming a mating pair. The 

extent to which cells are brought into such close proximity in nature must be limited. However, 

Naidoo and Noble (1978a) report the increase in the transfer frequency of gentamicin resistance 

after inoculation onto human skin compared with the transfer in laboratory culture media.

The results in Table 3.5 show the effect of varying the filter incubation time. The figures in the 

second column represent the number of cells resuspended in saline solution after filter incubation. 

These figures do not increase linearly with time. The total number of cells recovered from the filter 

therefore, does not correspond to the number of transconjugants detected. Indeed, multiplication 

and growth may not even be a requirement for transfer as the frequency of conjugation was higher 

after a filter incubation of 8 hours (2.08 X 10~ 5 ) when 7.25 x 108 cells were resuspended than after 

2 hours (1.07 X 10~ 7 ) when 6.50 X 109 cells were resuspended. It should be noted that the total
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number of cells mixed prior to filtration was 7.5 X 109 in each experiment. On this basis there 

appears to have been no growth during filter incubation at all. However, as discussed in Section 

3.5.1, some of the bacteria never reach the filter and some remain on the filter incubation plates 

after the filter has been shaken in saline solution.

Filter incubation itself is essential for conjugation as no transfer was detected when the filter 

was not incubated (T^ible 3.5). As growth seems to play a small, if any, part in the process, the role 

of the filter is probably in providing a suitable surface on which the mating cells can come into close 

contact and actually transfer their plasmids. The frequency of transfer increases exponentially with 

time, supporting this theory. It is interesting to speculate upon the number of rounds of transfer 

which occur. That is, whether a donor cell replicates and donates its plasmid to more than one 

recipient. After overnight filter incubation, conjugation using 3.75 x 109 donor cells resulted in 

the production of a total of 6.20 X 106 transconjugants resuspended from the filter. This suggests 

that only about two-thirds of the available donors have transferred their plasmid or that even 

fewer donors have conjugated, each a number of times. Evidence for only one round of transfer is 

provided by the results obtained from varying the donor to recipient ratio (Table 3.6). Transfer 

frequencies show that an equal number of donor and recipient cells favours conjugation. Divergence 

from the equal ratio decreases the frequency of transfer; the greater the divergence, the lower the 

frequency of conjugation. The interpretation that in any one generation time, a donor cell donates 

its plasmid to only one recipient seems plausible. The total number of cells resuspended after filter 

incubation was similar for each of the donor to recipient ratios. It is therefore probable that donor 

and recipient cells grow and divide on the filter to the same extent.

The effect of varying the calcium ion concentration was studied to demonstrate that trans- 

duction (which has a requirement for such ions) was not the method by which the gentamicin 

resistance plasmids were being transferred. The results shown in Table 3.7 indicate that transfer 

via filter matings occurred at a reasonable rate (2.80 x 10~ 5 ) when calcium ions were not added to 

the incubation medium. The frequency of transfer did not increase in proportion to the increase 

in calcium ion concentration but fluctuated as the concentration was raised. This suggests that 

calcium ions play little, if any, role in the conjugation process although their presence was not 

totally eliminated in any sample due to the minute traces which are probably present in the BHI 

medium itself.

The study of the mechanism of conjugation was concluded by investigating the involvement of 

growth and division on the filters. Results from the study into the effect of increasing the duration
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of filter incubation (Section 3.3.4, Table 3.5) suggested that there was little, if any growth on the 

filter. However, due to the limitations of the conjugation method, in that particular experiment 

it was difficult to determine whether growth had actually occurred. Further work was carried out 

by experimentally varying the filter incubation plates, firstly by the addition of various antibiotics. 

To date, no report has discussed the use of selective filter incubation in the mating process.

Initially, BHI-agar plates containing gentamicin and novobiocin together and separately, were 

used. There was a significant increase in the frequency of transfer when filters were placed on 

double selection plates (gentamicin plus novobiocin) compared with normal BHI-agar plates with 

no additions (Table 3.8). The frequency of conjugation after filter plating on double selection plates 

was extremely high indeed (> 2.67 X 10~ 3 ). These results could be interpreted by postulating 

that selection for early transconjugants occurs and such cells divide and produce further doubly 

resistant progeny without competition from donor or recipient cells. Plating on singly selective 

plates however (gentamicin or novobiocin) resulted in a decrease in the transfer frequency. A 

possible explanation for this is that growth of either donor or recipient is inhibited, leading to an 

unequal ratio of donor to recipient cells and hence a lower transfer rate. This is in agreement 

with the results obtained after varying the donor to recipient ratios (Section 3.3.5). Again, the 

final number of cells resuspended in saline from the filter appears to have little effect on the final 

number of transconjugants produced. There were fewer bacterial cells in the final saline suspension 

for the sample which was placed on double selective plates (5.35 x 109 ) than when the filter was 

placed on either gentamicin (1.49 X 10 10 ) or novobiocin (1.28 x 1010 ) alone. Although there were 

more cells in the latter two samples, there were far fewer transconjugants.

The role of growth in the process was studied further by plating filters onto BHI-agar plates 

containing chloramphenicol. This antibiotic prevents cell growth by inhibiting protein synthesis. 

Reference to Table 3.9 shows that the chloramphenicol increased the transfer frequency compared to 

the BHI-agar control (2.13x 10~ 3 and 6.67 X 10~ 4 respectively) and occurred at a similar rate to that 

obtained when gentamicin and novobiocin were added together (2.40X 10~ s ). The chloramphenicol 

prevents all cells from growing, including the transconjugants, therefore the increase in transfer 

frequency may not be due to a selection for early transconjugants. It is possible that cell growth 

actually inhibits conjugal transfer and that chloramphenicol, by preventing cell growth, increases 

the transfer frequency. To study this further, filter incubation plates were made using de-ionised 

water and agar with added antibiotics as before. Such plates provided absolutely no nutrients for 

growth. Transfer was compared with filter incubation on BHI-agar plates. By reading the optical 

density after resuspension in saline, it was confirmed that growth had been prevented in all samples
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except for that on BHI-agar (Table 3.10). On average there were about six times as many cells 

after incubation on BHI-agar plates (9.0 X 109 ) compared with incubation on de-ionised water-agar 

plates (1.7 X 109 ). By comparing these figures obtained with those from Table 3.6 it is probable 

that a certain amount of growth normally takes place on the filters.

Considering again Table 3.10, it can be seen that transfer was considerably higher when BHI- 

agar plates were used compared with water-agar plates. Conjugal transfer did occur to a limited 

extent however, in the latter case. This leads to a number of possibilities. Although not an absolute 

requirement for conjugation, a certain amount of cell growth may increase the transfer frequency. 

For example, although perhaps the cells are not able to move once on the filter, if a donor cell is 

within close proximity to a recipient, by dividing a few times it may be able to touch the recipient, 

form a contact and transfer its plasmid. The probability of this occurring may be relatively small 

compared to the overall transfer events which occur when cells are in direct contact initially on 

the filter. It is possible that the water-agar plates provide a surface on which the osmotic pressure 

differs from that of the BHI-agar plates. This may provide protection for the conjugating cells in 

some way, especially if the event involves some type of transient protoplast formation. The results 

in Table 3.11 lead further support to the fact that allowing growth to occur on the filters does 

not inhibit transfer. Plating the filter bacteria-side-down on the agar surface (allowing growth) 

gave a higher frequency of transfer than when the cells were uppermost (no nutrients available). 

It appears from Table 3.11 that similar levels of growth took place in both platings as the number 

of cells recovered after filter incubation is similar (1.13 x 10 10 and 1.03 X 10 10 cells respectively). 

Many cells were not recovered from the surface of the agar however when the filter was placed 

bacteria-side-down whereas most were resuspended when the filter was placed bacteria-side-up. 

Considerably more growth did, therefore, take place when the filter was placed bacteria-side-down 

than was accounted for from the optical density reading.

Conjugation was increased about three times by the addition of chloramphenicol to water-agar 

plates compared with water-agar plates alone (Table 3.10). Addition of gentamicin plus novobiocin, 

to such plates however, did not result in any transfer. It is probable therefore that growth on the 

filter is required for gentamicin plus novobiocin to increase the transfer frequency. This may be 

because the selection of early transconjugants by doubly selective plates only increases the final 

number of transconjugants if there is subsequent growth and division of such cells. In the absence 

of growth, the selection of transconjugants has no effect. The increase in transfer frequency due to 

addition of chloramphenicol, does not appear to require growth. The effect of this antibiotic may 

therefore, be due to a completely different phenomenon. For example, chloramphenicol is known
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to increase the rate of cell wall synthesis (Mandelstam and Rogers, 1958) and this may explain 
its ability to increase transfer. Although the mechanism of the conjugation process in S.aureus 
is not yet established, it is possible that some type of transient protoplast formation takes place. 
The incorporation of amino acids into the staphylococcal cell wall is chloramphenicol resistant. 
Therefore, by preferentially utilizing the cell's resources of aminoacids, addition of chloramphenicol 
may increase the rate of cell wall synthesis after transfer has occurred. This, in conjunction with 
the selection of early transconjugants on doubly selective plates (gentamicin plus novobiocin) and 
the favourable effect of growth, could explain the observed results. Further experiments must be 
performed before these speculations can be proved or disproved. A variety of filter incubation plates 
could be made containing inhibitors of protein synthesis (for example erythromycin or puromycin). 
Cell wall synthesis could also be investigated using amino acid starvation. The role of osmotic lysis 
could be studied using agar plates with a range of osmotic potentials.

3.5.3 The involvement of bacteriophage in transfer in S.aureus.

The frequencies of plasmid transfer between strains containing small plasmids was compared 
with the frequency of transfer of the gentamicin resistance plasmid from 8325-4. This strain was 
chosen due to its ability to conjugate with 8325 Novr but, like the strains containing smaller 
plasmids, it failed to transfer to Bill Novr . It can be seen from Table 3.13 that the frequency 
of transfer for the 8325-4 plasmid is higher than that of all the smaller plasmids except pT181 
cop-608. This shows that strains harboring small, non-gentamicin resistance plasmids, are able 
to transfer to a recipient via a type of "conjugal-mating". The inability of the small plasmids to 
transfer to the recipient Bill Novr lends support to the theory that phage is involved and that 
this type of transfer only occurs between strains of certain phage typing patterns. The process 
is distinct from that of conjugation described above however and occurs at a much lower rate. It 
is possible that it is a type of "phage-mediated conjugation," similar to that described by Lacey 
(1980).

To determine if this "low frequency transfer" system was indeed due to the presence of phage, 
it was decided to isolate them from plaques observed in the "background growth" on the selection 
plates of 8325 Novr [pC221] transconjugants. This background growth was often observed when 
chloramphenicol was used as one of the selective antibiotics. The reason for this faint background 
lawn of growth is unclear. Approximately the same number of doubly resistant colonies were 
observed whether selection occurred on chloramphenicol plus novobiocin or tetracycline plus novo­ 
biocin plates (pCW59 transfer, Table 3.13). This suggests that the type of selection used does not
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affect the observed result, doubly resistant strains being clearly visible as distinct colonies through 

the faint background "lawn" of growth.

After the "phage" had been isolated by growth on 8325 Nov r , it was found that a titre (the 

number of phage per millilitre of solution) could not be calculated: the phage either caused complete 

lysis or no lysis at all. Some factor had been isolated however which was causing lysis. It was 

possible that it was not phage but some type of extracellular bacteriolytic enzyme.

The investigation was pursued by testing the ability of this "lytic activity factor" to lyse 

other strains. The results in Table 3.15 demonstrate that all strains except the donor strain 

containing pC221 and the transconjugant 8325 Nov r [pC221] were lysed. It is possible therefore 

that phage had indeed been isolated and that this phage was lysogenic for 8325[pC221], that 

is, it was either integrated into and replicated in association with the host's chromosome or it 

existed as an autonomously replicating circular piece of DNA. Its lytic (lethal) functions would 

have been repressed by specific phage-encoded regulatory elements. This blockage of the lytic 

cycle also imparts immunity to the lysogen against superinfection by the same phage (or phage 

of the same immunity type). The isolated phage was unable therefore to superinfect 8325[pC221]. 

That the phage was able to infect and lyse 8325N and 8325 Novr but not the 8325 Novr [pC22l] 

transconjugant, may have been because the phage was associated with the plasmid pC221 and not 

with the strain 8325N and that it was not present in 8325 Novr but was transferred together with 

pC221 from the donor strain.

The ability of the phage associated with pC221 to lyse strains containing other plasmids 

(pT181, pCW59, pCW41) suggests that such plasmids have phages of a different immunity type 

associated with them (they were all in the strain 8325N) and with their transfer. The absence of 

transfer to Bill Novr may be due to the presence of prophage within the chromosome sharing the 

same immunity type as the "donor phages".

Alternatively, an extracellular bacteriolytic enzyme may have been isolated. It is well known 

that strains of S.aureus release a large number of proteins into their environment when grown 

in vitro or in vivo (see Easmon and Adlam, 1983). It is possible that the donor strain containing 

plasmid pC221 produced a specific enzyme involved in the degradation of cell wall material. It 

was not lysed itself by this activity but, like the transconjugant 8325 Nov r [pC221] was resistant 

to attack. As the strain 8325 Novr was susceptible to attack, it is possible that resistance was 

transferred with the plasmid. The plasmid involved (pC221) is extremely small however (4.4 kbp)
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so this explanation seems unlikely. As most of the strains tested were susceptible to the activity at 

high concentrations but resistant at lower ones, the enzymatic activity must have been diluted in 

the same manner as phage.

That the lysis was due to phage seems the more plausible explanation. To confirm their in­ 

volvement, a number of studies could be carried out. Firstly, a sample of the solution containing 

the activity could be dried down, stained appropriately and examined under the electron micro­ 

scope. If phage were present, they should be seen. Secondly, the size of the agent involved could 

be determined. Filter systems would separate phage and protein on this criteria. Finally the two 

could probably be distinguished immunologically using samples of all known staphylococcal phage 

antisera.

With reference to Table 3.15, it can be seen that it was only possible to calculate the amount 

of lytic activity in two of the titrations. This was 3.5 x 10 5 "activity units" per ml for 8325 Nov r 

and 5.0 x 106 per ml for 8325 Novr [pCW41]. Comparisons between strains cannot therefore be 

drawn. All other samples showed either complete lysis or no lysis at all.

The plasmid pT181cop-00# (a high copy number mutant of pT181) gave a transfer frequency 

25 times that of pT181. The mutant contains 800-1000 copies of the plasmid, that is, about 40 

times the number of DNA molecules to that of pT181. This is comparable with the increase in 

transfer frequency suggesting that the more plasmid DNA molecules there are in the cell, the more 

transconjugants are produced possibly due to the transfer of a number of plasmid molecules from 

one donor to a number of recipients.

Many of the plasrnids found in enteric organisms are isolated as site-specific protein-DNA 

relaxation complexes in which attempts to remove the bound protein in vitro usually convert the 

supercoiled plasmid DNA to a relaxed form by the introduction of a scission in one strand at 

the site of the bound protein. Novick (1976) reported protein-DNA relaxation complexes for six 

Staphylococcus aureus strains. Plasmid pC221 is described as having a very unstable complex 

(present as approximately 40% supercoiled and 60% open circular molecules) whereas pC194 and 

pT181 were nonrelaxable (present as essentially 100% supercoils). Plasmids pCW41 and pCW7 

are also nonrelaxable (Wilson et al, 1981). Novick has also reported that pC221 was transferred 

10s times as effectively as pT181.

Plasmids pT181 and pCW7 which form no relaxation complex were transferred at a higher 

rate than pC221 which forms an unstable complex. The reason for the difference in these results
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compared with those of Novick could be due to the host strain in which the plasmids reside. Before 

conjugation was performed, all the small plasmids, including pC221 and pT181, were transformed 

into strain 8325N. This transformation process may have eliminated phage in some way. In connec­ 

tion with this, is the finding that the host strain in which the plasmid resides does indeed influence 

the frequency of that plasmid transfer (Table 3.13). The transfer frequency of RN4220[pCW59j 

was 65 times higher than 8325[pCW59]. The plasmid pCW59 had been transformed from RN4220 

to 8325N. The transformation process itself may have altered the phage content (or other lytic 

activity) in some way (probably a reduction) resulting in a lower frequency of subsequent transfer.

3.6 Conclusion

A procedure has been established for analysing the mechanism of conjugation in S.aureus. This 

method, employing filtration onto nitrocellulose filters, allowed comparisons to be made between 

the conjugation frequencies of various S.aureus strains. Frequencies of conjugation, expressed as the 

number of transconjugants per donor cell, varied between 5.33 x 10~ 3 and 4.00 x 10~ 7 (Table 3.1). 

In general, frequencies were of the same order of magnitude as those reported by other workers, 

but were found to vary between donor and recipient strains.

By varying certain factors in the basic method of conjugation, the actual mechanism involved 

was analysed. It was concluded that:

1) Membrane filtration (and therefore cell-to-cell contact) was an absolute requirement.

2) A ratio of 1 : 1 donor to recipient cell favoured conjugation which may suggest that there is only 

one round of transfer in any one generation time.

3) There was no absolute calcium requirement although addition of such cations to a final concen­ 

tration of 0.01M favoured transfer.

4) Addition of the antibiotics gentamicin and novobiocin together in the transconjugant plates, 

greatly increased number of transconjugants. Either antibiotic added alone however, reduced trans­ 

fer.

5) Addition of chloramphenicol raised the level of transfer possibly by increasing the rate of cell 

wall synthesis following some type of protoplast formation.

6) Growth on the filters favours conjugation.
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A second transfer process, distinct from that of conjugation, may occur in S.aureus. This 

process possibly involves phage and occurs at a much reduced frequency compared to the high 

frequency transfer observed associated with gentamicin resistance plasmids.
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Chapter 4

Construction of Restriction Enzyme Maps and 

Analysis of Transfer Functions by Deletion for Two Conjugative Plasmids

4.1 Introduction

To characterize the conjugation system of S.aureus in more detail it was decided to investigate 

the genes involved in the process. Initially this involved the identification of the approximate 

areas of the gentamicin resistance conferring plasmid DNA that affected the frequency of transfer. 

Subsequent analysis would involve the more detailed study of the genes and other controlling 

elements in these areas.

It was decided to concentrate this analysis on two particular gentamicin resistance conferring 

plasmids: p8325-2 (50 kbp) and p8325-4 (38 kbp) since some preliminary mapping data was avail­ 

able (Curnock and Dyke, unpublished). The approximate map positions of the restriction enzymes 

Bam HI, Bel I, Bgl II, Eco RI, Pvu II and Xba I were known for p8325-2 and approximate positions 

of Bgl II, Eco RI, Pst I, Pvu II, Sal I and Xba I were known for p8325-4. In addition, Curnock and 

Dyke (unpublished data) had shown that a section of about 18kbp of the map of plasmid p8325-4 

very closely resembled a part of the plasmid pI524 (Figure 4.1). It is possible therefore that p8325-4 

is a recombinant of part or all of a gentamicin resistance conferring plasmid with a substantial part 

related to pI524.

It is known that the 18kbp piece of pI524 specifies /3-lactamase, resistance to cadmium, arsenate 

and arsenite and includes the putative origin of replication (Curnock and Dyke, unpublished data). 

The similarity between pI524 and p8325-4 is useful in that the former is not known to conjugate 

and strains containing the plasmid are sensitive to gentamicin. It can therefore be assumed that 

the genes involved in the gentamicin resistance specified by p8325-4 and that the plasmid's ability 

to conjugate will be located, at least in part, to regions outside the apparently homologous 18kbp 

section. When tested, the plasmid p8325-4 was indeed found to specify /9-lactamase synthesis and 

resistances to cadmium, arsenate and arsenite.

Much less was known about the plasmid p8325-2 (50 kbp). It was known however to specify 

resistance to ethidium bromide as well as to gentamicin.
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For both plasmids the preliminary maps were checked and further restriction enzymes were 

used to construct more detailed maps. This was a necessary prerequisite to the analysis of the 

transfer functions by deletion.

4.2 Restriction enzyme mapping of the plasmids

a) Plasmid p8325-2.

In addition to those enzymes previously used, the sites cut by Eco RV, Nco I and Sph I were 

mapped by analysis of the results from digests with two enzymes relative to all the other enzymes 

(Figure 4.2). The restriction enzymes Pst I, Sac II, Sma I, Sst I and Xho I were found not to 

have any sites within the plasmid. Restriction enzyme Hind III cut p8325-2 into a large number of 

fragments and it has not proved possible to locate some of the smaller pieces unequivocally on the 

map. The results are therefore incomplete and hence not shown.

To illustrate the method of restriction enzyme mapping, the positioning of Eco RV sites within 

p8325-2 will be described (Figure 4.3).The table below Figure 4.3 shows the calculated sizes of the 

fragments from the appropriate digestion.

The enzyme Eco RV cleaves p8325-2 into fragments of 28.1, 15.8, 3.5 and 1.8 kbp. The smallest 

two are not cut by Eco RI. The Eco RI fragments of 16.4 and 7.0 kbp are cut by Eco RV into pieces 

of 7.6, 4.4, 4.0, 3.5, 1.8 and 0.8 kbp (from the double digest). The best arrangement of sizes occurs 

if the 16.4 kbp piece is cut by Eco RV into 7.6, 4.0 and 3.5 kbp fragments, of which the latter is an 

Eco RV fragment not cut by Eco RI. The 7.0 kbp piece is cut by Eco RV into 4.4, 1.8 and 0.8 kbp 

fragments, the 1.8 kbp piece being uncut by Eco RI. If the 3.5 and 1.8 kbp Eco RV fragments lie 

within the 16.4 and 7.0 kbp Eco RI fragments respectively, the largest 28.1 kbp Eco RV fragment 

must lie between them, spanning the Eco RI fragments of 9.3, 4,6 and 4.2 kbp. By trial and error, 

the best fit is obtained if the 4.4 and 4.0 kbp fragments from the double digest come from the 28.1 

kbp piece, and the 0.8 and 7.6 kbp double digest fragments from the 15.8 kbp piece. This places 

Eco RV fragments of 3.5 and 1.8 kbp about 4 kbp from the end of the Eco RI fragments of 4.2 and 

4.6 kbp. The most probable coordinates are given in Table 4.1.

This method is then applied to mapping with respect to the enzymes Bel I, Pvu II and Xba I, 

and the probable coordinates from each double digest correlated to give the best fit (Table 4.1).
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Figure 4.3

Restriction mapping gel of p8325-2 

with respect to Eco RV

Lane Digestion Fragment sizes (kbp)

8

9

10

AH3

p8325-2/£coRV 

p8325-2/£coRV/£coRI

p8325-2/£coRI

p8325-2/£coRV/5c/I

p8325-2/£c/I

p8325-2/PvuII

P8325-2/£o>RV/Pt;«II

p8325-2/X6aI 

P8325-2/EcoRV/XbaI

23.1 9.42 6.68 4.32 2.32 2.03 0.56

28.1 15.8 3.5 1.8

9.3 7.6 6.3 4.6 4.4 4.2 4.0 3.5 2.1 1.8 0.8

16.4 9.3 7.0 6.3 4.6 4.2 2.1

19.6 9.2 9.1 4.4 3.7 3.5 1.8 0.1

21.2 16.6 9.1 4.4

17.9 9.9 9.7 9.1 2.6 1.4

11.5 9.9 9.7 3.7 3.5 3.5 2.9 2.6 1.8 1.4

20.8 13.6 9.6 6.6

15.0 13.6 6.6 4.3 3.6 3.5 1.8 0.8
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Table 4.1

Mapping position coordinates for p8325-2 

with respect to EcoKV

Restriction Enzyme.

EcoRl

7.6

11.1

38.9

40.7

Bell

6.8

10.3

38.6

40.4

PvuU

6.8

10.3

39.2

41.0

Xbal

6.8

10.3

39.0

40.8

Probable 
coordinate

7.0

10.5

38.9

40.7
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b) Plasmid p8325-4.

As shown in Figure 4.4, the plasmid p8325-4 has been mapped with respect to 12 restriction 

enzymes, including six whose position was not even approximately known previously. The enzyme 

Hind III was found to have a large number of sites whose positions have not been accurately 

placed. Although digestion with Eco RI results in six fragments it has not been possible to locate 

the smallest (l.Okbp) piece accurately. Similarly, digestion with Cla I results in eight fragments 

but the position of the 500 bp piece remains undetermined. The enzymes Bam HI, Sac I, Sac II, 

Sst I and Xho I do not have a site within the plasmid.

4.3 Deletion analysis of the plasmids

The overall strategy was to digest plasmid DNA to completion with a suitable restriction 

enzyme, to re-ligate the DNA and to use the mixture to transform a recipient (S.aureus 8325N) 

with selection for a suitable resistance determinant.

a) Plasmid p8325-2.

Unfortunately it proved impossible to design conditions for the selection of plasmids by ethid- 

ium bromide so that only gentamicin was available as a selective agent for this plasmid. The 

following restriction enzymes were used:.Ec0 RI, Eco RV, Hae II, Nco I, Pvu II, Sac I, Sph I and 

Xba I. These enzymes were selected for use because they were found to cut the plasmid into a 

suitable number of fragments (between 2 and 8).

Although each digestion and transformation was repeated at least twice, no gentamicin- 

resistant transformants were obtained.

b) Plasmid p8325-4.

Again, only gentamicin was used as a selective agent for this plasmid because it proved im­ 

possible to select for transformation of cadmium resistance. The following enzymes were used 

separately: Ava I, Bel I, Bgl II, Cla I, Eco RI, Eco RV, Hae II, Kpn I, Nco I, Pst I, Pvu II, Sph I 

and Xba I. Again, these enzymes were chosen because they digested the plasmid into a suitable 

number of fragments. Although p8325-4 had not been mapped with respect to Ava I and Hae II,
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these were both found to cleave the plasmid into three fragments (a suitable number for deletion 
analysis). If deletion plasmids had been obtained, the sites would have been mapped.

The five enzymes Cla I, Eco RI, Eco RV, Pst I and Sph I gave pieces of DNA that on ligation 
gave rise to gentamicin-resistant transformants. Table 4.2 shows the number of transformants 
obtained on each initial selection plate together with the number of true deletion mutants finally 
selected for each of the five enzymes listed above. It will be noted that the gentamicin selection 
employed sometimes allowed a few gentamicin-sensitive bacteria to grow.

The transformants were screened and found to contain plasmids that were smaller than the 
parental plasmid. These plasmids were designated pJEl-5 and characterized by analysis with 
restriction enzymes in comparison to the parental plasmid. Examples of agarose gels of the digested 
DNA are shown in Figures 4.5-4.8 together with tables giving the sizes of the fragments determined. 
A summary is given in Table 4.3. Plasmids created by any one particular restriction enzyme were 
found to contain the same restriction fragments.

Each of the plasmids pJEl-5 was tested for its ability to promote the transfer of resistance 
of gentamicin to 8325 Nov r . The results (Table 4.3) are the means of at least two experiments. 
They indicate that all five of the mutant plasmids were transferred to the recipient but at a lower 
frequency than the parental plasmid. In general, the values for the conjugation frequencies of the 
deletion plasmids was very low. For this reason, the cells recovered from overnight incubation were 
suspended in only 3mls (rather than the normal lOmls) of saline. The lowest detectable frequency 
of transfer would be 8.0 x 10~ 9 transconjugants per recipient (the frequency of transfer if only one 
transconjugant is found). An example of a transconjugant was chosen for each conjugation and 
plasmid DNA prepared from each. The plasmid DNA was digested and compared with the parental 
plasmid (Figures 4.9-4.11). In all cases, the transfer of gentamicin resistance correlates with the 
transfer of a plasmid of the expected size and with the predicted restriction enzyme sites.
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Table 4.2

Table showing the total number of deletion plasmids
obtained from p8325-4

Restriction enzyme 
digestion

Ava I

Bglll

Cla I

Eco RI

Eco RV

Hae II

Kpn I

Nco I

Pst I

Sph I

Xba I

No. of transformants 
per selection plate

136

112

72

210

131

246

252

114

134

243

257

No. of deletion 
mutants

0

0

1

3

1

0

0

0

2

5

0
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Figure 4.5

Gel of pJEl

Lane Digestion Fragment sizes (kbp)

8

10

AH3

uncut pJEl

8325-4/£coRI

pJEl/£coRI

8325-4/£coRI/Ps*I

pJEl/EcoRl/Pstl

8325-4/EcoRl/BglII

pJEl/EcoRl/Bglll

8325-4/EcoRI/XbaI

pJEl/EcoRl/Xbal

23.1 9.42 6.68 4.32 2.32 2.03 0.56

closed circular DNA

18.8 11.0 2.9 2.5 1.8 (1.0)

18.8

11.0 6.8 5.4 3.4 2.9 2.5 2.4 1.3 1.1 0.3

6.8 5.4 3.4 2.4 1.1

8.8 6.2 5.7 3.8 3.0 2.9 2.51.60.80.80.5

8.8 6.2 3.0 0.8

11.8 6.8 4.9 2.9 2.5 2.5 1.31.21.20.40.2

11.8 6.8 0.2
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Figure 4.6

Gel of pJE2

Lane Digestion Fragment sizes (kbp)

8

10

AH3

PJE2/PstI

pJE2/Pstl/EcoRI

8325-4/Pstl/Bglll

pJEl/Pstl/Bglll

8325-4/PsiI/C/aI

pJE2/Pstl/Clal

pJE2/Pstl

23.1 9.42 6.68 4.32 2.32 2.03 0.56

18.0 7.6 6.8 5.4 3.4

6.8 5.4

11.0 6.8 5.4 3.4 2.9 2.5 2.4 1.3 1.1 0.3

6.8 5.4

6.8 5.7 4.7 4.5 3.8 3.0 2.11.81.61.50.7

6.8 4.7 0.7

8.8 5.5 5.4 3.6 2.8 2.7 2.51.41.31.10.80.6

5.4

6.8 5.4

2.7 2.5 1.4
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Figure 4.7

Gel of pJE3 and pJE4

Lane

1

2

3

4

5

6

7

8

9

10

11

Digestion

AH3

uncut pJE3

8325-4/£coRV

pJE3/£coRV

uncut pJE4

8325-4/C/aI

PJE4/C/aI

pJE4/C7aI/£c<?RI

pJE4/C/aI/P.rt

pJE3/EcoRV/EcoRl

pJEZ/EcoRV/Pstl

Fragment sizes (kbp)

23.1 9.42 6.68 4.32 2.32 2.03 0.56

closed circular DNA

10.7 9.3 7.2 6.0 2.2 2.0 0.80.4

10.7 7.2

closed circular DNA

10.1 8.7 5.5 4.5 3.6 2.5 1.4

8.7 2.5

8.7 2.5

5.4 2.7 2.5 0.6

8.7 7.2 2.0

6.3 5.4 4.4 1.6 0.2
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Figure 4.8

Gel of pJE5

Lane Digestion Fragment sizes (kbp)

8

AH3

p8325-4/SpM

pJE5/SpAI

p8325-4/EcoRI/Sph!

pJES/EcoRl/Sphl

pJES/Pstl/Sphl

pJES/Bglll/Sphl

23.1 9.42 6.68 4.32 2.32 2.03 0.56

36.1 1.7

36.1

16.3 11.0 2.9 2.5 1.8 1.7 (1.0) 0.7 

16.3 11.0 2.9 2.5 1.8 (1.0) 0.7

13.2 6.8 6.5 5.4 3.4 1.3 0.4

13.2 6.8 6.5 5.4 3.4

8.5 8.0 6.2 5.7 5.0 3.8 1.1 0.6

8.5 8.0 6.2 5.7 5.0 3.8
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Table 4.3

Summary of the deletion mutants obtained from p8325-4

Restriction enzyme 
used for digestion

EcoRl

Pstl

EcoRV

Clal

Sphl

Parental plasmid

Name of 
Gmr plasmid 

produced

pJEl

pJE2

pJE3

pJE4

pJE5

p8325-4

Size of 
plasmid 

(kbp)

18.8

12.2

17.9

11.2

36.2

37.8

Fragment/s 
involved

EcoRl.A

Pstl.C (6.8 kbp) 
+ Pstl.D (5.4 kbp)

EcoRV. A (10.7 kbp) 
+ EcoRV. C (7.2 kbp)

Clal.B (8.7 kbp) 
+ Clal.F (2.5 kbp)

Sphl.A

—

Frequency of 
conjugation

3.2 x 10~ 8

8.0 x 10~ 9

7.2x 10~ 8

3.2 x 10~ 8

3.3 x 10- 7

8.2 x 10~ 7
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Figure 4.9

Gel of pJEl and pJE2 transconjugant DNA

Lane

1

2

3

4

5

6

7

8

Digestion

AH3

p8325-4/£coRI

p8325-4Nov C)t/EcoRI

pJEl/£coRI

pJElNov Cjt/£coRI

pJE2/PsiI

pJE2Nov Cjt/Pstl

p8325-4/Pst!

Fragment sizes (kbp)

23.1 9.42 6.68 4.32 2.32 2.03 0.56

18.8 11.0 2.9 2.5 1.8 (1.0)

18.8 11.0 2.9 2.5 1.8 (1.0)

18.8

18.8

6.8 5.4

6.8 5.4

14.4 7.6 6.8 5.4 3.4

Cjt stands for transconjugant in this and all subsequent tables.
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Figure 4.10

Gel of pJE3 and pJE4 transconjugant DNA

Lane

1

2

3

4

5

6

7

8

Digestion

AH3

p8325-4/£coRV

pJE3/£coRV

pJESNov Cjt/it EcoRV

p8325-4/C7a

pJE4/C/aI

pJE4Nov Cjt/C/al

AH3

Fragment

23.1 9.42 6.68 4.32

10.7 9.3 7.2 6.0

10.7 7.2

10.7 7.2

10.1 8.7 5.5 4.5

8.7

8.7

23.1 9.42 6.68 4.32

sizes (kbp)

2.32 2.03 0.56

2.2 2.0 0.8

3.6 2.5 1.4

2.5

2.5

2.32 2.03 0.56

0.4

(0.5)
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Figure 4.11

Gel of pJE5 transconjugant DNA

Lane Digestion Fragment sizes (kbp)

8

AH3

p8325-4/Sj>M

pJESNov Cjt/Sphl

10

pJESNov Cjt/EcoRl/Sphl

pJES/Pstl/Sphl 

pJESNov Cjt/Pstl/Sphl

pJES/PvulI/Sphl 

pJESNov Cjt/PvuII/Sphl

23.1 9.42 6.68 4.32 2.32 2.03 0.56

36.1 1.7

36.1

36.1

16.3 11.0 2.9 2.5 1.8 (1.0) 0.7 

16.3 11.0 2.9 2.5 1.8 (1.0) 0.7

13.2 6.8 6.5 5.4 3.4

13.2 6.8 6.5 5.4 3.4

> 20 7.1 3.1 1.6

> 20 7.1 3.1 1.6
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4.4 Discussion

Mapping the two plasmids p8325-2 and p8325-4 proved difficult for several reasons. Firstly, 

as the plasmids are so large (50 and 38 kbp respectively) even restriction enzymes which only 

cleave at specific six base pair sequences often have as many as eight or nine sites. A double 

digest results in an even larger number of fragments, increasing the number of permutations of 

fragment positions. Also, due to their large size, the copy number of the plasmids is comparatively 

low, allowing only small quantities of plasmid DNA to be produced in any one DNA preparation 

(typically about 10/Lig). The mapping procedure requires relatively large amount of DNA (about 

400ng per digestion) necessitating the preparation of large stocks of DNA. Finally, certain enzymes 

(notably Bel I, Pvu II and Xba I) often failed to cleave effectively even under carefully controlled 

incubation conditions (Table 2.1). This often resulted in partial fragments, which although useful 

at times, were often misleading. Inefficient cleavage is probably due to protein which has remained 

bound to the DNA even after overnight centrifugation in a caesium chloride gradient. Phenol 

extraction is often useful but does result in the loss of large amounts of DNA.

The plasmids p8325-2 and p8325-4 have now been mapped with respect to eight and twelve 

enzymes respectively (Figures 4.2 and 4.4). The sites for nine of these enzymes had been previously 

unknown and all results were re-checked and altered where necessary. To date, it has not been 

possible to position the smallest Eco RI and Cla I fragments (1.0 and 0.5 kbp respectively) on 

the p8325-4 map. All other enzyme sites on this plasmid are considered to be quite accurately 

placed. The sites of a couple of enzymes in the p8235-2 map remain uncertain. As the largest Bgl 

II fragments (!ET.2and 15.0 kbp) are very similar in size, it is possible that their positioning is the 

opposite of that shown. Similarly, three of the Pvu II fragments are very similar in size (9.9,, 9.6 

and 9.1 kbp) possibly resulting in their misplacement between themselves.

The fairly extensive maps now available of the two plasmids allows comparisons to be made 

between them and other gentamicin resistance conferring plasmids. Comparison between Figures 

4.2 and 4.4 shows no obvious similarity between p8325-2 and p8325-4. Also, aligning the Eco RI 

maps of plasmids pCRG1600 (Asch et a/, 1984) and pSH8 (McDonnell et a/, 1983) fails to demon­ 

strate obvious similarities (Figure 4.12). The plasmid pCRG1600 (52.9 kbp) was obtained from 

a clinical isolate of S.aureus. It is a self-transmissible plasmid encoding for resistance to amino- 

glycoside antibiotics, including gentamicin (McDonnell et a/, 1983). The plasmid pSH8 is also 

a transferable gentamicin resistance conferring plasmid, again from a clinical isolate of S.aureus
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(Asch et a/, 1984). As the regions involved in transfer have been approximately located on these 

plasmids, they will be discussed in relation to the plasmids studied in this survey in Chapter 8.

The only similarity observed between the Eco RI maps is that the gentamicin resistance deter­ 

minant resides on the largest fragment in each case. However, the plasmids p8325-4 and pCRGlGOO 

both have three Bel I, two Kpn I and six Xba I sites whilst p8325-2 and pCRGlGOO both have a 

single 5am HI site. The plasmids p8325-2 and pSH8 each have four Xba I sites. It would be inter­ 

esting to compare the restriction maps in more detail if such information could be made available 

and to use DNA hybridization to check for apparent homologies.

The maps of p8325-4 and pI524 are very similar over the 18 kbp "homologous" region (Figure 

4.1). Plasmid pI524 however, includes an invertible region of about three kbp within this 18 kbp 

piece. Analysis of the restriction digests of p8325-4 demonstrates that this invertible region is 

present but in a single orientation. It is interesting that the invertible region is in close proximity 

to the junction of the region of similarity between p8325-4 and pI524. As the determinant for 

cadmium resistance is also in this area on pI524, it would be interesting to know whether the same 

gene is present at this position on p8325-4. The plasmid pI524 contains an origin of replication 

towards the other end of the similarity region. The plasmid p8325-4 may use this, or it may possess 

a second origin of replication. The F factor of E.coli contains two origins of replication (ori V and 

ori S) whilst R6K (38 kbp) has three potential replication origins (Sherrett, 1986).

As pI524 does not encode resistance to gentamicin, this determinant probably lies outside the 

region of homology, that is, between about 9.0 and 27.0 kbp on the Eco RI map of p8325-4. As 

pI524 is not self-transmissible, the region specifying the ability to conjugate must also lie, at least 

in part, within the region of 9.0 to 27.0 kbp.

More extensive mapping may be achieved by the use of partial digestions, by hybridizations 

between plasmids or by isolating individual fragments from agarose gels for further characterization.

Deletion analysis of the plasmid p8325-4 resulted in the formation of five deletion mutants. 

Each must contain at least one origin of replication and the gentamicin resistance determinant. This 

necessitates the positioning of these determinants between 4.5 and 15.1 kbp on the p8325-4 map 

(Figure 4.13) which is consistent with the known positions of the gentamicin resistance determinant 

on the maps of pCRG1600 and pSH8 (Figure 4.12).
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The three deletion plasmids pJE2, pJE3 and pJE4 were created from partial digestions of 

p8325-4 with the enzymes Pst I, Eco RV and Cla I respectively. As no mutants composed of single 

fragments were obtained from these enzymes, it is probable that an origin and the gentamicin 

determinant lie on separate Pst I, Eco RV and Cla I fragments. These mutants are probably 

formed from partial fragments and not from the religation of digested pieces as the probability of 

the latter occurring is relatively small and also in each example the two fragments are adjacent on 

the map.

The formation of pJEl-pJE5 was also useful in that it confirmed the restriction map. The 

deletion mutants were not mapped in both orientations due to the eventual lack of success in 

locating the transfer system by this method.

All five deletion plasmids promoted transfer at a lower frequency than the parental plasmid. 

The mean number of transconjugants produced by each mutant is given in Figure 4.13. The plasmid 

pJE5 produced significantly more transconjugants than any of the other mutants. It is therefore 

possible that pJE5 (36.0 kbp) contains a virtually intact conjugation system but that one or both 

of the Sph I sites are close to the border of this region. Cleavage may reduce transfer but not 

abolish it. The remaining mutants (pJEl-pJE4) did not possess enough of the "transfer promoting 

region" to establish conjugation to any significant extent. Therefore, such a region must lie outside 

the area of 0-20.8 kbp (the total area encompassed by all four plasmids) or more than one area is 

involved, at least one of which lies outside the 0-20.8 kbp region. If p8325-4 is similar to pCRG1600 

and pSH8, it is possible that the transfer region spans across the Eco RI fragments A and B (Figure 

4.12).

It was noted that the frequency of conjugation of p8325-4 was lower than that obtained in 

the initial series of conjugation experiments (Section 3.2.2). This interesting observation will be 

discussed in detail in Chapter 8.

The small number of transconjugants produced by the deletion plasmids did contain intact 

plasmids (Figures 4.9-4.11). These may have been due to the low level phage transfer system 

described in Chapter 3.

The enzymes which did not result in deletion plasmids such as Bel I, Kpn I, Pvu II and Sal I 

may have produced plasmids which were too large to be effectively transformed (22.2, 36.6, 33.1 

and 30.8 kbp respectively). Evidence against this is that pJE5 is 36.0 kbp in size although this
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may have been anomalous. Another possibility is that the blunt-ended enzymes (such as Pvu II) 
did not re-ligate effectively.

These problems may have prevented the formation of deletion plasmids from p8325-2 although 
other reasons are also possible. The origin of replication and gentamicin resistance determinant may 
be well separated on p8325-2, not residing together on any one particular restriction fragment. This 
would necessitate the formation of partial fragments or the re-ligation of two separate fragments in 
the correct orientation. Although the former occurred in the case of p8325-4, all digestions of p8325- 
2 may have gone to completion. The probability of the latter occurring is relatively small. As was 
suggested for p8325-4, certain fragments, such as the 31.2 kbp Sph I piece, may have been too large 
for effective transformation. It is also possible that either the origin or the gentamicin resistance 
determinant (or even both) were cut by one of the enzymes in every case. Again the probability 
of this happening is very small. Finally, the heat inactivation of the restriction enzymes may have 
been ineffective in some cases. Certain enzymes are known to be more efficiently inactivated by 
this method. Such enzymes however, include Cla I and Eco RI which formed deletion plasmids 
from p8325-4, whereas enzymes such as Nco I and Sac I (used unsuccessfully) should be almost 
fully inactivated. The lack of deletion plasmids may have been the result of a combination of these 
problems.

Ethidium bromide and cadmium were not suitable selective agents for transformants, possibly 
because protoplasts are more sensitive to these agents than whole cells. Gentamicin was also not 
fully effective as a selective agent. It allowed the growth of approximately 100-200 colonies per 
plate, of which only one or two were derived from true gentamicin resistant transformants (Table 
4.2).

This line of work could be pursued by the construction of deletion plasmids using a cloned 
origin of replication, possibly by ligating pCW59 to restricted gentamicin resistance conferring plas­ 
mids. This would prevent the necessity of the two determinants (origin and gentamicin resistance 
determinant) lying in the same restriction fragment.

It was decided to pursue the analysis of the conjugation system by attempting to clone the 
complete transfer region into a suitable vector molecule.
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4.5 Conclusion

The gentamicin resistance plasmids, p8325-2 and p8325-4 have been mapped with respect to 

eight and twelve restriction endonucleases respectively. Their restriction-cleavage maps are given.

No deletion plasmids were constructed from p8325-2 although eight different enzymes were 

used, each at least twice.

Five gentamicin-resistant deletion plasmids were constructed from the parental plasmid p8325- 

4 using the enzymes Eco RI, Pst I, Eco RV, Cla I and Sph I, creating the mutants pJEl-pJE5 

respectively. This allowed the gentamicin resistance determinant and at least one origin of repli­ 

cation to be located between 4.5 and 15.1 kbp on the map of p8325-4. Only pJE5 (36.0 kbp) was 

transferred to recipient 8325 Nov r to any significant extent. This deletion plasmid may, therefore, 

contain a virtually intact conjugation system, the boundaries of which are close to either one or 

both of the Sph I sites in p8325-4. The smallest four deletion plasmids failed to conjugate to any 

significant extent: transfer of intact deletion mutants may have been due to the involvement of 

phage.

The technique of deletion analysis did not isolate the complete "transfer region" and it was 

therefore decided to try a different approach.
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Chapters

Cloning Restriction Fragments from Two 

Conjugative Plasmids

5.1 Introduction

Since deletion analysis had produced inconclusive results in defining the region involved in the 
transfer process of the two conjugative plasmids, p8325-2 and p8235-4, it was decided to pursue the 
investigation by cloning restriction fragments into suitable vectors. Only a very limited number of 
such vectors are available for cloning with S.aureus and their use is made more difficult due to the 
poor and variable efficiency with which this organism can be transformed.

Available vectors included the chloramphenicol resistance plasmid, pC194 (Horinouchi and 
Weisblum, 1982a) which has a single Hind III site outside the gene conferring resistance to chlo­ 
ramphenicol, pE194 (Horinouchi and Weisblum, 1982b) which has a suitable Xba I site and pCW59 
(Wilson and Baldwin, 1978) which confers resistance to both tetracycline and chloramphenicol. 
The latter vector is particularly useful because the insertion of DNA into its unique Bgl II site 
enables the selection of tetracycline-resistant colonies that can be screened for their sensitivity to 
chloramphenicol.
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5.2 Cloning using the plasmids pC!94, pEl94, pBD8 and pCElO

Plasmid DNA was isolated from a S.aureus strain containing pC194 and both undigested 

and Hind III digested and re-ligated DNA were successfully used to transform S.aureus 8325N to 

chloramphenicol resistance via the protoplast system. The transformation efficiencies were low: 50 

and 2 transformants per microgram of DNA for uncut and cut and re-ligated DNA respectively.

Plasmid DNA was prepared from 8325-2 and 8325-4 and 5/zg of each was cut with Hind III. 

Following the phenol extraction of all three samples to inactivate the reactions, digested DNA from 

p8325-2 and p8325-4 was separately ligated to the vector. This ligated DNA was used to transform 

8325N to chloramphenicol resistance. Approximately 50 transformants were obtained and all were 

tested for the presence of plasmid DNA by the rapid purificatio n method (Section 2.16). All 

transformants contained DNA that was indistinguishable from pC194.

Similar experiments were performed with Xba I digested pE194 and p8325-2 and p8325-4 DNA. 

Again, all samples were phenol extracted before ligation. The same quantities of DNA were used 

as in the experiment with pCl94. Following transformation, erythromycin-resistant colonies were 

obtained at a similar frequency to the chloramphenicol-resistant transformants. Preparation of 

DNA from 55 transformants showed no evidence of any insertion within pE194.

It was decided to dephosphorylate the vector DNA before ligation to prevent self-ligation 

and hence reduce the number of transformants containing only re-ligated vector molecules. The 

enzyme calf intestinal alkaline phosphatase (CIP) was used which removes the 5'-phosphate groups 

from the cleaved molecule. The DNA will then only re-ligate when a fragment with intact 5'- 

phosphate groups is inserted so that the only circular molecules formed are recombinants. A stock 

preparation (2/ig) of dephosphorylated vector was made. Phosphatase treatment (Section 2.22) was 

followed by phenol extraction (Section 2.23) and ethanol precipitation (Section 2.24). Two control 

transformations were initially carried out to assess the value of the phosphatase treatment. In both 

cases, both dephosphorylated and untreated vector DNA (20ng) was used to transform 8325N to 

chloramphenicol/erythromycin resistance. The average number of transformants obtained was 50 

per plate for untreated vector and 2 per plate for dephosphorylated vector. To obtain 20ng of 

dephosphorylated vector for transformation (the recommended quantity by Maniatis et al, 1982) 

about 400ng of stock DNA had been used. In all subsequent transformations therefore, phosphatase 

treatment was not used as it was decided that the advantage of producing a higher proportion of 

recombinants did not compensate for the large quantities of DNA needed.
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The screening of transformant colonies for the presence of DNA however, even using the method 

of rapid purification for S.aureus (Section 2.16) was a time consuming operation. In all, more than 

100 colonies had been examined in this way. It was decided therefore, that a plasmid containing 

two resistance determinants, one of which was inactivated by DNA insertion, would be a more 

suitable vector with which to pursue the cloning.

The Bacillus subtilis strain IE21[pBD8j carries the determinants for chloramphenicol, strep­ 

tomycin and kanamycin resistance. It has a single Eco RI site which inactivates the resistance to 

streptomycin and was therefore thought useful for cloning.

Plasmid DNA was prepared from IE2l[pBD8] and about 1/ig digested with Eco RI. Plasmid 

DNA from p8325-2 and p8325-4 was separately cut with Eco RI. Samples of vector (20-40ng) and in­ 

sert (1-5/^g) DNA were ligated and used to transform S.aureus 8325N and S.aureus SA113 to either 

chloramphenicol or kanamycin resistance. Selection by kanamycin was not effective and continu­ 

ally resulted in heavy growth by sensitive colonies on the transformation plates. Chloramphenicol 

selection was also ineffective at low concentration (8/ig/ml) but prevented any growth, even of cells 

transformed by uncut vector (and therefore chloramphenicol resistant) at higher concentrations

The chimeric plasmid pCElO (5.3 kbp) was constructed for cloning in S.aureus and S.carnosus 

(KellereJ al, 1983) and was kindly donated by Dr.F.Gotz. The plasmid carries resistance deter­ 

minants to both chloramphenicol (inactivated by insertion of DNA at the single Hae III site) and 

erythromycin (inactivated by insertion of DNA at the single Bel I site). Plasmid DNA was pre­ 

pared from SA113[pCE10] and l//g was digested with Bel I. Plasmid DNA from both p8325-2 

and p8325-4 (1/zg of each) was also digested with Bel I. The samples of DNA were ligated (50ng 

vector, 1/zg insert) and used to transform both 8325N and SA113 to chloramphenicol resistance. 

For cloning using p8325-2, 24 chloramphenicol-resistant colonies were obtained and for the p8325-4 

transformation, 61 chloramphenicol-resistant colonies were obtained. All 85 transformants were 

screened for sensitivity to erythromycin. As all colonies were resistant to this antibiotic, it was 

concluded that the transformants contained only re-ligated vector DNA.

Work with these cloning systems was not pursued at this stage as cloning into the vector 

pCW59 was proving more productive.
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5.3 pCW59 as a cloning vector for p8325-2

The ligation of p8325-2 to pCW59 and subsequent transformation into 8325N was performed 

a total of 10 times with varying amounts of insert (1-2.5/jg) and vector (20-100ng) DNA. The 

maximum number of clones from any one experiment (20) was obtained when 1/^g of Bgl II digested 

insert DNA was ligated to 20ng of similarly digested vector DNA. The reactions were judged to be 

complete by running samples on agarose gels.

The ligation mixture was used to transform S.aureus 8325N to tetracycline resistance. A 

total of 2600 tetracycline resistant colonies were picked and screened for their sensitivity to chlo- 

ramphenicol. From the 48 tetracycline-resistant, chloramphenicoWeAstfiVe colonies found, plasmid 

DNA was prepared, digested with Bgl II and compared with Bgl II-digested vector and p8325-2 

DNA. Examples of 11 clones are shown in Figures 5.1 and 5.2.

Of the nine possible fragments, seven had been cloned. The expected sizes of the cloned 

fragments (in kbp) with the number of clones obtained for each size shown in parenthesis are:

15.2 (0); 15.0 (0); 3.8 (6); 3.5 (6); 3.4 (6); 2.7 (9); 2.0 (6); 1.5 (9) and 1.4 (6). 

The orientation of each insert was not determined.

To clone the two larger fragments, it was decided to purify them from agarose gels by elec- 

trophoretic elution onto DEAE cellulose paper (Dretzen et al, 1981). Since the two fragments are 

of very similar size, no attempt was made to separate them from each other. On six occasions the 

larger bands were successfully extracted. A total of 600 tetracycline-resistant transformants were 

obtained but every one was chloramphenicol resistant.

5.3.1 Characterization of the cloned fragments.

Plasmid p8325-2 carries determinants for resistance to paromomycin, ethidium bromide and 

gentamicin. The 48 colonies were therefore tested for their resistance and the results are shown for 

the 11 examples given in Figures 5.1 and 5.2.

A representative example of each of the seven different clones was tested for its ability to con­ 

jugate with Bill Novr . Tetracycline-resistant, novobiocin-resistant transconjugants were selected in 

each case but in addition, gentamicin-resistant, novobiocin-resistant transconjugants were selected
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Figure 5.1

Gel of six Bgl II clones from p8325-2 
inserted into the vector pCW59
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Figure 5.2

Gel of five Bgl H clones from p8325-2 

inserted into the vector pCW59

Lane

1

2

3

4

5

6

7

8

9

10

Name of 
clone / digestion

AH3

undigested pCW59

pCW59 / Bgl II

Clone 2.G

Clone 2.H

Clone 2.1

Clone 2.J

Clone 2.K

p8325-2 / Bgl II

AH3

Size of fragments 
observed (kbp)

23.1, 9.42, 6.68, 4.36, 2.32, 2.03, 0.56

open circular form

o.o, —

5.3,2.0

5.3, 1.5

5.3,2.7

5.3,3.4

5.3, 1.4

15.2, 15.0, 3.8, 3.5, 3.4 
2.7, 2.0, 1.5, 1.4

23.1, 9.42, 6.68, 4.36, 2.32, 2.03, 0.56

Resistance 
carried

—

—

—

Eb

—

—

—

—

Gm, Eb, Pm

—

102



for the clone conferring resistance to gentamicin. In no case was there any evidence of conjugation 

promoted by one of the clones although the parental plasmid p8325-2 transferred at its normally 

high frequency (5 x 10~ 4 transconjugants per recipient).

5.3.2 Cloning Bel I fragments from p8325-2 into pCW59.

The restriction endonuclease Bel I produces ends that are compatible with Bgl II cut DNA. 

Therefore, 400ng, 1/ug and 2/^g of Bel I digested p8325-2 DNA were separately ligated to 20ng 

of Bgl II cut pCW59 DNA. The three samples were used to transform 8325N to tetracycline 

resistance and transformants screened for sensitivity to chloramphenicol. The experiment was 

repeated four times and a total of 1000 transformants were screened. All were found to be resistant 

to chloramphenicol.

5.4 Cloning Bgl II fragments from p8325-4 into the vector pCW59

The cloning strategy employed was the same as that for the plasmid p8325-2. Plasmid DNA 

from p8325-4 (lA*g) was digested to completion with Bgl II and ligated to Bgl II cut DNA from 

pCW59 (20ng). The mixture was used to transform 8325N to tetracycline resistance. From a total 

of 1000 transformants picked, 15 were sensitive to chloramphenicol. Plasmid DNA was prepared 

from these clones and the size of the insert DNA was determined. Of the six possible Bgl II 

fragments, five had been cloned, the uncloned fragment being the second largest piece of 8.5 kbp. 

The numbers of each fragment cloned are given below in parenthesis after the size of the insert (in 

kbp):

8.8 (1): 8.5 (0): 6.2 (3): 5.7 (4): 5.0 (4): 3.8 (3):.

An example of each of the cloned fragments is shown in Figure 5.3.

Clone 4.A is of particular interest since it contains, in addition to the expected size of DNA 

fragment from the vector (5.3 kbp), fragments of about 8.8 and 4.2 kbp but not in equimolar 

amounts. The smaller fragment has a more intense band and therefore is present in a larger 

amount than the 8.8 kbp band.

As it was not possible to be sure whether the larger fragment of clone 4.A was the largest (8.8 

kbp) or second largest (8.5 kbp) fragment from p8325-4 from Figure 5.3, further digestion of the
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Figure 5.3

Gel of six Bgl II clones from p8325-4 

inserted into the vector pCW59
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DNA was necessary. With reference to the general restriction map of p8325-4 (Figure 4.4) it can 

be determined that endonuclease Sal I cuts the 8.5 kbp Pet I fragment into four pieces but should 

not cut the 8.8 kbp fragment. The DNA from clone 4.A was therefore digested with Bgl II and 

Sal I together and the digest analysed on an agarose gel. 5a/ I did not cut clone 4.A and it was 

therefore concluded that it contained the larger 8.8 kbp piece. To confirm this, clone 4.A was then 

digested with Bgl II and Pst I together. The insert was cut into three fragments of 6.8, 1.5 and 0.5 

kbp as expected for the 8.8 kbp piece (the 8.5 kbp piece would have been digested into only two 

fragments of 6.7 and 1.8 kbp). The Bgl II fragment inserted into clone 4.A was therefore the 8.8 

kbp piece.

5.4.1 Characterization of resistance determinants.

Plasmid p8325-4 is known to carry genes for conferring resistance to gentamicin, cadmium, 

arsenate and penicillin. All 15 clones were therefore tested to determine whether they carried these 

resistances. One clone was resistant to gentamicin, three were resistant to cadmium but none were 

resistant to arsenate and none produced /3-lactamases (Figure 5.3).

5.4.2 Characterization of clone 4.A.

It cannot be concluded that the gentamicin resistance is specified by the 8.8 kbp fragment 

present in clone 4.A since there is also a 4.2 kbp piece present. To characterize these fragments fur­ 

ther, the strain was subcultured six times onto BHI-agar plates containing gentamicin at 20/zg/ml. 

Plasmid DNA was then prepared from a single colony. When digested with Bgl II and analysed 

on an agarose gel, fragments of 8.8 and 4.2 kbp were again seen together with vector DNA (5.3 

kbp) but now the 8.8 kbp piece was present in a much higher proportion (Figure 5.3, lane 5). This 

interesting observation was followed up by further analysis of the 4.2 kbp fragment.

Firstly both clone 4.A and 4.A.Gm (the latter being the 4.A clone subcultured onto gentamicin) 

were digested with Bgl II and Pst I. The results are shown in Figure 5.4. Comparison of the relative 

amounts of DNA present led to the conclusion that the 8.8 kbp piece was digested by Pst I into 

three fragments of 6.8, 0.9 and 0.6 kbp (lane 2). The 4.2 kbp piece was digested by Pst I into three 

pieces of 2.6, 0.9 and 0.6 kbp. Digestion with Hind III resulted in the cleavage of the 8.8 kbp piece 

into three pieces of 3.6, 2.9 and 2.5 kbp (lane 6), whilst the 4.2 kbp piece was uncleaved by Hind III 

(lane 7). The Sou 3A digestions confirmed that the 8.8 and 4.2 kbp fragments were related.
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Figure 5.4

Gel showing the insertion of Tu4001 within the clone 4.A
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The vector, pCW59 was not cut by Pst I (lane 4) but was cleaved by Hind III into fragments 

of sizes 2.7, 1.9 and 0.7 kbp (lane 5).

Finally, both clones were digested with Bgl II and Hae III (results not shown). The 8.8 kbp 

piece was digested into four pieces of 3.8, 2.5,1.6 and 0.4 kbp, whilst the 4.2 kbp fragment was cut 

into three fragments of 2.5, 1.6 and 0.2 kbp. Following the analysis of these results (Section 5.6) 

it was concluded that the gentamicin resistance on plasmid p8325-4 was carried on the transposon 

Tn4001. The 8.8 kbp fragment carries the 4.7 kbp transposon TnJOOl which has been deleted in 

the 4.2 kbp fragment.

5.4.3 Localization of the transfer region.

The plasmid p8325-4 directs transfer to 8325 Nov r but not to Bill Novr (Tables 3.1 and 3.2). 

The ability of an example from each of the clones to transfer tetracycline resistance to 8325 Nov r 

was therefore tested. The results given in Table 5.1 show that none of the clones transferred 

tetracycline resistance at a frequency significantly higher than that for transfer by pCW59 alone. 

It was concluded that the complete transfer region had not been cloned.

5.5 Cloning S.aureus plasmid DNA into a shuttle vector

Due to the availability of only a limited number of S.aureus plasmid vectors, it was decided 

to use an E.coli vector, of which there are many. Cloning into an E.coli vector would also be an 

advantage in that the frequency of transformation is considerably higher in this organism (typically 

about 107-108 transformants per microgram of vector DNA) than it is in S.aureus.

To determine if the functional transfer region from one of the gentamicin resistance conferring 

plasmids had been cloned into E.coli, it was necessary to be able to transform the clones back 

into S.aureus. The vector used had therefore, to be a shuttle vector, capable of replication and 

expression of its resistance determinants in E.coli and S.aureus.

5.5.1 Strategy for the construction of the shuttle vector pACT.

It was decided to construct a shuttle vector containing a single Pst I site as a suitable E.coli 

plasmid was readily available. This plasmid, called pRWY21, contained a functional origin of
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Table 5.1

Conjugation frequencies of Bgl TL clones 

of p8325-4 in the vector pCW59

Name of 
clone

8325N[pCW59]

Clone 4.A

Clone 4.A.Gm

Clone 4.C

Clone 4.D

Clone 4.E

Clone 4.F

p8325-4

Size of Bgl II 
fragment cloned

—

8.8 and 4.2

8.8 and 4.2

6.2

5.7

5.0

3.8

—

Frequency of Conjugation

1.2 x 10~ 6

3.0 x 10~ 6

3.1 x 10~ 6

5.6 x 10~ 6

7.2 x KT6

6.0 x 10~ 6

2.1 x 10~ 6

4.2 x 10~6
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replication in E.coli (being derived via pRW33 from pBR322) as well as two resistance determinants 

(ampicillin and tetracycline). The former is inactivated by Pst I cleavage. To enable the shuttle 

vector to replicate in S.aureus, the origin of replication from the S.aureus plasmid pC194 was ligated 

to pRWY21. Plasmid pC194 contains two Cla I sites. The origin of replication is known to be 

located on the same Cla I fragment (the larger, 1.7 kbp fragment) as the chloramphenicol resistance 

determinant (Horinouchi and Weisblum, 1982a). By ligating the two origins of replication from 

pRWY21 and pC194 together, a plasmid theoretically capable of replication in both E.coli and 

S.aureus could be constructed. A diagram outlining the method of construction of pACT is given 

in Figure 5.5.

5.5.2 Construction of the shuttle vector.

Plasmid DNA was prepared from the E.coli strain RRI[pRWY21] and the S.aureus strain 

8325[pC194]. The endonuclease Cla I was used to digest plasmid pRWY21 into its linear form 

(8.9 kbp) and pC194 into two fragments of 1.7 and 1.2 kbp. Ligation was followed by transforma­ 

tion into E.coli MC1061. Transformants resistant to chloramphenicol, tetracycline and ampicillin 

resulted in the selection of a shuttle vector consisting of the 1.7 kbp Cla I fragment from pC194 

ligated into the single Cla I site of pRWY21. Sixteen such transformants were actually obtained. 

One was chosen, tested using a multodisk for correct resistance patterns and named pACT. Further 

verification of the shuttle vector was carried out by digesting the plasmid DNA with appropriate 

enzymes and running the resulting fragments on an agarose gel. The results of one such gel are 

shown in Figure 5.6 and verify that pACT is indeed the correct shuttle vector of about 10.6 kbp.

5.5.3 Cloning plasmid DNA from p8325-4 into pACT.

A diagrammatic representation of the cloning strategy is given in Figure 5.7.

To clone plasmid DNA from p8325-4 into pACT, 1/zg of p8325-4 DNA and 20ng of pACT 

DNA were separately digested to completion with Pst I and then ligated. Following transformation 

into E.coli MC1061, chloramphenicol-resistant, tetracycline-resistant colonies were selected and 

screened for ampicillin sensitivity. In total, 587 Cmr Tcr transformants were obtained of which, 

138 were sensitive to ampicillin. Plasmid DNA was initially prepared from 15 clones and analysed 

after Pst I digestion for the DNA insert.

The results from a selection of five pACT clones are shown, together with Pst I digestions of
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A synopsis of the construction of a shuttle vector for 
cloning Pat I restriction fragments.
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LIGATION
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Plasmid preparation of the shuttle vector, pACT

Restriction analysis of pACT DNA on an agarose gel
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Figure 5.6

Gel showing that pACT is the required shuttle vector
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Figure 5.7

A synopsis of the strategy for cloning restriction fragments 
from p8325-4 into the shuttle vector pACT.

Pstl

Pst I digestion Pst I digestion

LIGATION

Transformation of E.coli MC1061

Selection of Cmr Tcr colonies

Screen for Amp8 colonies

Plasmid preparation of clones

Sizing (by agarose gel electrophoresis) of the 
cloned Pst I fragment

Transformation of clones into S.aureus 
(selection of Cmr Tcr colonies)

Test for the conjugal transfer of 
tetracycline or chloramphenicol resistance.
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p8325-4 and pACT itself in Figure 5.8. The size of the inserted Pat I fragment is given for each 

clone.

Of the five possible Pst I fragments, three were cloned into pACT (from the first 15 samples 

analysed). The number of times each fragment was cloned into pACT is given in parenthesis after 

the size of the fragment (in kbp) below:

14.4 (0): 7.6 (0): 6.8 (l): 5.4 (8): 3.4 (6).

The clone pACT. 10 was resistant to gentamicin.

As it was difficult to distinguish between the Pst I fragments of 7.6 and 6.8 kbp from Figure 

5.8, clone pACT.10 was digested with suitable enzymes to verify that it did indeed contain the 

6.8 kbp fragment. The result is shown in Figure 5.9.

The clone p ACT. 10 had no sites for Eco RI or Sph I but was cleaved by Cla I into three 

fragments of about 2.7, 2.5 and 1.6 kbp. If it had contained the larger 7.6 kbp fragment the 

inserted Pst I fragment would have been cleaved by Eco RI into fragments of 2.8, 2.4, 2.3 and 0.2 

kbp, by Sph I into two fragments of 6.4 and 1.2 kbp and by Cla I into two fragments of 5.5 and 

2.1 kbp. In addition, as expected for the 6.8 kbp fragment, the cloned Pst I fragment was not cut 

by Bel I, Bgl II or Xba I enzymes (results not shown). The larger 7.6 kbp fragment would have 

been cleaved by all three enzymes. The slight variation in fragment sizes between these results and 

those shown on Figure 4.4 are due to errors inherent in restriction mapping.

5.5.4 Localization of the transfer region.

To determine if the complete transfer region had been cloned on any one of the Pst I fragments, 

it was necessary to transform the clones back into S.aureus to perform a conjugation experiment.

Plasmid DNA was therefore prepared from the clones pACT.l, pACT.5 and pACT.10 as well as 

from pACT itself and transformed into S.aureus 8325N. Although tetracycline and chloramphenicol 

were used for selection, no transformants were obtained even after 12 attempts had been made, 

varying conditions such as antibiotic concentration (5-20/ig of either antibiotic) or quantity of DNA 

(20ng-l/ig) each time. To eliminate the possibility that the S.aureus strain 8325N was restricting 

the DNA from the shuttle vector, a restriction minus strain of S.aureus was also used (SA113/83A). 

Again, no transformants were obtained. As the clones could not be transformed into S.aureus, their
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Figure 5.8

Gel of five pACT/p8325-4 clones
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Figure 5.9

Gel of clone pACT.10 showing it contains 

PstI fragment C from p8325-4
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ability to promote conjugation between strains of S.aureus could not be tested. It was therefore 

unnecessary to prepare DNA from the remaining 123 clones merely to determine their insertion.

5.6 Discussion

Molecular cloning techniques have been employed with great success for many years for the 

analysis of chromosomal and plasmid DNA of Escherichia coli, whilst genetic analysis of S.aureus 

has been hampered by a poorly defined and low level transformation system (Wilson and Baldwin, 

1978). This may be due to the high extracellular nuclease activity characteristic of S.aureus (Rudin 

et al, 1974). The transformation system employed in this study was that reported by Lindberg 

(1981) involving the uptake of plasmid DNA by bacterial protoplasts in the presence of polyethylene 

glycol.

The maximum number of clones was obtained when 1/zg of insert DNA (p8325-2) was ligated 

to 20ng vector DNA (pCW59). This resulted in 1000 transformants of which, 20 contained suitable 

insertions The transformation efficiency, calculated as the number of transformants per microgram 

of plasmid DNA would be 20.

Phosphatase treatment of the vector DNA (pC194 and pE194) was carried out to prevent 

self-ligation and hence reduce the number of transformants which had to be screened for suitable 

insertions. The treatment was successful as it reduced the number of transformants containing re- 

ligated vector molecules from 50 to 2 per plate. The treatment resulted in a loss of DNA however, 

possibly due to the phenol extraction and ethanol precipitation techniques which were necessary 

to remove the phosphatase. The technique was not therefore applied routinely as it was considered 

more practical to use the vector pCW59 (which carries a resistance determinant inactivated by DNA 

insertion) to screen a higher number of tetracycline-resistant transformants for chloramphenicol 

sensitivity than to pursue the time consuming process of phosphatase treatment, phenol extraction 

and ethanol precipitation, especially as the two colonies obtained after phosphatase treatment still 

contained no insertion.

The selection of suitably resistant transformants proved to be a problem in the use of the vector 

pBD8. Kanamycin was of no selection value at all whilst the concentration of chloramphenicol was 

critical. This system might have been of use if more time had been spent in varying the experimental
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conditions. As the cloning of Bgl II fragments into pCW59 was proving successful however, work 

was continued with this system in preference to other vector systems (such as pBD8 and pCElO).

The cloning of Bgl II fragments into pCW59 was highly successful in that a total of 63 clones 

were constructed from p8325-2 and p8325-4.

In general, large fragments were not easily ligated into pCW59. Even after the two largest Bgl II 

fragments from p8325-2 had been purified, they were not incorporated. The effective concentration 

(;) of one end of a DNA molecule in the volume/vicinity of the other end of the same molecule 

is an important parameter in the ligation of DNA molecules (Maniatis et al, 1982). The value 

of j is based upon the assumption that duplex DNA behaves as a random coil and is inversely 

proportional to the length of the DNA molecule (as the DNA becomes larger, the ends of a given 

molecule are less likely to interact).

The frequency with which the two ends of the molecule approach each other is given by the 

equation:

j = (ds)' ends/ml
where £ is the length of DNA in centimeters and 6 is the length of a randomly coiled segment of 

DNA (dependent upon the ionic strength of the buffer).

The value t is a measure of the concentration of all complimentary termini in the solution. For 

duplex linear DNA with self- complementary cohesive ends:

i = 2x N x M x 10~s ends/ml, 

where N. is Avagadro's number and M is the molar concentration of the DNA.

Insertion of DNA is favoured when j/i > 1.

Large fragments of DNA are also more likely to be destroyed by cleavage when handling the 

mixtures. Once cloned, there is more chance that the larger circular molecules will be disrupted. 

This may explain the inability to clone Bel I fragments from p8325-2 which are relatively large 

(19.1, 16.6, 9 .1 and 4.4 kbp). Given that the largest fragment cloned into pCW59 was 8.8 kbp 

(clone 4.A from p8325-4) it is possible that only the smallest, 4.4 kbp fragment was of suitable si 

and that this, by chance, was not ligated.
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Although only 11 examples are shown for the clones of p8325-2, all six containing the 3.5 kbp 

insertion are resistant to gentamicin and all six containing the 2.0 kbp fragment are resistant 

to ethidium bromide. The position of these determinants is shown on Figure 5.10. No clone 

was resistant to paromomycin, the determinants of which must lie either on one of the uncloned 

fragment or may have been spanned by a Bgl II site.

The 8.8 kbp Bgl II fragment from p8325-4 carried the gentamicin resistance determinant 

whilst all four clones containing the 5.7 kbp fragment were resistant to cadmium. In addition, the 

gentamicin resistance determinant was present on the 6.8 kbp Pst I fragment cloned into pACT. 

This data is shown on Figure 5.10. The location of the gentamicin resistance determinant on the 

Bgl II and Pst I fragments correlates well and places it between 9.9 and 16.4 kbp on the general 

map (Figure 4.4). This is outside the region of homology with pI524. The cadmium resistance 

determinant lies just within the 5.7 kbp Bgl II fragment. It is therefore probable that p8325-4 

and pI524 carry the same cadmium resistance determinant. Both the arsenate resistance and the 

gene specifying /?-lactamase production for pI524 lie within the uncloned 8.5 kbp Bgl II fragment, 

explaining why no clone was resistant to arsenate or ampicillin.

The location of the gentamicin resistance determinant within the 6.8 kbp Pst I and 8.8 kbp 

Bgl II fragments (9.9-16.4 kbp on Figure 5.10) correlates with the results from deletion analysis, 

when the determinant was placed between 9.0 kbp (the boundary of the region of p8325-4/pI524 

homology) and 15.1 kbp (the boundary of the Cla I fragment) (Figure 4.13).

There are several possible reasons why the complete transfer region was not located on any 

one Bgl II fragment for either plasmid. Firstly, the transfer region may be spanned by a Bgl II site 

(and by a Pst I site for p8325-4). For p8325-2 it is also possible that the transfer region lies on one 

of the larger, uncloned Bgl II pieces which together represent about 60% of the plasmid genome. 

Another possibility is that the region was cloned in the opposite orientation for expression. Finally, 

several regions, widely separated on the genome, may be needed to promote conjugal transfer.

To pursue the technique of cloning to isolate the transfer region, partial fragments could be 

generated from the plasmids and cloned into pCW59. This would increase the chance of isolating 

the complete transfer region if it was positioned across a Bgl II site although the cloning of larger 

fragments may be a problem.

It may also be useful to clone restriction fragments created by other enzymes into plasmid 

vectors. Keller et al (1983) constructed a series of chimeric plasmids suitable as molecular cloning
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vehicles in S.aureus and S.carnosus. The vector pCElO is one such plasmid but others include 

PCT20 (Cmr Tcr ) with a single Ava II site, or pTE15 (Tcr Emr ) with single sites for Bel I, Eco RI 

and Kpn I.

With reference to Table 5.1 showing the rates of transfer for the p8325-4/pCW59 clones, it 

should be noted that the conjugation frequency given for p8325-4 (4.2xlO~ 6 ) is actually lower than 

values for some of the clones. The value is also lower than the one given in Table 3.2 (3.93xlO~ 5 ) 

which was obtained during the initial series of conjugation experiments. This result was noted with 

interest and will be discussed in detail in Chapter 8.

To determine the frequencies of conjugation for the various clones of p8325-4, selection was 

made on tetracycline plus novobiocin plates for all the clones and for pCW59, whereas gentamicin 

plus novobiocin plates were used for p8325-4 itself. The final conjugation frequency value seems 

to be independent of the selection system employed however, since the conjugation of clone 4.A 

(Tcr Novr Gmr ) resulted in the same number of transconjugants with either selection system.

The plasmid p8325-2 was transferred to Bill Novr at its usual high frequency (5.12xlO~ 4 ) 

whereas pCW59 and all the corresponding clones were not transferred.

An interesting observation was made when clone 4.A from the ligation of p8325-4/pCW59 was 

analysed on a gel. It contained an insertion of 4.2 kbp as well as the 8.8 kbp Bgl II fragment. 

Although the smaller fragment was initially present in larger amounts, following subculture onto 

gentamicin, the larger piece became more dominant. Results of further restriction analysis on 

these fragments led to the conclusion that the smaller fragment was the result of a deletion of 

about 4.5 kbp from the central region of the larger fragment. The deleted piece is probably the 

transposon Tn4001 (Figure 5.11).

The 4.5 kbp transposon, Tn4001 mediates resistance to gentamicin, tobramycin and kanamycin 

in S.aureus and was present on all gentamicin resistance plasmids in a survey of Australian isolates 

(Gillespie and Skurray, 1986). Figure 5.11 helps to explain the results of the restriction digests 

shown in Figure 5.4.

The fragments of 8.8 and 4.2 kbp, when digested with Pst I, produce fragments of 6.8 and 

2.6 kbp respectively. This can be explained if there is a fragment of approximately 4.2 kbp deleted 

from between the two Pst I sites in the 8.8 kbp piece. This 4.2 kbp deleted fragment represents the
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Figure 5-11

Diagram showing the insertion of Tn4CW within 
the 8-8kbp BglR fragment of p8325-4
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transposon TnJOOl. The slight variation in the fragment sizes is inherent in restriction mapping. 

In fact, the size of TnjOOl has recently been reported as being 4.7 kbp (Gillespie and Skurray, 

1986) rather than 4.5 kbp as was originally thought.

Hind III cuts the 8.8 kbp fragment into three pieces of 3.6, 2.9 and 2.5 kbp. The two Hind III 

sites within the 8.8 kbp piece lie within the transposon Tn4001, each about 1.1 kbp from each 

of its ends, giving a characteristic 2.5 kbp fragment which encompasses the central coding region 

(Gillespie and Skurray, 1986). The 4.2 kbp fragment has lost Tn4001 (and hence the two Hind III 

sites) and therefore appears as an uncleaved 4.2 kbp piece.

Finally, the Hae III cut the 8.8 kbp fragment into four pieces (3.8, 2.5, 1.6 and 0.4 kbp) and 

the 4.2 kbp fragment into three pieces (2.5, 1.6 and 0.2 kbp) (results not shown). The transposon 

must therefore contain a single Hae III site with the two sites in the 8.8 kbp piece lying close to the 

boundaries of the TnJOOl insertion so that, after deletion, fragments of 2.5, 1.6 and 0.2 kbp are 

obtained. The distance between the two Hae III sites would be 0.2 kbp. The position of TnJOOl 

within p8325-4 is between 11.8 and 16.3 kbp (Figure 5.10).

The transposon TnJOOl appears to be stable in p8325-4, it is stably inherited when transferred 

via conjugation to the recipient 8325 Novr . Once cloned into pCW59 however, it becomes unstable 

and the tendency is for it to delete out of the vector system. The 8.8 kbp gentamicin resistance 

conferring fragment was selected for by plating on gentamicin which selected those colonies in which 

the deletion had not yet occurred. It is possible that there is a region present on p8325-4 required 

to maintain the stability of Tn4001. Such a region would lie outside the 8.8 kbp Bgl II fragment 

and would not be present on pCW59.

There is evidence that Tn4001 can insert at various sites within the S.aureus chromosome, 

perhaps even being responsible for the global spread of gentamicin resistance among S.aureus 

(Gillespie and Skurray, 1986).

The use of the shuttle vector pACT increased the number of clones obtained in any one transfor­ 

mation (138 true clones from 587 transformants compared with 20 clones from 1000 transformants 

for the cloning of Bgl II fragments from p8325-2 into pCW59).

It is interesting that it was possible to select clones on the basis of either chloramphenicol or 

tetracycline resistance in E.coli. This is a little surprising as the chloramphenicol resistance was
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derived originally from the S.aureus plasmid pC194. Goze and Ehrlich (1980) reported that the 

pC194 chloramphenicol resistance gene was not adequately expressed for it to be used as a selectable 

marker in transformation although it has been shown to replicate and express its chloramphenicol 

resistance in B.subtius (Ehrlich, 1977). The plasmid was also shown to replicate in E.coli although 

less efficiently than in S.aureus (Goze and Ehrlich, 1980). It is to be expected that tetracycline 

resistance would be expressed in E.coil as pRWY21 was originally derived from the E.coli plasmid 

pBR322 via pRW33. The ^-lactamase gene was derived from B.cereus 569/H (Mezes et al, 1983). 

It would be interesting to determine if the tetracycline and ampicillin resistances are expressed in 

S.aureus. Their expression in S.aureus was not a requirement however as transformants could be 

selected on the basis of chloramphenicol resistance.

Although the experimental conditions such as amount of vector (20ng-l/ig) and antibiotic 

concentration (5-20/zg/ml of either chloramphenicol or tetracycline) under which the transformation 

was carried out were varied extensively, it was not possible to transform pACT into S.aureus.

The reason for the lack of replication and/or expression of chloramphenicol resistance from 

pC194 is not understood. As it was originally a natural isolate from S.aureus, it was able to repli­ 

cate and to express its resistance prior to its incorporation into the shuttle vector. No portion 

of these determinants had been deleted (Figure 5.6) (Horinouchi and Weisblum, 1982a). After 

transformation into E.coli, however, one or both of these functions was suppressed. There are two 

possible explanations for this. The E.coli strain MC1061 may have modified the shuttle vector, 

possibly by some type of restriction or methylation process which prevented the subsequent expres­ 

sion of chloramphenicol resistance or ability to replicate in S.aureus. If the modification process 

involved were known, it may be possible to use a modification deficient mutant strain of E.coli.

Another possibility is that the S.aureus restriction system may be degrading the "foreign" 

DNA from the pRWY21 plasmid. Although a restriction deficient strain of S.aureus was used 

(SA113) to eliminate this possibility, it is possible that there is a second restriction system in 

S.aureus still functional in SA113.

The use of shuttle vectors in E.coli is well known. Leblanc and Lee (1984) have reported the 

cloning of a 5.0 kbp fragment from the Streptococcus faecalis plasmid pAM/?l into E.coli HB101 

and used this to transform Streptococcus sanguis Challis with concurrent expression of the E.coli 

kanamycin resistance determinant. Chang and Cohen (1974) reported the replication of hybrid 

plasmids constructed from S.aureus plasmid DNA (pI258) covalently joined to the E.coli plasmid
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pSClOl. Although the plasmids could be transferred among E.coli strains, they were not transferred 

into S.aureus. Goze and Ehrlich (1980) have also combined S.aureus and E.coli plasmids, again 

showing that some plasmids from a Gram-positive bacterium (S.aureus) can replicate in a Gram- 

negative one (E.coli). More recently, El Solh et al, (1986b) cloned the chromosomal genes for 

two aminoglycoside-modifying enzymes into E.coli and B.subtilis strains using the shuttle vector 

pHV33 which consists of pBR322 and pC194 joined at their Hind III sites (Primrose and Ehrlich, 

1981). In none of these examples were the vectors transformed from E.coli back into S.aureus 

although it has been possible to transform hybrids between E.coli and B.subtius (Primrose and 

Ehrlich, 1981). It may be possible therefore to transform pACT into S.aureus via B.subtilis. There 

are no examples in the literature of this having been achieved to date.

Finally, the problem may be associated with the nuclease activity of S.aureus. The shuttle 

vector may be susceptible to nuclease attack by extracellular enzymes excreted by this organism. 

One way of testing this theory would be to use a nuclease deficient mutant of S.aureus (Omenn 

and Friedman, 1970).

5.7 Conclusion

Cloning restriction fragments into the limited number of S.aureus vectors available is made 

even more difficult by the low level transformation system available.

The successful cloning of Bgl II digested fragments however from p8325-2 into pCW59 lo­ 

cated the gentamicin and ethidium bromide resistance determinants to between 10.9-14.4 and 37.5- 

39.5 kbp respectively on the general restriction enzyme map (Figure 4.2).

The gentamicin resistance of p8325-4, carried by the transposon Tn4001, lies between 11.8 and 

16.3 kbp which agrees with deletion analysis data as well as from the cloning of Pst I fragments. 

This transposon is stable in p8325-4 but becomes unstable and deletes out of the system when 

cloned into the pCW59 vector. It is possible that a region on p8325-4, outside the 8.8 kbp Bgl II 

fragment, is required to maintain the transposon's stability. The cadmium-resistance determinant 

is probably the same as that on pI524, residing between 26.2 and 32.3 kbp.

Cloning restricted DNA from S.aureus into an E.coli system proved to be considerably more 

efficient. It was not possible however, to transform the shuttle vector into S.aureus. Reasons for
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this include the modification by E.coli of the DNA, preventing its replication or expression of the 

resistance determinants in S.aureus, or degradation of the DNA by the S.aureus strain.

The complete transfer system was not isolated on any of the cloned restriction fragments. 

Whether this was due to its cleavage by a Bgl ll/Pst I site, its incorrect orientation within the 

vector or because there is more than one region involved is unknown.
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Chapter 6

Mobilization of Genes by Conjugative Plasmids and Production

of Pheromones by Staphylococci

6.1 Introduction

Two types of conjugative plasmids are found in Streptococcus faecalis (Clewell, 1981). The 

first type are transferred very poorly in broth (usually < 10~ 6 per donor cell) but more efficiently 

(10~ 4 - 10~ 2 per donor cell) when matings are carried out on filter membranes. The best studied 

example of a plasmid exhibiting this forced-cell-contact type of transfer is pAM/?l, originally found 

in a clinical isolate of 5".faecalis. This type of plasmid has been shown to have a broad host range. In 

addition to its ability to transfer to virtually every species of streptococci (Clewell, 1981) it transfers 

to Staphylococcus aureus (Engel et al, 1980; Schaberg et al, 1982), Bacillus subtilis (Landman et al, 

1980) and Lactobacillus casei (Gibson et al, 1979). At least one conjugative function on pAM/?l 

has been located within an 8 kbp region (Leblanc and Lee, 1984).

The other type of conjugative plasmid, observed to date only in Streptococcus faecalis, transfers 

at high frequency (10~ s - 10" 1 per donor) in broth matings. The transfer is associated with visible 

clumping of donor and recipient cells (Dunny et al, 1978). The recipient cells constitutively produce 

small (1000-2000 Md) heat-stable proteins called clumping-inducing-agent (CIA) (Dunny et al, 

1978). These mating signals (sex pheromones) induce the synthesis of a proteinaceous adhesin that 

coats the donor cell surface (Yagi et al, 1983). The adhesin is called aggregation substance (AS) 

and is believed to facilitate the formation of mating aggregates upon random collision between the 

non-motile donors and recipients.

The aggregation substance is believed to adhere to a binding substance which is located on the 

surface of both donor and recipient cells. The different pheromones are designated by their relation­ 

ship to the plasmid system originally used to resolve them. For example, cADl and cAM72 refer to 

the pheromones to which specific responses occur by strains respectively harbouring the plasmids 

pADl and pAM72. These phenomena are summarized by the model proposed by Dunny et al, 

(1979) shown in Figure 6.1.
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Figure 6-1
A model showing various donor and recipient 

relationships with respect to the synthesis of and 
response to sex pheromones.

Donor(pA) Recipient Donor (pB)

Taken from Dunny et al, 1979 
See text for details.
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This model schematically shows a plasmid-free recipient strain that produces two different 

pheromones, cA and cB; two isogenic donor strains harbouring the conjugative plasmids pA and 

pB are also present. All three strains have the chromosomally determined binding substance. 

Plasmid pA determines the ability to respond to cA and, at the same time, through an IcA gene 

(inhibitor of cA) prevents production of endogenous cA (alternatively inactivation of cA could be 

involved). Plasmid pB allows its host to respond to cB and prevents the production of endogenous 

cB via gene IcB. The response of the donor cell to the pheromone is shown as an interaction of the 

latter with a responding substance determined by gene RcA or RcB which activates aggregation 

substance synthesis. Aggregation substance, which could actually be plasmid or chromosomally 

determined, locates itself on the cell surface where it recognizes binding substance.

Clewell and Brown (1980) have shown that in addition to the production of surface substances, 

pheromones are also involved in the actual transfer of plasmid DNA. It is possible that they induce 

a polycistronic operon which contains determinants related to transfer as well as to aggregation. 

This may be analogous to the transfer operon of certain conjugative plasmids in Gram-negative 

bacteria (Willetts and Skurray, 1980).

Once a copy of plasmid DNA has been acquired by the recipient, the production of the related 

pheromone ceases; however, different pheromones specific for donors harbouring different classes of 

plasmids continue to be excreted (Dunny et al, 1979). Pheromone inactivation is thought to be via 

a chemical addition to the pheromone itself (Ike et al, 1983). A phosphodiester bond is generated 

and the modified pheromone inhibits exogenous pheromone activity probably by competition for a 

pheromone receptor site (Clewell et al, 1985).

Insertional inactivation of the pheromone-responsive plasmid pADl with Tn917 produced 

mutants that constitutively expressed AS and exhibited self-clumping in the absence of pheromone 

(Clewell et al, 1982). The insertions were mapped to two regions, designated tra A (1.5 kbp) and 

tra B (1.3 kbp). The two clusters were spanned by 1.7 kbp.

The naturally occurring conjugative pheromone-dependent resistance plasmid pCF-10 (Dunny 

et al, 1981) has now been mapped with restriction enzymes and mutagenesis with Tn917 has 

been used to determine several regions involved in the conjugative transfer. Immunoblot analyses 

and enzyme-linked immunoassays have revealed that cells carrying pCF-10 derivatives with Tn^7 

insertions into the tra 5 region are defective in synthesis of pheromone-induced antigens (Christie 

and Dunny, 1986).
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Streptococcus faecalis RC73 harbours a conjugative plasmid, (pAM373) which confers a mating 

response to a sex pheromone, cAM373 excreted by plasmid -free members of the same species. This 

pheromone was also detected in 23 Staphylococcus aureus strains but in only 2 of 22 coagulase- 

negative staphylococci strains. The activity was also produced by Streptococcus faecium 9790, 

Streptococcus sanguis Challis and G9B but not by 10 other Streptococcus strains (Clewell et al, 

1985).

In this survey, all available S.aureus strains, including those carrying gentamicin resistance 

plasmids were tested for pheromone production. Other bacterial species were also tested.

The first part of the chapter however, describes the mobilization of small, non-conjugative 

plasmids by the large, conjugative gentamicin resistance plasmids and provides evidence for second 

round transfer of gentamicin resistance by conjugation.

Many non-conjugative R-plasmids are spread more rapidly between strains of bacteria than 

are chromosomal genes due to their mobilization by conjugative plasmids (see Hardy, 1986). The 

transmissible drug-resistance of a strain is sometimes the result of it harbouring several R plasmids, 

only some of which are conjugative. For example, Salmonella typhimurium type 29, responsible for 

the outbreak of salmonellosis between 1963-66 carried resistance determinants for sulphonamide, 

streptomycin, ampicillin and tetracycline on non-conjugative plasmids. All these determinants 

could be transferred from Salmonella via conjugation due to a conjugative plasmid called A (see 

Hardy, 1986).

In E.coli, more than 90% of recipients of the F plasmid from a donor harbouring both F and 

the non-conjugative plasmid, Col El, also receive Col El and about 5% of recipients receive Col El 

but not F.

The extent to which mobilization occurs depends both on the conjugative and non-conjugative 

plasmids involved. For example, the S.aureus plasmid pSH8 mobilized pC22.1, pSH5 and pI258 

at frequencies of 1.1 x 10~ 4 , 8.7 x 10~ 6 and 3.1 x 10~ 9 respectively. It was transferred itself at 

about 1.4 x 10~ 4 (McDonnell et al, 1983). There was no detectable mobilization by pSH8 of a 

chromosomal methicillin resistance marker.

The co-transfer frequency of the non-conjugative S.aureus plasmid pWG612 ranged between 

less than 0.5 to 83%. depending on the culture conditions and transfer method (Townsend et al,

129



1985). There was no detectable co-transfer however between the conjugative plasmid pWG53 and 

pWG3.

Finally, the ability of a conjugative, erythromycin resistance conferring streptococcal plasmid 

(pAM/3l) to mobilize a non-conjugative tetracycline resistance conferring plasmid (pAMal) from a 

streptococcal strain, JH2-2 to S.aureus 879R-4S was examined (Schaberg et al, 1982). Mobilization 

of pAMal occurred at a frequency of 10~ 8 , representing 14% of the transferred erythromycin 

resistant strains. The conjugative erythromycin resistance plasmid was present in all tetracycline- 

resistant strains, therefore the mobilization of the non-conjugative plasmid had only occurred with 

concomitant transfer of the conjugative plasmid.

6.2 Mobilization of plasmid and chromosomal genes by conjugative plasmids

A series of conjugation experiments were set up to determine whether the conjugative plasmids 

conferred the ability to mobilize genes present on a separate plasmid or on the chromosome. As four 

different recipients were available, comparison could also be made of the effect of the recipient on the 

frequency of transfer of the plasmid and chromosomal genes. For ease of selection, the chromosomal 

gene chosen was the erythromycin resistance determinant present on Tn551 although it was realized 

that transposition might complicate the interpretation of the result.

To construct suitable strains, the gentamicin-resistant strains 8325[p8325-2] and 8325[p8325-4] 

were conjugated with the recipients 8325[pT181] and PSSOd.ero. The former recipient contains 

a plasmid of 4.4 kbp which confers resistance to tetracycline. The latter carries the transposon 

Tn55^ on the chromosome. As a control experiment both donors were also conjugated with the 

recipients Bill Nov r and 8325 Nov r .

The transfer frequencies for each conjugation were calculated as the number of transconjugants 

obtained per recipient. These values were broadly classified into four classes:

none (less than 2.7 x 10~ 8 ) 

low (5.3 x ID'8 — 4.5 x 10- 7 ) 

medium (1.7 x 10~ 6 — 1.2 x 1(T 5 )

high (1.IxlO-4 — 1.4 X10-4 )
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The results (Table 6.1) confirm that Bill Nov r is a good recipient for p8325-2 but a poor 

one for p8325-4. The presence of pT181 in the recipient enhances the apparent conjugation when 

8325[p8325-2] is the donor (the frequency of conjugation to 8325[pT18l] is high whereas that 

to 8325 Nov r is only medium). No transconjugants were obtained after mixing PSSOd.ero and 

8325[p8325-4] so it was not possible to study the mobilization of the chromosomal erythromycin 

determinant by this conjugative plasmid.

In a control experiment it was surprisingly found that pT181 was transferred at high frequency 

to 8325 Novr . This may be due to the presence of phage and may explain the very high frequency 

of conjugation when 8325[pT181] and 8325[p8325-2] are mixed (Table 6.1). Some of these transcon­ 

jugants may be the result of transfer by phage of pT181 from 8325[pT18l] to 8325[p8325-2j and 

not conjugal transfer. This control result makes it difficult to conclude much about mobilization 

of plasmids when 8325 Nov r is the recipient.

When 8325[pT181j[p8325-2] is used as donor, the frequency of conjugal transfer of p8325-2 to 

8325 Nov r is less than that obtained in the absence of pT181 when gentamicin is used to select but 

is very similar when selection is by tetracycline. In the former case, none of the transconjugants 

are resistant to tetracycline whereas about two-thirds of those selected as tetracycline resistant are 

also resistant to gentamicin.

Plasmid DNA was prepared from an example of each class of transconjugant, ie,GmrNovrTcr 

colonies (containing p8325-2 and pT181); GmrNovrTc8 colonies (containing only p8325-2) and 

Gm"NovrTcr colonies (containing only pT18l). Restriction enzyme digests of the plasmid(s) present 

in each sample were compared with plasmid DNA prepared from 8325[p8325-2j, 8325pT181] and 

8325[pT181][p8325-2] (Figure 6.2). In each case, the expected plasmid was present.

With Bill Novr as recipient there was a high frequency of conjugation of p8325-2 but the 

frequency of transfer of pT181 was quite low. However, since pT181 is not transferred at all in the 

absence of p8325-2, this is evidence that pT181 has been mobilized by p8325-2. A small proportion 

of the transconjugants selected on tetracycline (and therefore carrying pT18l) were gentamicin 

sensitive; p8325-2 had mobilized pT181 in the absence of its own conjugal transfer (or the p8325-2 

plasmid had been transferred but not maintained).

For 8325[pT18l][p8325-4] only 8325 Novr acts as a recipient. In almost every case, transcon­ 

jugants that are gentamicin-resistant are also tetracycline-resistant whether the selection is on
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Table 6.1

Frequencies of transfer to recipient strains

Donor

8325
[p8325-2]

8325
[p8325-4]

8325 
[pT181]

8325 
[pT181]

[p8325-2]

8325 
[pT181] 

[p8325-4]

PS80dcro[N]

PS80dero[N] 
[p8325-2j

Selection 
system

Gm + Tc 
Gm + Nov 
Gm + Em

Gm + Tc 
Gm + Nov 
Gm + Em

Tc + Nov 
Tc + Em

Gm -I- Nov 
Gm + Em 
Tc + Nov 
Tc + Em

Gm + Nov 
Gm + Em 
Tc + Nov 
Tc + Em

Em + Tc
Em + Nov

Gm + Nov 
Gm + Tc 
Em + Nov

Recipient

8325[pT181]

high

med

none

med (o/go Emr)

8325 Novr

med

med

high

low (0/34 Tcr ) 

med ( 5%6 Gmr)

med (2 10/2 ii Tcr) 

med ("/Be Gmr)

none

none 

none

Bill Novr

high

none

none

high (o/194 Tcr) 

med (58/60 Gmr)

none 

none

none

high 

low

PS80dero[N]

low

none

none

none 

none

none 

none
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Figure 6.2

Analysis of plasmid DNA prepared from 

transconjugants of 8325[p8325-2]

Lane Digestion

AH3

Donor
8325[p8325-2]/Ar6aI

Recipient

First round transconjugant
8325[pT18l][p8325-2]/ArfoI

Second round transconjugants
8325Nov r [pT181][p8325-2]/A:foI 

(NovrTcrGmr )

8325Nov r [p8325-2]/A'6aI 
(NovrTc8 Gmr)

8325Novr [pT181]/*6aI 
(Nov r TcrGm8 )

Fragment sizes (kbp)

23.1 9.42 6.68 4.32 2.32 2.03 0.56

20.2 13.6 9.6 6.6

4.4

20.2 13.6 9.6 6.6 4.4

20.2 13.6 9.6 6.6 4.4

20.2 13.6 9.6 6.6

4.4

Note: open circular and supercoiled forms of pT181 can be seen in lanes 5 and 7.
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gentamicin or tetracycline. Again, plasmid DNA was prepared from an example of each class of 

transconjugant, that is, GmrNovrTcr colonies; GmrNovrTc' colonies and Gm§ Nov rTcr colonies. 

Restriction enzyme digests of the plasmid(s) present in each sample were compared with plas­ 

mid DNA prepared from 8325[p8325-4], 8325[pT18l] and 8325pT181][p8325-4] (Figure 6.3). The 

plasmids present in each case were of the expected size; a 4.4 kbp plasmid (pT18l) if resistant 

to tetracycline; a 50 kbp plasmid (p8325-2) cut into the expected sizes by Xba I if resistant to 

gentamicin.

The donor PS80d.ero[p8325-2] transferred gentamicin resistance to both recipients 8325[pT181] 

and Bill Novr . When selection was for gentamicin resistance in the former transfer, none of the 

transconjugants had become resistant to erythromycin. However, when Bill Novr was the recip­ 

ient, two erythromycin-resistant transconjugants were selected by erythromycin; they were both 

also resistant to gentamicin. Analysis of the plasmid DNA present in one of these transconjugants 

(Figure 6.4) showed that it contained a single plasmid very similar to p8325-2 except that it had 

increased in size by 5.3 kbp. The smallest EcoRl fragment of 2.1 kbp had been replaced by a band 

of 7.4 kbp. It is concluded that in this case, Tn551 has transposed into the 2.1 kbp EcoRl frag­ 

ment of p8325-2 prior to transfer. There is thus no evidence that p8325-2 or p8325-4 can mobilize 

a chromosomal gene.

6.3 Establishing a system for detecting sex pheromone activity

The method used to detect sex pheromone activity was based upon that of Dunny et al (1979) 

who reported that the production of pheromone closely paralleled cell growth. An experiment 

was therefore set up to determine if the level of sex pheromone activity depended upon the extent 

to which the cells had been grown prior to filtrate production. The strain chosen for analysis 

was S.aureus Bill Novr which had been shown in a preliminary series of studies to show a sex 

pheromone response to the donor S.faecalis strain FA373.

Six cultures of Bill Novr were grown overnight, diluted 1 in 10 in BHI medium the following 

morning and grown for five hours at 37°C. The cultures were diluted appropriately to produce 

a series of six cultures with O.D.675 values of 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0. A 10 ml sample of 

each culture was then filtered, autoclaved and later tested for its pheromone activity. The results 

showed that all six cultures produced the same sex pheromone activity, each having a CIA titre 

of 4. The control filtrates of Strep, faecalis FA2-2 had CIA titres of 8 whilst the filtrate from
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Figure 6.3

Analysis of plasmid DNA prepared from 

transconjugants of 8325[p8325-4]

Lane Digestion

AH3

Donor
8325[p8325-4]/ArfoI

Recipient
8325[pT18l]/*6aI

First round transconjugant
8325[pT181][p8325-4]/ArfoI

Second round transconjugants
8325Nov r [pT181][p8325-4]/*foI 

(NovrTcrGmr )

8325Novr [p8325-4]/A'6aI 
(NovrTc»Gmr)

8325Novr [pT181]/Jr&aI 
(NovrTcrGm»)

Fragment sizes (kbp)

23.1 9.42 6.68 4.32 2.32 2.03 0.56

11.8 6.9 6.5 4.9 3.7 2.5

4.4

11.8 6.9 6.5 4.9 4.4 3.7 2.5

11.8 6.9 6.5 4.9 4.4 3.7 2.5

11.8 6.9 6.5 4.9 3.7 2.5

4.4

Note: open circular and supercoiled forms of pT181 can be seen in lane 7.
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Figure 6.4

Analysis of plasmid DNA prepared from transconjugants of 

8325[p8325-2] with recipients PSSOd.ero and BlllNovr

Lane Digestion Fragment sizes (kbp)

8

AH3

Donor
8325[p8325-2]/£coRI

First round transconjugant
PS80d. era [p8325-2] /EcoRl

Second round transconjugant
BlllNovr [p8325::Tn55J]/£coRI

BlllNovr [p8325-2]/£coRI

Donor
8325[p8325-2]/50/II

First round transconjugant
PSSOd. ero [P8325-2] /Bglll

Second round transconjugant 
BlllNovr [p8325-2::Tn551]/^/II

BlllNovr [p8325-2]/£0/II

23.1 9.42 6.68 4.32 2.32 2.03 0.56

16.4 9.3 7.0 6.4 4.6 4.2 2.1

16.4 9.3 7.0 6.4 4.6 4.2 2.1

16.4 9.3 7.4 7.0 6.4 4.6 4.2

16.4 9.3 7.0 6.4 4.6 4.2 2.1

15.2 15.0 3.8 3.5 3.4 2.7 2.0 1.5 1.4

15.2 15.0 3.8 3.5 3.4 2.7 2.0 1.5 1.4

15.5 15.2 3.8 3.5 3.4 3.0 2.7 2.0 1.8 1.5 1.4

15.2 15.0 3.8 3.5 3.4 2.7 2.0 1.5 1.4
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E.coli JM107 failed to respond. It was therefore concluded that the slight variation in cell growth 

made no significant difference to the CIA titre.

To determine whether the length of incubation of donor and recipient cells affected the final 

CIA titre, incubations were set up between Strep, faecalis FA2-2, Staph. aureus 8325[p8325-2] and 

E.coli JM107 and Strep, faecalis FA373 and analysed after 2, 4, 6, 12, 24 and 48 hours. To prevent 

desiccation, the Inter-Med plates were incubated in a sealed sandwich box with a small amount of 

water in the bottom.

The results are shown in Table 6.2. After 12 hours incubation the samples which had clumped 

after 6 hours had lysed whereas the samples which had showed no clumping after 6 hours resulted 

in a visible white "clot" at the bottom of the well. These results remained constant even after 48 

hours incubation. The results could therefore be read after 12 hours.

6.4 Survey of sex pheromone activity in Staphylococcus aureus strains and other 

bacterial species.

The pheromome assay system, as developed in the previous section was used to determine the 

sex pheromone activity present in filtrates obtained from a wide range of variants of Staph. aureus 

and some other bacterial species. In every case, the test responder organism was Streptococcus 

faecalis FA373. Each experiment was repeated at least twice (in some cases ten times) and the 

results of duplicate experiments always agreed.

The results (Table 6.3) are interpreted to show that all strains of Staph. aureus produced a 

clumping response in Streptococcus faecalis FA373 whereas, at least for the strains tested, Staph. epi- 

dermidis, Staph. hominis, Bacillus subtilis and E.coli did not produce a factor that promoted 

clumping of Strep, faecalis FA373. As expected, FA373 did not produce a pheromone response to 

itself since it contains the plasmid pAM373.

The strength of the response elicited depends on the strain of S. aureus used and is not appar­ 

ently affected to any great extent by the presence of plasmids.

Derivatives of 8325 gave rise to filtrates that had to be very concentrated to produce a response 

whereas strain Bill Nov r apparently produces a more active pheromone. In certain cases, there is 

a slight increase in the activity of the response if p8325-2 or p8325-4 is present in S.aureus 8325N.
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Table 6.2

Table showing the CIA titres of bacterial strains after 

various incubation times with FA373

Strain

Strep, faecalis 
FA2-2

Staph. aureus 
8325[p8325-2]

E. coli
JM107

Highest dilution at which clumping is 
visible after time indicated (hrs)

2 4 6 12 24 48

— — 8 8* 8* 8*

— — 2 2* 2* 2*

* * *

— no clumping observed.

* indicates highest dilution at which clearing was observed. All other wells 

contained a white globular mass.

—* white globular mass.
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6.5 Conjugation between Staphylococcus aureus and Streptococcus faecalis

The Streptococcus faecalis strains available (FA2-2, FA373 and JH2-2) were all found to be resis­ 

tant to gentamicin, therefore selection for transconjugants between these strains and 8325[p8325- 

2] or 8325[p8325-4] could not be made using this antibiotic. As ethidium bromide (to which 

8325[p8325-2] is resistant) was not a suitable selective agent, it was not possible to determine if 

conjugal transfer occurred between 8325[p8325-2] and Strep, faecalis.

It was possible however, to test for conjugal transfer between Staph. aureus 8325[p8325-4] and 

Strep, faecalis FA2-2 and FA373 by selecting transconjugants using cadmium (to which 8325[p8325- 

4] is resistant) and fusidic acid. The standard conjugation experiment was carried out twice, selec­ 

tion for transfer being made on cadmium and fusidic acid plates at 120 and 25 //g/ml respectively. 

After 48 hours incubation no transconjugants were obtained on any of the selection plates.

The Strep, faecalis strain FA373 carries the pheromone-responding conjugal plasmid pAM373 

(Clewell et al, 1985). To determine if this plasmid was able to promote its own transfer to 

Staph. aureus, a conjugation experiment was performed in the normal manner between Strep, fae­ 

calis FA373 and Staph. aureus PSSOd.ero. Selection of transconjugants was made using tetracycline 

and erythromycin at 10 and 20 /ig/ml respectively. The experiment was performed twice but in 

neither case were transconjugants visible even after five days incubation. It was not possible to 

use the Staph. aureus recipients Bill Novr or 8325 Nov r as Strep, faecalis FA373 was resistant to 

novobiocin.
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6.6 Discussion

6.6.1 Mobilization

The conjugative plasmid p8325-2 was able to transfer to all the four recipients Bill Nov r , 

PSSOd.ero, 8325 Novr and 8325[pT181], The conjugative plasmid p8325-4 was not transferred to 

Bill Nov r or PSSOd.ero. This result is significant as in a control experiment it was found that the 

plasmid pT181 was transferred from 8325[pT181] to 8325 Novr at high frequency. As no known 

conjugative plasmid is present in 8325[pT18l] it is possible that transfer is due to transducing 

phage. The transfer of p8325-2 and p8325-4 to recipients 8325[pT18l] and 8325 Nov r cannot 

therefore be defined as being solely due to a conjugative system although this may play a second 

role. That the plasmid p8325-2 was transferred to Bill Novr and PSSOd.ero at high frequency 

whereas no transfer was detected between 8325[pT18l] and these recipients, provides substantial 

evidence for conjugal transfer of p8325-2. The strain PSSOd.ero was a poor recipient but a good 

donor, transferring p8325-2 to Bill Nov r at high frequency.

The system used to select transconjugants seems to affect the resistance patterns of the selected 

colonies. For example, when 8325[pT18l][p8325-2] was conjugated with Bill Novr and selection 

made on tetracycline, a medium conjugation frequency was observed and from 60 Tcr colonies 

tested, 58 were also Gmr . When selection was made on gentamicin, none of the transconjugants 

were resistant to tetracycline. A possible explanation is that gentamicin prevents establishment of 

pT181.

There was no evidence for the mobilization of chromosomal genes although transposon Tn55.7 

was transferred to Bill Novr in two examples. This was probably due to transposition to p8325-2 

from the chromosome of PSSOd.ero (Figure 6.4).

There is evidence that pT181 can be mobilized by p8325-2 from 8325[pT181][p8325-2] to the 

recipient Bill Nov r because, although pT181 was not transferred to Bill Novr from 8325[pT18l], 

it was transferred from 8325[pT181][p8325-2]. Transfer of pTISI in this system only occurred when 

selection was made on tetracycline and was usually associated with concomitant transfer of p8325-2. 

The plasmid pTISI was transferred in two cases without the simultaneous establishment of p8325- 

2 in the transconjugant. It is possible that in these cases transfer of p8325-2 had not occurred. 

This is not entirely unexpected since the E.coli plasmid ColEl is mobilized by tral mutants of the 

conjugative F plasmid which cannot transfer copies of themselves (see Hardy, 1986).
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The mobilization of ColEl requires a specific transfer origin and mobility genes that spec­ 

ify proteins necessary for ColEl conjugal DNA metabolism (Sherratt, 1986). The mo65 protein 

(mobility protein specified by gene 5) of 20 kd is thought to nick the DNA specifically at oriT 

(Figure 6.5). Comparison between this system and that of pT181 is interesting. The complete 

nucleotide sequence of pT181 (4437 bp) has now been determined and found to contain four open 

reading frames (Khan and Novick, 1983). Polypeptide A encodes the repC protein required for 

replication whereas polypeptides B and D are involved in tetracycline resistance (Figure 6.6). No 

function has, as yet, been assigned to polypeptide C although deletion of 1161 bp (including most of 

the C reading frame) had no effect on replication, stability, copy control or tetracycline resistance. 

It is interesting to speculate on the possibility of polypeptide C (23 kd) being involved in mobility; 

it may even correspond to the mo65 protein of ColEl since it is of similar size. To confirm this 

hypothesis, the deletion mutant plasmid could be tested for its mobilization.

It is possible that pT181 is not being mobilized by p8325-2 but is using the plasmid to "hitch­ 

hike" into Bill Nov r . This would involve it combining transiently with p8325-2 by site specific inter- 

molecular recombination due to the presence of homologous sequences on the two plasmids providing 

hotspots for recombination. Hitch-hiking is a phenomenon of phage transfer (Novick et al, 1981) 

and considering the possibility of phage involvement in the 8325[pT181] system, the co-transduction 

of these two independent plasmids may provide an alternative explanation to mobilization.

More evidence is needed for the mobilization of small elements by p8325-2. This could involve 

the construction of a range of strains carrying p8325-2 together with other plasmids, perhaps with 

more than one different plasmid in the cell. Tests could be made for the mobilization of a wide 

range of plasmids.

It would also be interesting to locate the region(s) of the p8325-2 plasmid involved in mobi­ 

lization. This could involve the construction of deletion mutants lacking the mobilization function 

which could then be mapped. It is thought in the case of the F plasmid that initiation of ColEl 

conjugal DNA synthesis results from an activation signal (Sherratt, 1986). Whether such a signal 

exists in p8325-2 is unknown.

Plasmid analysis of the three types of transconjugant strains (Gmr Nov rTcr , GmrNov rTc8 

and Gm8 NovrTcr ) showed that pT181 and/or p8325-2 had been transferred without detectable 

alteration in the DNA.
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Figure 6-5

The ColE1 mobility region.

rom

oriV oril

LJZJ

I 5 I5a]

250bp

The five presumptive mobility proteins and the transcripts 
that give rise to them are indicated. (SherratU986)
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Figure 6-6

Diagrammatic representation of pT181

B

Location of the origin and direction of replication 
are shown. The copy control region and four open 
reading frames coding for polypeptides A,B,C and D 
are also indicated. From Khan and Novick.1983.

144



The pattern of transfer to recipients is a function of the plasmid itself and is carried through 

a second round transfer. This was shown by the transfer of 8325[p8325-2]. The plasmid p8325-2 

was transferred to Bill Nov r at very high frequency but to PSSOd.ero at low frequency. The 

transconjugant strain PSSOd.ero[p8325-2] was transferred to Bill Novr at a high frequency; the 

frequency is therefore carried with the plasmid through a second round. Even if phage is involved, 

it must be carried with the p8325-2 plasmid through several rounds of transfer; the ability to 

conjugate is certainly associated with p8325-2.

6.6.2 Conjugation to Streptococcus faecalis.

It has been shown that the broad host range plasmids such as pAM^l from Streptococcus 

faecalis can be transferred to Staphylococcus aureus via filter membrane conjugation experiments 

(Engel et al, 1980; Schaberg et al, 1982). These plasmids can mobilize non-conjugative plasmids 

into Staph. aureus and can be transferred back to Strep, faecalis or to a second Staph. aureus strain 

(Schaberg et al, 1982). There is no evidence to date that sex pheromone responsive plasmids such 

as pAM72 can be transferred in the same way. The Strep, faecalis plasmid pAM373 was reported 

not to be able to establish in Staph. aureus (Clewell et al, 1985). The results of this survey are 

in agreement; no transfer was detected between Staph. aureus 8325[p8325-4] and Strep, faecalis in 

either direction, although it is possible that pAM373 and p8325-4 were transferred but were not 

able to become established in the new host

6.6.3 Sex pheromone activity.

Dunny et al (1979) found that the production of pheromone paralleled cell growth during the 

exponential phase but reached a maximum as the cells approached stationary phase. This activity 

then remained constant for several hours. It could be further stabilized by autoclaving after which 

no subsequent loss in activity was found even after storage for several weeks at 4°C. Autoclaving 

probably inactivates degradative proteolytic enzymes.

The results obtained in this survey similarly show no loss in pheromone-like activity after 

storage at 4°C and once the cells had reached exponential phase, slight variations in optical density 

made little difference to the activity of the filtrate. A reproducible test system was established in 

which the filtrate and responder cells were incubated together for 12 hours.

The sex pheromone system was investigated to determine if it was a feature of the conjugative 

Staph. aureus strains being studied. The ability to produce pheromone-like molecules seems to be
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a feature of Staph. aureus strains and is unrelated to their ability to conjugate and to whether or 

not they contain plasmids.

The finding that strains of Staph. aureus produce a substance that elicits a clumping response 

in Strep, faecalis is interesting and may be of significance in that streptococci and staphylococci 

are known to co-exist in some environments such as wounds. This phenomenon may be part of a 

much larger system of communication between staphylococci and a thorough investigation would 

constitute a major project in itself.

Filtrates from the strain Bill Nov r produce a stronger reaction in Strep, faecalis than filtrates 

from strain 8325 but it is not known if this is due to the production of a different molecule or if 

more of the same molecule is present. Nevertheless, strain Bill Nov r could be the best available 

starting point for an investigation of chemical signalling between strains of Staph. aureus. A filtrate 

of Bill Novr could be used to investigate the response of a large number of strains of Staph. aureus. 

In particular, it would be of interest to determine if the presence of any plasmids (such as p8325-2) 

altered the response of the bacteria since it is possible that in Strep, faecalis the determinant for 

aggregation substance is plasmid-borne (Dunny et al, 1979). The experiments could be repeated 

with filtrates from other strains of Staph. aureus.

Other questions that could be answered include:

1) Does Staph. aureus produce pheromone-like substances that can elicit responses from Strep, 

faecalis sensitive to other pheromones?

2) Does pAM373 regulate the production of the cAM373-like substance in Staph. aureus 1? Al­ 

though attempts to transfer Staph. aureus by conjugation were not successful, transformation 

should be tried.

3) Does Staph. aureus produce a binding substance related to that of Strep, faecalis described by 

Dunny et al (1979)?

4) Is there a network of communication between strains and species of staphylococci? If so, how 

far does it extend to other bacteria and what is its function?

Because the work to be reported in the next chapter was progressing well and because the 

questions to be answered would require extensive investigation, the study of sex pheromone activity 

was set aside as a separate project.
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Chapter 7

Transposon Mutagenesis as a Method for Locating Parts of Plasmid DNA

Involved hi Transfer

7.1 Introduction

The techniques of deletion analysis (Chapter 4) and cloning of restriction fragments (Chapter 5) 

had failed to identify the region(s) of plasmid DNA involved in conjugation. The results from these 

studies however, led to the speculation that more than one region of the genome was involved. It 

was therefore decided to pursue the investigation by using the technique of transposon mutagenesis.

Integration of a transposon into a coding region often results in a polar effect because tran­ 

scription (and translation) can terminate within the transposable genetic element resulting in the 

inhibition of expression of genes within the same operon downstream from the site of insertion. 

Deletion mutants can often be generated since the transposon can promote DNA loss adjacent to 

the site of integration and there is also the possibility of transposon-induced rearrangements. Care 

is therefore necessary in the interpretation of the data from mutants derived in this way.

There is an increasing number of reports describing the use of transposon mutagenesis to 

localize determinants. Lyon et al (1986) employed the technique to locate the pSKl-mediated 

resistance to trimethoprim in S.aureus using Tn5 whilst Hartley et al (1985) used the erythromycin 

resistance transposon Tn917 to map the conjugative transfer gene(s) of pVA797, a streptococcal 

plasmid. Mutagenesis of pCF-10 from Streptococcus faecalis with Tn917 was also used to localize a 

tetracycline resistance determinant and several regions involved in conjugal transfer (Christie and 

Dunny, 1986).

The transposon chosen for use in this study was Tu551, a 5.3 kbp class II transposon encoding 

resistance to erythromycin (Khan and Novick, 1980). The ends of the transposon consist of an 

inverted repeat of 40 bp flanked by a direct repeat of 5, placing it in the same class as TnS. The 

S.aureus transposon Tu551 occurs naturally on plasmid pI258 and is capable of rec-independent 

insertion into nonhomologous sites in the host chromosome or other plasmids (Novick et al, 1979). 

It causes insertional inactivation and local rearrangements (Novick et al, 1979).
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Tn55J has been used by Berger-Bachi (1983) to locate the methicillin resistance determinant 

on the chromosome of S.aureus and by Luchansky and Pattee (1984) to provide linkage data and 

map locations for markers on the S.aureus chromosome.

7.2 Construction of transposon mutants

Transposon mutagenesis was carried out on the gentamicin resistance conferring plasmids 

p8325-2 and p8325-4. The aim was to define the region(s) involved in transfer by forcing Tn551 to 

integrate into the plasmid genome and determining the conjugation frequency of resulting mutants. 

Insertion into regions involved in conjugation should affect the transfer frequency. The location of 

such regions could then be determined by analysing the position of Tn551 insertion.

The donor of transposon Tn551 was strain PS80d.ero[pI9789,seg-l.Int~A]. Revertant E, num­ 

ber 17 (Browne, 1985). She constructed this strain by transduction of PSSOd.ero (a S.aureus strain 

carrying Tn551 on the chromosome) to cadmium resistance by <£80 grown on PS80[pI9789,seg- 

l,Int~A]. This latter strain contains a plasmid (derived from pI9789) that is temperature sensitive 

for replication, carries a deletion of 7.4 kbp and confers resistance to cadmium ions (Browne, 1985). 

A transductant, designated PSSOd.ero [pI9789,seg-l, Int~A] was chosen, grown in CY-agar contain­ 

ing cadmium ions (cadmium acetate to 13/ig/ml). After growth at 42°C, only very few colonies 

grew. One of these was picked and called PS80d.ero[pI9789,seg-l,Int~A] Revertant E. Phage 80 was 

grown on this revertant and used to transduce erythromycin resistance to PS80N. A transductant 

designated PSSOd.ero [pI9789, seg-1, Int~A] Rev.E.17 was chosen. It is resistant to erythromycin, 

cadmium ions and was shown to carry a plasmid that is temperature sensitive for replication.

Analysis of the plasmid DNA from this transductant showed it to have the restriction map 

shown in Figure 7.1. Thus it is a plasmid, temperature-sensitive for replication, that carries Tn551.

The temperature sensitivity of the Int~A plasmid was useful as it allowed selection for the 

translocation of Tn551 into the gentamicin resistance conferring plasmids by heat inactivation of 

pint" A. A diagrammatic representation of the method used is given in Figure 7.2.

Plasmid DNA was prepared from PS80d.ero,[pI9789,seg-l,Int~A].RevE.No.l7 and transformed 

into 8325N[p8325-2). Erythromycin-resistant transformants were selected at 30°C and screened for
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Figure 7.2

Strategy for Transposon Mutagenesis.

Transformation of 8325-2 with 
PS80d.ero[pI9789, seg-l.Int~A] Revertant E. No.17 plasmid DNA (contains Tn55^)

Selection of gentamicin resistant, erythromycin resistant colonies at 30°C.

Pool Gmr Emr colonies and grow successively 
at 42°C to encourage transposition of Tn551

Plasmid DNA preparation

Transformation of S. aureus 8325N

Selection of Gmr Emr colonies

Plasmid DNA preparation from 
individual colonies

Determination of conjugation 
frequency

Determination of insertion 
position of Tn551
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gentamicin resistance. A total of 33 colonies were obtained, all of which were resistant to both 

gentamicin and erythromycin.

These 33 colonies were pooled, grown up and plasmid DNA prepared from the culture. The 

plasmid DNA was analysed on agarose gels after digestion with various restriction enzymes and 

compared with p8325-2 and pInt-A.RevE[::Tn55l] DNA (Figure 7.3). The pooled colonies did 

indeed contain the two plasmids although from the intensity of the DNA bands, the gentamicin 

resistance plasmid appeared to be present in greater amounts. Whether this was due to its higher 

copy number per cell or whether the smaller plasmid was not present at all in a proportion of 

transformants cannot be determined.

The Bgl II digestion is interpreted to show that Tn55J is inserted into p!nt~A.RevE in the 

orientation shown in Figure 7.1 and that there is a 1.8 kbp Bgl II fragment entirely from within 

the transposon.

The pooled 33 colonies were grown in CY-medium at 42°C, diluted 1 in 100 into CY medium 

containing 20//g/ml gentamicin and 10^g/ml erythromycin and grown for 5 hours at 42°C. The 

dilution and growth at 42°C were repeated six times. Since the plasmid carrying Tn551 is tem­ 

perature sensitive for replication, this procedure should select for transposition of Tn551 to some 

other replicon. This could be the chromosome or p8325-2.

Plasmid DNA was prepared from the resulting culture and used to transform S.aureus 8325N 

to erythromycin resistance. In the first experiment, 112 erythromycin-resistant transformants were 

selected and of these, 12 were also resistant to gentamicin. From a repeat transformation, using 

the same stock of plasmid DNA, 53 erythromycin-resistant transformants were obtained, of which 

14 were also resistant to gentamicin.

It is unlikely that both plasmids would be transformed into 8325N. It is more probable that each 

transformants contains only one plasmid (p8325-2[::Tn55^j), that is, p8325-2 with Tn551 inserted 

into it. Transformants that contained both plasmids (p8325-2 and p!nt-A.RevE[::Tn55^]) would 

be expected to be resistant to cadmium ions. All 26 were found to be sensitive to cadmium acetate 

and were therefore investigated to test whether they did indeed contain p8325-2[::Tn55^j.

The transformation of plasmid DNA from PSSOd.ero [pI9789, seg-1, Int~ A].Rev.E.No.l7 into 

8325N[p8325-4] was carried out six times without success. Two conjugation experiments were then
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Figure 7.3

Gel showing the presence of both plasmids p8325-2 and 
p!nt~A.RevE[::Tn55l] in pooled transformants

Lane Digestion Fragment sizes (kbp)

AH3

p8325/£coRI

p8325pIntTA.RevE 
[::Tn551]/EcoRl

p!nt~A.RevE 
[::Tn551}/EcoRl

p8325-2/£coRI

p8325-2p!nt~A.RevE 
[::Tn551]/EcoRV

p!nt~A.RevE 
[::Tn55l]/EcoRV

23.1 9.42 6.68 4.32 2.32 2.03 0.56

16.4 9.3 7.0 6.4 4.6 4.2 2.1

16.4 11.9 9.3 7.9 7.0 6.4 4.6 4.2 3.0 2.3 2.1

11.9

28.1 16.6

7.9 3.02.3

3.5 1.8

28.116.610.5 6.2 3.5 3.3 1.91.81.60.8

10.5 6.2 3.3 1.9 1.60.8

8

10

p8325Int~A.RevE 
[::Tn55l]/BgllI

plnt'A.RevE

15.2 15.0 3.8 3.5 3.4 2.7 2.0 1.5 1.4

15.215.0 7.2 6.6 5.4 3.8 3.53.53.42.72.01.81.51.40.7

7.2 6.6 5.4 3.5 1.8 0.7
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carried out between these strains producing a total of 700 and 917 transconjugants respectively 

(representing conjugation frequencies of 2.8 x 10~ 6 and 3.7 X 10~ 6 transconjugants per recipi­ 

ent). The transconjugants from each conjugation were pooled separately and grown successively at 

42°C as described above for p8325-2. Plasmid DNA was prepared from the resulting growth and 

each used to transform 8325N to erythromycin resistance in two separate transformation experi­ 

ments. Although 23 erythromycin-resistant transformants were obtained from the first experiment, 

none were resistant to gentamicin. No transformants were obtained from the second transforma­ 

tion. Plasmid DNA from p!nt~A.RevE[::Tn55J] was again transformed into p8325-4, resulting 

this time in 48 erythromycin-resistant transformants of which 15 were also resistant to gentamicin. 

These transformants were pooled, grown successively at 42°C and plasmid DNA prepared from 

the resulting growth. This DNA was used on two separate occasions to transform 8352N but no 

erythromycin-resistant transformants were obtained.

7.3 Characterization of the mutants

Plasmid DNA was prepared from each of the 26 mutants and analysed for the position of 

Tn551 insertion by digestion with each of the restriction enzymes Eco RI, Bgl II, Nco I, Pvu II 

and Xba I. Fragments were sized by agarose gel electrophoresis and compared with similar digests 

of the parental plasmid. The mutant plasmids have been designated 2-1 to 2-26.

Initially the particular restriction enzyme fragment into which Tn55i had inserted was de­ 

termined for each enzyme. The results are given in Table 7.1. The fragments have been named 

alphabetically in decreasing order of size, thus fragment A is the largest fragment in each case. 

Comparison with the map for p8325-2 (Figure 4.2) and correlation of the limits of insertion for 

each enzyme allows a more precise limitation to be placed upon the site of each insertion (given in 

the last column of Table 7.1). Insertions with the same limits have been grouped together and the 

mutants ordered by their map unit limits.

Each mutant was then mapped more precisely by sizing each restriction fragment resulting 

from its digestion by each of the three restriction enzymes; Bgl II, Nco I and Xba I. As Tn551 

contains no Eco RI or Pvu II sites, digestion with these enzymes only identifies the fragment into 

which the transposon is inserted.

The position of the two Bgl II sites within Tn551 are known to be 2.8 kbp and 0.5 kbp from 

the ends giving a middle fragment of 2.0 kbp (Browne, 1985). The analysis of Tn55^ reported
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Table 7.1

Table showing the particular restriction fragment into which Tu551

has inserted in each mutant

Name of 

mutant

2-18

2-3,2-16,2-20

2-4

2-24

2-13

2-5

2-19

2-26

2-6 
(A 3.7 kbp) 

2-7, 2-12

2-21

2-15

2-1, 2-17 
2-22, 2-23

2-14

2-2

2-11

2-8, 2-10

2-9

2-25

Restriction fragment affected

EcoRI

A

A

A

A

A

E

E

E

B,E 

B

B

B

B

B

B

B

F

D

D

Pvutt

C

A

A

A

A

A

A

A

A,E,F 

A

A

A

F

E

E

B

B

C

C

BgKL

B

B

B

I

D

A

A

A

A 

A

A

A

A

A

A

A

E

B

B

Ncol

D

D

D

A

A

A

A

A

A 

A

A

A

A

A

A

C

C

E

E

Xbal

A

A

A

C

C

B

B

B

B 

B

B

B

B

B

B

—

D

A

A

Limits 

(map units)

0.3-4.3

} 4.3-5.8

7.5-8.9

10.9-14.4

>

• 16.4-21.0

,

16.4-25.7

21.0-21.7

t

21.7-23.1

} 23.1-25.7

25.7-29.9

30.3-31.9

\
I 45.2-50.0
j

154



here gives the central piece a size nearer to 1.8 kbp and so this value will be used. The overall 

size of Tn551 is 5.3 kbp so the Bgl II sites are taken as 2.9 kbp and 0.6 kbp from the ends of the 

transposon.

7.3.1 Mapping

a) Nco I site.

In every case where Tn551 has inserted into p8325-2, analysis shows that one of the Nco I 

derived bands disappears when the digested DNA is analysed and two new bands appear. There 

is therefore a single Nco I site within Tu551.

For mutant 2-21 it is known that the insertion is between map units 21.0 and 21.7 and within 

the Nco I A band (Table 7.1). Digestion of 2-21 plasmid DNA results in two new Nco I derived 

bands of 17.4 and 7.8 kbp. The Nco I A band extends from map units 5.8 to 25.7. Therefore the 

minimum distance from the left-hand end of the transposon is:

17.4 (a band derived from digestion of mutant 2-21) minus the sum of 15.2 (the distance 

between map units 5.8 and 21.0) and 0.7 (the distance between map units 21.0 and 21.7)= 1.5.

The Nco I site is at least 1.5 kbp from the left-hand end of Tn551. Similarly, the minimum 

distance from the right-hand end can be calculated as 7.8 (the other band derived from the digestion 

of 2-21 plasmid DNA) minus the sum of 4.0 (the distance between 21.7 and 25.7) and 0.7 (the 

distance between 21.0 and 21.7)=3.1. The Nco I site in Tn551 is at least 3.1 kbp from the right- 

hand end of the transposon.

For mutant 2-21, the position of the insertion o Tn55^ is between 21.0 and 21.7 map units. 

Digestion of mutant 2-12 plasmid DNA results in two "new" fragments of 18.3 and 6.9 kbp. The 

Nco I A band lies between 5.8 and 25.7 map units. Therefore, as before, the minimum distance of 

the Nco I site from the ends of Tn55J are:

18.3- (15.2+ 0.7) = 2.4

and

6.9- (4.0+ 0.7) = 2.2

155



Comparison of the minimum figures for mutant 2-21 of 3.1 and 1.5 with those for mutant 2-12 

of 2.4 and 2.2 allows the conclusion that the 5.3 kbp transposon Tn551 is cut by Nco I at a site 

3.1 kbp from one end and 2.2 kbp from the other.

The same calculations have been done for all the other mutants and are all consistent with the 

stated Nco I map position.

b) Xba I site.

Again, analysis of the mutant digestions indicates that there is a single Xba I site within Tn551.

For mutant 2-21 in which Tn551 is inserted within the Xba I B fragment (map coordinates 

15.6-29.2), Xba I cuts the mutant plasmid DNA to give new pieces of 12.1 and 6.8 kbp. It is kn wn 

that the site of Tn551 insertion must lie between 21.0 and 21.7 map units (Table 7.1), therefore 

the Xba I site within the transposon must lie at least:

6.8 - (5.4 + 0.7) = 0.7 

from one end and

12.1- (7.5 + 0.7) = 3.9 

from the other end.

For mutant 2-3 in which Tn55i is within the Xba I A fragment (coordinates 35.8 and 6.6) 

Xba I cuts the mutant plasmid DNA to give pieces of 19.2 and 6.3 kbp. For this mutant, the site 

if insertion is between 4.3 and 5.8 map units so that the Xba I site must be at least:

6.3 - (0.2 -f 1.5) = 4.6 kbp from one end.

From the results with mutants 2-12 and 2-3, it is possible to predict that the Xba I site is 4.6 kbp 

from one end of the transposon and 0.7 kbp from the other end.

All remaining mutants were analysed and the results are consistent with the predicted Xba I 

site within Tn551.
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c) Orientation of the sites.

Using the data from mutant 2-21, it is known that the Nco I site is 2.2 kbp from the left-hand 

end of the transposon and the Xba I site is 0.7 kbp from the same end. This allows a restriction 

map of Tn551 to be constructed (Figure 7.4). The orientation in which Tn551 has been drawn 

has been designated orientation A. The opposite orientation is termed B.

This data was then used to determine more accurately the positions of the insertions and, in 

most cases, the orientation of the transposon. The results from this detailed analysis of each mutant 

are given in Table 7.2. All possible positions of Tn55.7 insertion within each mutant are shown for 

each restriction enzyme. In each case, the values corresponding to the two orientations have been 

separated. The values for Tn551 in orientation B are given first in each case and these are aligned 

across the table for each enzyme. The orientations are all in agreement with the restriction map 

ofTn55i (Figure 7.4).

7.3.2 Characterization of mutants 2-3 and 2-24.

Examples of gels from two mutants (2-3 and 2-24) are shown, together with the fragment sizes, 

in Figures 7.5 and 7.6. these two mutants have been chosen to illustrate the method by which the 

position of insertion was determined. Diagrammatic representations of the method of calculation 

of the points of insertion are given in Figures 7.7 and 7.8 (for 2-3 and 2-24 respectively).

In mutant 2-3 (Figure 7.5 and 7.7) Tn551 is inserted into Bglll.B (15.0 kbp) to give pieces 

of 12.5, 6.0 and 1.8 kbp. The map positions of the ends of Bglll.B in p8325-2 are 42.5 and 7.5. 

From the Bglll digestion, the ends of the transposon can be at map positions 42.5 + (6.0 - 0.6) = 

47.9 or [42.5 -I- (12.5 — 0.6)] — 50 = 4.4 if Tn551 is in one orientation (designated orientation B). 

Alternatively, if Tn551 is inserted in the opposite orientation (orientation A) then the map positions 

can be [42.5 + (12.5 - 2.9)] - 50 = 2.1 or 42.5 + (6.0 - 2.9) = 45.6.

Mutant 2-3, is inserted into Nco I.D (map positions 0.3 to 5.8 kbp). Digestion results in "new" 

fragments of 4.4 and 6.4 kbp. Thus the possible sites of Tn551 insertion are 0.3+(4.4-2.2) = 2.5 or 

0.3-f (6.4-2.2) = 4.5 if Tn551 is in one orientation and 0.3+(4.4-3.1) = 1.6 or 0.3+(6.4-3.1) = 3.6 

if Tn55^ is inserted in the opposite orientation.

The transposon is inserted into Xba fragment.A (map positions 35.8 to 6.0). Digestion results 

in "new" fragments of 19.2 and 6.3 kbp. As the Xba I site is 0.7 and 4.6 kbp from the ends of
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Figure 7-

Restriction enzyme map of the transposon
Tn557

Orientation A (0——50kbp on p8325-2 map)

29———-4—• 1- 8——H>6-

kbp ? 1 ?

3-1———— -0-7-

-2-2-
•4-6———————-

7 A/co I
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Table 7.2 Table showing all possible positions of Tu551 insertion 

within each mutant (in map units)

Name of Mutant

2-18

2-3, 2-16, 
2-20

2-4

2-24

2-13

2-5

2-19

2-26

2-6 
(A 3.7 kbp)

Restriction enzyme used for digestion.

EcoTtl

0-16.4

0-16.4

0-16.4

0-16.4

0-16.4

16.4-21.0

16.4-21.0

16.4-21.0

16.4-30.3

BglU

4.8 
47.5

2.5 
45.2

4.4 
47.9
2.1 

45.6

5.8 
46.7
3.5 

44.4

8.7

7.7

11.5

13.8

22.9 
24.4
20.6 
22.1

22.3 
25.0

20.0 
22.7

21.8 
27.0

19.5 
24.7

19.9 
23.7
17.6 
21.4

Ncol

3.5

2.6

2.5 
4.5
1.6 
3.6

1.4 
5.6
0.5 
4.7

9.1 
23.3
8.2 

22.4

14.1 
18.3
13.2 
17.4

11.5 
20.9
10.6 
20.0

11.3 
21.1

10.4 
20.2

12.2 
20.2

11.3 
19.3

10.1 
19.6

8.2 
18.7

Xbal

5.8 
39.9
1.9 

36.0

4.3 
41.4
0.4 

37.5

4.6 
41.1
0.7 

37.2

11.4 
14.1
7.5 

10.2

7.2

14.4

24.3 
24.5
20.4 
20.6

23.8 
24.9
19.9 
21.0

20.5 
28.2
16.6 
24.3

20.2 
24.8

16.3 
20.9

PvuU

44.7-4.3

4.3-21.7

4.3-21.7

4.3-21.7

4.3-21.7

4.3-21.7

4.3-21.7

4.3-21.7

4.3-25.7
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Table 7.2 (cont.)

Name of Mutant

2-7, 2-12

2-21

2-15

2-1, 2-17, 
2-22, 2-23

2-14

2-2

2-11

2-8, 2-10

2-9, 2-25

Restriction enzyme used for digestion.

EcoTLl

21.0-30.3

21.0-30.3

21.0-30.3

21.0-30.3

21.0-30.3

21.0-30.3

21.0-30.3

30.3-34.5

43.6-50.0

BglU

23.6 
23.7
21.3 
21.4

21.8 
25.5
19.5 
23.2

19.9 
27.4
17.6 
25.1

23.0 
24.3
20.7 
22.0

22.2 
25.8
19.9 
23.5

21.8 
25.5
19.5 
23.2

15.4

29.6

31.8

31.4

3.7 
48.6

1.4 
46.3

Ncol

10.3 
22.1
9.4 

21.2

11.4 
21.0
10.5 
20.1

10.3 
22.1
9.4 

21.2

9.8 
22.6
8.9 

21.7

8.3 
24.1
7.4 

23.2

8.4 
24.0
7.5 

23.1

28.1 
30.4
27.2 
29.5

26.8 
31.7
25.9 
30.8

48.0 
48.4
47.1 
47.5

Xbal

23.7 
25.0
19.8 
21.1

21.7 
27.0
17.8 
23.1

21.5
27.2
17.6 
23.3

22.7 
26.0
18.8 
22.1

21.3 
27.4
17.4 
23.5

21.5 
27.2
17.6 
23.3

no data 
available

31.8

34.2

46.1 
49.6
42.2 
45.7

PvuU

4.3-21.7

4.3-21.7

4.3-21.7

21.7-23.1

23.1-25.7

23.1-25.7

25.7-35.6

25.7-35.6

44.7-4.3

Note' The figures corresponding to orientation B are given first for each mutant.
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Figure 7.5

Gel showing the restriction enzyme digestions

of mutant 2-3

Lane Digestion Fragment sizes (kbp)

8

10

11

AH3

p8325-2/£coRI

p8325-2/£<7/II

2-3/5(7/11 

p8325-2/JVcoI

2-3/NcoI 

p8325-2/Ar6aI

2-3/X&aI 

p8325-2/PvuII

2-3/PvuII

23.1 9.42 6.68 4.32 2.32 2.03 0.56

16.4 9.3 7.0 6.4 4.6 4.2 2.1

21.7 9.3 7.0 6.4 4.6 4.2 2.1

15.2 15.0 3.8 3.5 3.4 2.7 2.0 1.5 1.4

15.212.5 6.0 3.8 3.5 3.4 2.72.01.81.51.4

19.9 11.0 6.2 5.5 5.1 2.3

19.9 11.0 6.4 6.2

20.2 13.6 9.6 6.6

19.2 13.6 9.6 6.6 6.3

17.4 9.9 9.6 9.1 2.6 1.4

22.7 9.9 9.6 9.1 2.6 1.4

5.1 4.4 2.3
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Figure 7.6

Gel showing the restriction enzyme digestions

of mutant 2-24

Lane

1

2

3

4

5

6

7

8

9

10

11

Digestion

AH3

p8325-2/£c0RI

2-24/£coRI

p8325-2/50/II

2-24/5^/11

p8325-2/Arco!

2-24/TVcoI

p8325-2/JSf&aI

2-24/^aI

p8325-2/PvuII

2-24/PvuII

Fragment sizes (kbp)

23.1 9.42 6.68 4.32 2.32 2.03 0.56

16.4 9.3 7.0 6.4 4.6 4.2 2.1

21.7 9.3 7.0 6.4 4.6 4.2 2.1

15.2 15.0 3.8 3.5 3.4 2.7 2.0 1.5 1.4

15.215.0 3.8 3.5 3.4 3.1 2.72.01.81.81.5

19.9 11.0 6.2 5.5 5.1 2.3

19.7 11.0 6.2 5.5 5.5 5.1 2.3

20.2 13.6 9.6 6.6

20.2 13.6 8.8 6.6 6.1

17.4 9.9 9.6 9.1 2.6 1.4

22.7 9.9 9.6 9.1 2.6 1.4
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Figure 77
Diagram showing all possible insertions of 

Tn557 within mutant 2-3

(a) £a?RIA (16-4)
(b) PvuTL A (17-4)
(c) Bgl II B (15-0)

21-7 .
22-7 
12-5+6-0+1-8

(42-5) 06

9-6

6-0 12-5

Positions: 42-5+(6-0-0-6)=4?9 
or [42-5+(12-5-0-6)]-50=4-4

Orientation B

(42-5)
0-6

11-9
Orientation A

6-0 12-5

Positions: 42-5+(6-0-2-9) =
or [42-5+(12-5-2-9)]-50=21
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Figure 7-7(cont.)

(d) A/coID 6-5) — 6-4+4-4

(0-3)

Orientation B
Positions: 03+(4-4-2-2) = 2-5 

or 0-3+(6-4-2-2)=4-5

Orientation A
Positions: 0-3+(4-4-3-1) =1-6 

or 03+(6-4-3-1) = 3-6

(e) Xbalk (20-2) 19-2+6-3

(35-8) 7

5-6 U-6

6-3 19-2
Positions.- 35-8+(6-3-0-7)=41-4 

or [35-8+(19-2-0-7)]-50 =

Orientation B

(35-8) 07

18-5

l
Positions: 35-8 + (6-3-4-6) =3? 5

or [35-8+(19-2-4-6)]-50=0-4

Orientation A
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Figure 7-8

Diagram showing all possible insertions of 
Tn557 within mutant 2-24

(a) froRIA (16-4)

(b) PwyllA 117-4)
(c) BglTLl (1-4)

21-7

22-7

31+1-8+1-8

(7-5)

1-B

1-8

2-9

3-1

0-2

Position: 7-5+(1-8-0-6)=8-7

Orientation IB

0-2 0-6

2-9 1-8

3-1 1-8

Position: 7-5+(31-2-9)= 7-7

Orientation A
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Figure 7-8(cont.)

(d) A/co IA (19-9) 19-7*5-5

(5-8)

22fe~
5-5 197

Positions: 5-8+(5-5-2-2)=9-1 
or 5-8+(19-7-2-2)=23-3

(5-8)

175

5-5 197

Positions: 5-8+(5-5-3-1)=8-2 
or 5-8+(19-7-3-1)=22-4

Orientation B

9
d Orientation A

(e) Xbalc (9-6) 8-8+6-1

(6-0)
5. 4-2

6-1 88

Positions: 6-0+(6-1-0-7)=1U 
or 6-0+(8-8-0-7)=14-1

(6-0) 07

8-1

6-1 88

Positions: 6-0+(6-1-4-6)=7-5 
or 6-0 + (8-8-4-6)=10-2

Orientation B

Orientation A
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Tn551, the possible sites of insertion are [35.8 + (19.2 - 0.7)] - 50 = 4.3 or 35.8 + (6.3 - 0.7) = 41.4 

if Tn55^ is in one orientation and [35.8 + (19.2 - 4.6)] - 50 = 0.4 or 35.8 + (6.3 - 4.6) = 37.5 if 

Tn55J is inserted in the opposite orientation.

From Eco RI and Pvu II data, the insertion must lie between map units 4.3 and 16.4 (Eco.A 

and Pvu A). The only possible Xba I position is therefore at 4.3 map units. This corresponds to 

orientation B (arbitrarily assigned) with the Xba I site 0.7 kbp from the left-hand end of Tn551. 

The Nco I and Bgl II insertion sites which most closely fit this data are at map positions 4.5 and 

4.4 respectively. These correspond to site at 2.2 and 0.6 kbp from the left-hand end of Tn55L 

These positions can therefore be assigned as orientation B and confirm the map of Tn55^ shown 

in Figure 7.4. The orientation of Tn55^ insertion was designated for as many mutants as possible 

and the data used to confirm the map of the transposon.

The gel used for the analysis of Tn55.7 insertion within mutant 2-24 is given in Figure 7.6 and 

the calculation shown diagrammatically in Figure 7.8.

For each mutant, the most probable site of transposon insertion for each enzyme was chosen 

and from these three results, an average value was calculated. The results are given in Table 7.3 

together with the range of insertion for each mutant and its orientation. These results are also 

plotted under a map of p8325-2, shown in Figure 7.9.

7.4 Conjugation of the mutants

A conjugation experiment was performed between each of the 26 mutants and the recipient 

Bill Nov r . A total of 11 experiments were performed (referred to as A-K) and in each case the 

conjugation frequency between 8325[p8325-2] and Bill Novr was calculated as a control. The results 

of these experiments are given in Table 7.4 and also on Figure 7.9. The experiment number in which 

each transfer was performed is given together with the actual number of transconjugants counted 

on two selection plates. This is followed by a column showing the conjugation frequencies. The 

fifth column lists the actual number of transconjugants from p8325-2 in the same experiment and 

this enables the ratio of the control conjugation to the mutant conjugation to be calculated (sixth 

column). In certain cases, the conjugation was performed several times so an average ratio is given.

The conjugation results have been classified into five groups according to the level of conjuga­ 

tion:
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Table 7.3

Table showing the most probable points of insertion and orientation

for each mutant

Name of 
mutant

2-18

2-3, 2-16, 2-20 
2-4

2-24
2-13
2-6

2-19
2-5

2-26

2-7, 2-12 
2-15
2-21

2-1, 2-17, \ 
2-22, 2-23 J

2-2
2-14
2-11

2-8, 2-10 
2-9, 2-25

Orientation

A
B 
B
A
A
B

A
A
B
A 
B
B
A 
B
A
A
A
B
A 
B

Insertion position (map units)

BglU Ncol Xbal

2.5 2.6 1.9
4.4 4.5 4.3 
5.8 5.6 4.6

7.7 8.2 7.5
13.8 13.2 14.4
19.9 19.6 20.2

20.0 20.2 19.9

20.6 20.0 20.6
21.8 20.2 20.5
21.3 21.2 21.1 
19.9 22.1 21.2
21.8 21.0 21.7
22.0 21.7 22.1 
23.0 22.6 22.7
23.2 23.1 23.3
23.5 23.2 23.5
29.6 29.5 —
31.8 31.7 31.8
46.3 47.1 45.7 
48.6 48.4 49.6

Average value 
and range

2.3 ±0.4
4.4 ±0.1 
5.3 ±0.7

7.8 ±0.4
13.8 ±0.6
19.9 ±0.3 
23.6 ±0.3
20.0 ±0.2

20.4 ±0.2
20.8 ±1.0
21.2 ±0.1 
21.2 ±1.3
21.5 ±0.5
21.9 ±0.2 
22.8 ±0.2
23.2 ±0.1
23.4 ±0.2
29.6 ±0.1
31.8 ±0.1
46.4 ± 0.7 
48.9 ±0.7
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Figure 7.10

Gel showing mutant plasmid transfer 

to Bill Novr

Lane Digestion Fragment sizes (kbp)

4

5

6

7

8

9

10

AH3

8325[p8325-2]/50/II 

8325Novr [p8325-2]/5<7/II

8325[p2-l]/5y/II 

8325Novr [p2-l]/#0/II

8325[p2-2]/50/II 

8325Novr [p2-2]/#0/II

8325[p2-5]/50ai 

8325Novr [p2-5]/£y/II

AH3

23.1 9.42 6.68 4.32 2.32 2.03 0.56

15.2 15.0 3.8 3.5 3.4 2.7 2.0 1.5 1.4

15.2 15.0 3.8 3.5 3.4 2.7 2.0 1.5 1.4

15.0 10.0 8.7 3.8 3.5 3.4 2.7 2.0 1.8 1.5 1.4

15.010.0 8.7 3.8 3.5 3.4 2.72.01.81.51.4

15.011.2 7.5 3.8 3.5 3.4 2.72.01.81.51.4

15.0 11.2 7.5 3.8 3.5 3.4 2.7 2.0 1.8 1.5 1.4

15.0 10.1 8.6 3.8 3.5 3.4 2.7 2.0 1.8 1.5 1.4

15.0 10.1 8.6 3.8 3.5 3.4 2.7 2.0 1.8 1.5 1.4

23.1 9.42 6.68 4.32 2.32 2.03 0.56
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none (ratio oo) 

very low (ratio of 50-3000) 

low (ratio of 4-10) 

normal (ratio of 1-2) and 

high (ratio of <1).

Plasmid DNA was prepared, where possible, from a selected transconjugant from each of the 

conjugations. Each was digested with Bgl II and run alongside similarly digested parental mutant 

DNA to determine if exact transfer had occurred. The results of one such gel showing the transfer 

of 2-1, 2-2 and 2-5 are given in Figure 7.10. The transfer of mutant plasmids occurred without 

detectable alterations of the DNA in every case.

7.5 Discussion

Mapping of the Tn551 insertion mutants within p8325-2 helped confirm the previously derived 

restriction enzyme map with respect to the enzymes Bgl II, Eco RI, Nco I, Pvu U and Xba I. The 

position of insertion could be best defined using the enzymes Bgl II, Nco I and Xba I as these contain 

sites within TN551 itself. Although the two Bgl II sites within the transposon were already known 

(Browne, 1985) it was possible to map the single Nco I and Xba I sites on the basis of the data 

obtained in this survey.

As Tn551 can insert in one of two possible orientations and because some fragments are large, 

there are often four possible insertion sites. If insertion is near the end of a fragment however, there 

are only two possible sites. The results from Eco RI and Pvu II digests were used, where possible, 

to discard any of the four sites from the other enzymes. The orientation of the transposon could 

be determined in all but six insertions. These were used to determine the most probable insertion 

position on the basis of the positions which most closely correlated from each of the enzymes 

Bgl II, Nco I and Xba I. It must be emphasized that the map position given for each mutant 

is an average value only. Certain discrepancies will occur due to errors inhere nt in restriction 

mapping by agarose gel electrophoresis and for this reason, a range has been given for each mutant.
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Considering the relatively large size of the restriction fragments to be sized, the limits of insertion 

are relatively narrow.

Insertion of Tu551 into certain positions within p8325-2 affected the conjugation frequency 

and from this it can be tentatively concluded that such regions are involved in conjugal transfer. 

More than one region of the p8325-2 genome is involved in the process.

Insertion of Tn551 into the area between map units 20 and 23 either abolished or considerably 

reduced the conjugation frequency. On the basis that this region is involved in conjugation it has 

been designated region " Tra F. Another area of the genome into which certain insertions abolished 

conjugation and others reduced it to a minimum was between 45.7 and 6.0 map units (10.3 kbp). 

This region has therefore been designated " Tra II". These regions are separated by areas in which 

insertions caused no apparent effect on conjugation. The regions Tra I and Tra II are therefore 

most probably separate operons.

It is possible of course that there are more distinct operons involved but that no insertions 

occurred within them. It is also possible that the area designated u Tra IF is infact two or more 

operons as mutants 2-9 and 2-25 are relatively well separated from mutants 2-3, 2-4, 2-16 and 

2-20. Christie and Dunny (1986) obtained 50 insertions of Tn917 within the Streptococcus faecalis 

plasmid pCF-10 (58 kbp) and were able to map nine distinct Tra regions.

The conjugation frequencies obtained with the 26 mutants could be broadly classified into five 

classes. In eight mutants transfer was abolished but in nine transfer was extremely low and in two 

(2-12 and 2-19) transfer was slightly higher but still greatly reduced compared with that of the 

parental plasmid. It is possible that these insertions are close to the boundary of the actual region 

involved in transfer and affect the transfer to varying extents, depending upon their distance to 

the operon.

It is interesting that when Christie and Dunny (1986) used TnPi7 to localize transfer regions 

in pCF-10, they also reported partial loss of transfer at the boundaries of a Tra region. Mutations 

within such regions however resulted in a completely transfer-negative phenotype. The area en­ 

closed by the Tra region and its boundary was less than 1.5 kbp and the partial effect on transfer 

extended about the same distance each side of the transfer region, perhaps due to two similar or 

identical operons transcribed in opposite directions from within the Tra region.

174



From the data obtained during this survey, it is not possible to predict whether a similar 

system exists in p8325-2; a far greater number of insertions would have to be mapped to confirm 

such a hypothesis.

Although transposon mutagenesis is a valuable technique in the determination of regions in­ 

volved in any one event, insertion of a transposon into an operon may affect the expression of 

more than one gene as transcription can be terminated within the transposon, therefore due to the 

pleiotropic effect of the insertion mutants it is difficult to interpret the changes in phenotype and 

to ascribe an effect to inactivation of a particular gene. Results from this study can therefore only 

be interpreted on the basis that at least two operons are involved in the conjugal transfer process.

There are several effects that insertion of Tn551 into the p8325-2 genome may have on tran­ 

scription/translation:

1) Tu551 may have a stop signal in one or both orientations

2) the transposon may have a promoter in one or both orientations

3) there may be no effect on transcription/translation.

Unfortunately little is known about the genomic structure of Tn551 so its effect in this respect 

is unknown. It is possible that it possesses a low level promoter, transcription from which results 

in the low level of transfer obtained from certain mutants especially within the Tra II region. 

Whether the orientation in which it has inserted is important is also speculative. It is possible that 

it has inserted in one particular orientation (designated B) in all mutants in which conjugation was 

abolished and in the opposite orientation (designated A) in most examples where transfer occurred 

at a normal rate. It has not however, inserted in any one particular orientation in the mutants 

where there is a very low transfer frequency.

Mutant 2-2 (map position 23.2 ± 0.1) resulted in a normal transfer frequency whilst mutant 

2-14 (map position 23.4 ±0.2) produced a very low transfer rate. It is possible therefore that these 

mutants lie very close to the boundary of the transfer region; mutant 2-2 may be inserted at 23.3 

whilst 2-14 is inserted at 23.2. If this mapping was correct, this would define the boundary of the 

Tra I region as between map units 23.2 and 23.3.
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Mutant 2-5 which exhibits a normal conjugation phenotype has inserted within the TVa I region 

between other mutants which greatly reduce the conjugation frequency. The region designated Tra I 

may actually consist of more than one operon or mutant 2-5 may have inserted into an intercistronic 

region, that is, into a non-essential coding region of the operon, between genes. This region could 

be very small.

Insertion of Tn55^ into map position 7.8 ± 0.4 resulted in a mutant (2-24) which gave an 

enhanced frequency of conjugation compared with the parental plasmid. In this example, Tn557 

may have inserted into a control region for conjugation. Such a region would normally depress 

transfer; insertion into the gene/s involved abolishes or reduces the control. Asch et al (1984) 

also report such a region on the self-transmissible S.aureus plasmid pCRGlGOO. Christie and 

Dunny (1986) found six separate regions on the Streptococcus faecalis plasmid pCF-10, insertion 

into which lead to enhanced levels of transfer. Cells carrying these mutant plasmids differed in 

colony morphology or growth in broth from cells carrying the parental plasmid. No such change 

was observed for mutant 2-24. It is possible that Tn551 has not inserted into a control region but 

is using a high level promoter of its own to activate an operon of p8325-2 involved in the conjugal 

process.

Insertion of Tn551 at map position 19.9±0.3 was accompanied by a deletion of about 3.7 kbp 

extending towards the right-hand end of p8325-2. As drawn in Figure 7.9, it is also possible that 

Tn55J has inserted at (19.9 + 3.7) = 23.6 map units creating a deletion of 3.7 kbp, towards the left. 

However, as mutant 2-2 results in a normal transfer frequency (mutant 2-6 results in no transfer) 

and would lie to the left of 2-6 if the deletion were to the left, the most likely position of insertion 

into 2-6 would be at 19.9 kbp with the deletion to the right.

Although deletions are known to be a consequence of the excision of transposons it is not 

thought that they occur as a concomitant of insertion (Novick et al, 1979). The insertion of 

Tn551 into p8325-2 reported in this study appears to be one such example. It is possible that 

p8325-2 normally carries a transposon of 3.7 kbp within this region. The ends of this transposon 

may have homology with those of Tn551 making them recombinogenic. In the case of mutant 

2-6, a recombination event between the two transposons may have caused the insertion of Tn551 

accompanied by the deletion of the original transposon.

It is evident (Figure 7.9) that the insertion points of the 26 mutants are not randomly dis­ 

tributed around the plasmid genome but that the transposon has inserted into "preferred sites" or
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"hotspots". One such site lies between 19.9 and 23.4 map units, within which, the transposon has 

inserted 14 times. Although this area represents only 7 per cent of the total genome, it contains 54 

per cent of the total insertions. A second "preferred insertion area" appears between 2.3 and 7.8 

map units, representing 11 per cent of the genome, into which 23 per cent of the insertions have 

occurred. There are no insertions however, between 31.8 and 46.4 map units (29 per cent of the 

genome) or between 13.3 and 19.9 map units (13 per cent of the genome).

Cloning experiments (Chapter 5) revealed that the gentamicin resistance determinant/s lies 

on Bgl II fragment D (between 10.9 and 14.4 map units). Since selection was made for gentamicin- 

resistant transformants, insertions into the gentamicin resistance determinant would not be screened 

for. Therefore insertions within this area would not be detected. Any insertions which occurred 

within the ori V region (position unknown) would also not be selected for, as the plasmid could not 

be maintained without a functional origin of replication. These regions are probably comparatively 

small however compared to at least 42 per cent of the p8325-2 genome that contains no insertions. 

It is known that only a small region of ColEl (about 580 bp) is essential for replication (see Hardy, 

1986) and not more than 3.5 kbp are needed to confer gentamicin resistance (Chapter 5).

DNA sequencies differ in thir readiness to act as target sites for a particular transposon so 

although a transposon can usually be inserted at one of a large number of positions, such sites may 

not be randomly distributed at the nucleotide level. For example, in the transposition of TnP into 

the terminal 160 bases of the E.coli lac Z gene, 28 independent transpositions were detected; 16 

positions observed but five were represented by multiple occurrences of insertion.

It is interesting that the clustering of Tn55^ insertions into p8325-2 appears to be within 

the two regions involved in conjugation. This transposon may have a hotspot within the operons 

involved in transfer. As discussed above, p8325-2 may carry a transposon inserted within the Tra I 

area (19.9 to 23.4 map units). If this transposon had homologous ends to Tn55J this would provide 

a region of homology for transposition creating a hotspot for insertion as well as explaining the 

3.7 kbp deletion in mutant 2-6 if insertion was accompanied by deletion of the original transposon.

Certain mutants were indistinguishable. For example, mutants 2-3, 2-16 and 2-20 all mapped 

at 4.4 ± 0.1 map units. Similarly, mutants 2-1, 2-17, 2-22 and 2-23 all mapped at either 21.9 ± 0.2 

or22.8 ± 0.2 map units. From the 26 mutants obtained, 13 mapped at the same site as another, 

providing more evidence for the clustering of insertions. Each mutant was created by an independent 

insertion of Tn55Jf into p8325-2. It would not have been possible in the time available during the
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transformation reaction for insertion into a particular site to be followed by cell division prior to 

the plating out and selection for transformants. Also, two transformation experiments were carried 

out, therefore, many of the mutants containing the same insertion sites were created on different 
occasions.

There are several possible reasons for the inability to obtain insertion within p8325-4. Firstly, 

it is now known that the activity of a transposable element can be directly interconnected with 

the activity of its host. For example, the loss of methylation can increase transposition (Kleck- 

ner, 1986). A similar event may reduce transposition. It is also known that TnA, a transposon 

related to Tn551, transposes only at low frequency into plasmids already carrying another copy 

of the transposon. This inhibition is known as "transposition immunity". It has been shown 

(Chapter 5) that p8325-4 carries the transposon Tn4001 and it is possible that this is reducing or 

even preventing transposition of Tn55jf. This explanation would be less likely if p8325-2 carried a 

transposon itself as discussed above.

Finally, it has been reported that the rate of transposition per element for TnlO actually 

decreases when the element is present at high copy number (Kleckner, 1986). The transposon 

Tn551 may have been present in too high amounts for suitable transposition to occur into p8325-4.

7.6 Conclusion

The technique of transposon mutagenesis proved successful in the analysis of those parts of 

the genome of the gentamicin resistance plasmid p8325-2 involved in the conjugal transfer process.

Insertion of Tn55^ into p8325-2 produced 26 mutants. The position of transposon insertion in 

each were mapped and their conjugation frequency determined. From these results it was possible 

to construct a more detailed restriction map of Tn55i. It was also possible to conclude that:

1) there are at least two regions involved in the conjugal process

2) there appear to be preferred sites of insertion on the p8325-2 genome for Tn55J

3) there is probably a region involved in the control of the conjugal process.
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Chapter 8

General Discussion

8.1 Transfer systems in Staphylococcus aureus

The two gentamicin resistance conferring plasmids chosen for the study of the conjugal transfer 

system in this species (p8325-2 and p8325-4) could both be transferred via a filter mating experi­ 

ment to 8325 Novr at quite high frequency (4.5 x 10~ 6 and 3.9 x 10~ 5 transconjugants per recipient 

respectively) (Table 3.2) whereas only p8325-2 was transferable to Bill Nov r (5.12x 10~ 4 transcon­ 

jugants per recipient) (Table 3.1). Further analysis of p8325-4 and its conjugative properties lead 

to the conclusion that these findings are more significant than was originally thought.

Conjugation experiments performed subsequent to those reported in Chapter 3 resulted in 

lower conjugation frequencies between 8325[p8325-4] and 8325 Nov r : 8.2 x 10~ 7 (Table 4.3) and 

4.2 x 10~ 6 (Table 5.1). In addition, these values were not significantly higher than controls carried 

out at the same time (1.2 x 10~ 6 for 8325[pCW59]) (Table 5.1). Further evidence indicating 

that p8325-4 may not be transferred by conjugation in this system was provided by its inability 

to transfer to PSSOd.ero or Bill Novr whilst plasmid p8325-2 could transfer to both recipients 

(Table 6.1). The plasmid p8325-4 contains an 18 kbp region homologous with pI524, presumably 

not involved in transfer. This leaves only about 20 kbp for conjugative functions compared with 

almost 50 kbp for p8325-2. Although 20 kbp would certainly be adequate to code for a conjugation 

system, in general, conjugative plasmids are larger than this.

During the investigation into mobilization (Chapter 6) it was found that pTlSl (a small non- 

conjugative plasmid) was transferred from 8325[pT181] to 8325 Nov r at high frequency(l.l x 10~ 4 ). 

This process was probably not conjugation but could be bacteriophage-mediated transfer between 

S.aureus strains. Circumstantial evidence for this is that transfer of p8325-4 and pT181 was only 

to the Phage Group III strain 8325 and its derivatives but not to Bill Nov r and PSSOd.ero which 

are in different Phage Groups. The nature of the bacteriophage involved is not known and was not 

investigated but it is tentatively concluded that, under the conditions used, there is no evidence 

that p8325-4 is a self-transmissible plasmid. It is more likely that the transfer of p8325-4 and pT181
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is by phage-mediated conjugation (Lacey, 1980) in which there is a requirement for both phage and 

cell-to-cell contact.

What then, is the evidence for conjugation in Staphylococcus aureus?

Archer and Johnson (1983), Forbes and Schaberg (1983) and McDonnell et al (1983) have 

concluded that there is a transfer system from the evidence that:

1) Cell-to-cell contact is an absolute requirement since transfer fails to occur in broth or 

when filters are placed back-to-back.

2) The process is energy dependent and requires viable donor cells.

3) It is resistant to DNAase.

4) There is no calcium requirement; transfer occurs in the presence of chelating agents.

5) Transfer occurs between non-lysogenic donor and recipient cells.

Although similar experiments have not been rigorously repeated for the p8325-2 system, it is 

concluded that this plasmid, at least in part, specifies a conjugation system of similar kind because:

1) Membrane filtration (and therefore presumably cell-to-cell contact) was an essential pre­ 

requisite for transfer.

2) There was no evidence for a requirement for calcium ions which are essential for the 

adsorption of many staphylococcal transducing phages.

3) Transfer of p8325-2 to Bill Novr was at similar high frequencies whether 8325[p8325-2] 

or PS80d.ero[p8325-2] was the donor whereas PSSOd.ero was a much poorer recipient than 

Bill Nov r . Thus the frequency of transfer to a particular recipient is a property of the 

plasmid itself and not of the host bacterium.

4) The mutants resulting from insertion of Tn551 that reduce the rate of transfer are in at 

least two distinct locations. Although it is possible that the mutants are the results of 

insertion into prophage DNA, it seems unlikely that two phages are involved or, alter­ 

natively, that two parts of the prophage are inserted into different sites. Similarly it is
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difficult, although not impossible, to explain the mutant with an elevated frequency of 

conjugation on the basis of a lysogenic phage model. If phage is involved in the transfer 

system then at least part of the phage genome or its control must be located on p8325-2. 

It still remains a possibility that transfer of p8325-2 is the result of a combination of a 

phage-mediated system and non-phage mediated conjugation. For example, transfer to 

8325 may be phage-mediated and transfer to Bill Novr "true" conjugation.

The conjugative transfer of resistance markers between S.aureus strains in the absence of de­ 

tectable plasmids has recently been reported (El Solh et al, 1986a). Evidence for the chromosomal 

location of these genes included their low frequency of transduction and the absence of extrachro- 

mosomal DNA in the transconjugants. Although such transfer is known to occur in streptococci 

(Franke and Clewell, 1981); Bacillus licheniformis (Docherty et al, 1981); Pseudomonas aerugi- 

nosa (Ingram et al, 1972) and Clostridium innocuum (Magot, 1983), reports of conjugal transfer 

in staphylococci have so far been limited to plasmid-borne determinants (Archer and Johnson, 

1983; Forbes and Schaberg, 1983; Goering and Ruff, 1983; McDonnell et al, 1983; Asch et al, 1984; 

Townsend et al, 1984).

The elements responsible for this non-pi as mid mediated transfer have not yet been identified. It 

is possible that they are very large plasmids and the techniques used for isolation were not sensitive 

enough to detect them; plasmids larger than 60 kbp have not been isolated from staphylococci 

(Lyon et al, 1984). The transfer could be mediated by chromosomally integrated conjugative 

plasmids or transposons or even by chromosomally determined conjugation genes.

8.2 Transposition of gentamicin resistance

Cloning restriction fragments from p8325-4 revealed the presence of the transposon Tn^00J on 

this plasmid (Chapter 5). That the gentamicin resistance was encoded on a transposable element 

in 8325[p8325-4] was hitherto unknown. Tn^001 was the first transposon encoding aminoglycoside 

resistance determinants to be found on a staphylococcal plasmid (Lyon et al, 1984) and was first 

found on pSKl, the most frequently detected plasmid in methicillin-resistant S.aureus isolates 

from Australian hospitals (Gillespie et al, 1986). It is known to contain two Hind III sites, each 

about 1.1 kbp from the ends. In this study, the characteristic 2.5 kbp Hind III fragment which 

encompasses the central coding region (Gillespie and Skurray, 1986) was found but, in addition, it 

was mapped with respect to a single Hae III site and found to contain no Pst I site (Figure 5.11).
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The 2.5 kbp Hind III fragment has been cloned and used as a probe in DNA-DNA hybridiza­ 

tions, demonstrating the presence of Tn4001 sequences on gentamicin-resistance conferring plas- 

mids isolated from many Australian strains as well as strains from the USA such as pSH6 and 

pUW3626 (Gillespie and Skurray, 1986). As the latter is known to be self- transmissible, this could 

provide means for the rapid spread of gentamicin resistance.

The discovery of Tn4001 on p8325-4 extends its known geographical location to Europe (p8325- 

4 was originally isolated from S.aureus A102, a strain from Germany) making it a possible means 

by which the worldwide spread of gentamicin resistance has occurred.

8.3 Comparisons between conjugative plasmids

The S.aureus plasmids pCRGlGOO and pSH8 are self-transmissible and encode gentamicin 

resistance. Regions involved in transfer have been located on both by the mapping of deletion 

mutants. These were readily obtained after mixed culture transfer in the case of pSH8 McDon- 

nell et al, 1983) and after transduction in the case of pCRGlGOO (Asch et al, 1983). The regions of 

each plasmid thought to be involved in transfer are shown in Figure 8.1.

The similarity between the locations of the Tra regions is striking. In all three examples 

(p8325-2, pCRG1600 and pSH8) a Tra region extends across Eco RI fragment C or D about one- 

third of the way into Eco RI fragment A. Plasmid p8325-2 contains at least two Tra regions whereas 

only one has been found on pCRG1600 and pSH8. A second region should now be sought in the 

latter two plasmids. Mutant plasmids of pSH8 and pCRGlGOO carried relatively large deletions, 

ranging from 2 to 14 kbp for pSH8 (McDonnell et al, 1983) and from 7 to 32 kbp for pCRGlGOO 

(Asch et al, 1983). Since, for p8325-2, the two regions are less than 15 kbp apart, one Tra region 

may have been deleted in some of the deletion mutants of pCRGlGOO and a second in some other 

mutants. Some mutants may have both regions deleted. Transposon mutagenesis is a more accurate 

method of defining the regions.

The Mcr region of pSH8 (Figure 8.1) is thought to mediate plasmid maintenance, compatability 

and replication. If deletions occurred within this region the plasmid would be unable to replicate 

and hence would not be detected. From Figure 8.1, this region corresponds to the Tral region of 

p8325-2. Hence it is possible that there is a Tra region in pSH8 corresponding to the Tral region 

of p8325-2 which could only be located by deletion analysis with great difficulty.
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Figure 8-1

Comparison of funtional maps of staphylococcal 
and streptococcal plasmids.

P8325-2 I C IGl D I A 1 E I B I F I SOkbp

Ebr Trail Control Gmr Tral

PCRG1600 I F i E I D I A I B 1C I 52-9kbp

drd Tra Ebr
Oar

pSH8 I F I D I C T
«———••

pSK1 II A I CI B
D _

Tra1 Tra2-Tra7 Tra8 Tra9
^^^^

Tra£-6(low frequency transfer)

Pmr Tra Ebr Gmr Mcr

P8325-/> I B I A ICIDTFI 37-8kbp 

Cadf" Per

pCF-10 I B I C I E IHI F IGl D I A \ 58kbp

26'5kbp

Tra MLS rep

The plasmids are drawn with respect to their EcoRL digests. Fragments 
are listed alphabetically in order of decreasing size
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An alternative is that TVal is really the vegetative replication system for p8325-2 but that it 

appears as a transfer region because Tn55J interferes with the synthesis of a component that is, for 

example, required in only small amounts for vegetative replication but in much greater quantities 

for the conjugative transfer.

The location of possible Tra regions on the three plasmids correlates well and suggests di­ 

vergence from a common basic structure for the transfer regions of these conjugative gentamicin 

resistance conferring plasmids.

The gentamicin resistance determinant present within a large Eco RI fragment in all five 

staphylococcal plasmids is, in all cases, about 3 kbp from an Eco RI site. The distance of the 

Tn4001 transposon to the nearest Eco RI site is very similar for p8325-4 and pSKl. Thus, if 

it turns out that gentamicin resistance is carried by Tn4001 in all five cases it could be that 

there is only one site into which TnJOOl has integrated. These possibilities should be studied by 

further restriction enzyme mapping and hybridizations but, if true, will lead to the conclusion that 

these plasmids acquired Tn^OW a long time ago and have subsequently undergone considerable 

re-arrangement. Another explanation would be if there was a very strong "hotspot" for Tn4001 

insertion at the position on the five plasmids.

The streptococcal and staphylococcal plasmids show little similarity (Figure 8.1). The conjuga­ 

tive streptococcal plasmid pCF-10 is reported to have nine regions involved in transfer (Christie 

and Dunny, 1986). Inactivation of only three (Tra 4, 5, 6) leads to lower frequencies of trans­ 

fer. Insertional inactivation of the remaining six regions leads to an increased frequency of conjugal 

transfer. Whether this is due to a relatively large number of control regions or whether the increase 

is due to the presence of an efficient promoter in TnPJ7 is not known.

Cells carrying mutant plasmids with insertions into six Tra regions (1-3 and 7-9) differed in 

colony morphology or growth in broth culture from cells carrying the wild-type plasmid. No such 

change was detected in the cells carrying transfer-deficient mutants of p8325-2 or those carrying 

the mutant plasmid with an elevated frequency of transfer. It is possible that whereas cell surface 

proteins are being inactivated in pCF-10, intra-cellular proteins have been inactivated in the p8325- 

2 mutants. On the other hand, the transfer-deficient mutants of pCF-10 did not have altered 

morphology.

The ability of the mutant pCF-10 plasmids with increased transfer ability to respond to sex 

pheromone was reduced whereas mutant plasmids with insertions into Tra regions 4 and 6 (low
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frequency of transfer mutants) responded to sex pheromones. Mutations within the Tra 5 region 

gave two subclasses of cells; the first failed to transfer even when exposed to pheromone, the 

second responded to pheromone. It would be extremely interesting to determine if the ability of 

the S.aureus mutant strains to respond to sex pheromone was also altered. If so, this would be 

evidence for plasmid determination of a substance, possibly binding substance, involved in the 

response.

On the evidence available, pCF-10 appears very different from p8325-2 although more Tra 

regions may be present on the latter. Christie and Dunny (1986) were able to map 500 insertion 

mutants whereas in this survey, only 26 were located. Further insertions may reveal more Tra 

regions.

The streptococcal plasmid pAM/?l, unlike pCF-10, is not a sex pheromone responsive plasmid 

but is self-transmissible (Leblanc and Lee 1984). Although a Tra region was localized to a single 

8 kbp fragment, the results were based on analysis of only three deletion mutants. More extensive 

analysis is needed before proper comparisons can be made.

To determine the number and precise location of Tra regions, extensive mapping and comple­ 

mentation analysis is needed as Tra operons could lie within only a few base pairs of each other. 

Confirmation of distinct Tra regions and their sizing requires cloning and sequence analysis for 

specific promoter and termination signals.

The F plasmid of E.coli K-12 has been studied most extensively and hence far more is known 

about it than conjugative staphylococcal plasmids. Until some evidence of homology between the 

two systems is produced, it is not likely to be productive to compare them in detail. Superficially 

they seem very different.
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8.4 Future investigations

In future investigations, plasmid p8325-2 should be used and not p8325-4. The experiments 

which could be undertaken are:

1) The isolation and characterization of more mutants of p8325-2 by transposon mutagenesis, 

employing a variety of transposons perhaps with different "hotspots" for insertion.

2) The cloning of parts of p8325-2 into suitably compatible vectors (such as pCW59) that would 

permit the construction of diploids of parts of p8325-2 and p8325-2 with Tn551 inserted. 

Complementation tests could be carried out and suitably complementing plasmids used, with 

the aid of restriction enzymes and the endonuclease Bal31, to define more precisely the re­ 

gions of DNA involved in conjugation. The genetics of the conjugation system could then be 

determined; Tra mutants could be allocated to specific genes, the number of genes involved 

calculated and their order determined. Regulatory genes (identified by mutations resulting 

in an increased rate of conjugation) can be studied by constructing diploids and determining 

whether the high rate of conjugation can be repressed in trana.

3) Site-directed mutagenesis may be helpful in constructing mutants whose ability to transfer can 

be determined. This method would produce single base pair changes, allowing mutations, and 

their effect on the conjugative properties, to be mapped precisely. Analysis of deletion mutants 

obtained spontaneously after transduction could also be carried out although the mapping of 

Tra regions would not be as accurate by this method.

4) Visualization and analysis of conjugating staphylococci by electron microscopy could provide 

substantial evidence for conjugation, determine whether pili were involved and whether direct 

intracellular connections of the sort seen between cells of Streptococcus faecalis (Krogstad et al, 

1980) also occur in Staphylococcus aureus.

5) The phenotypes of structural and regulatory conjugative genes could then be studied. The 

presence of pili could be sought in "derepressed" strains and enzyme activities, such as nucle- 

ases, analysed. Surface phenomena, especially aggregation and colony morphology should be 

studied in mutant strains. The ability of mutants to mobilize non-conjugative plasmids should 

also be tested.
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Regions involved in conjugative transfer could be cloned and used in Southern blot hybridiza­ 

tions to investigate relationships with other conjugative plasmids. This could provide evidence 

for the origin and evolution of these plasmids.

Long term research would include experiments designed to interfere with the process of conju­ 

gation to prevent its occurrence and possible role in the emergence of supermultiply-resistant 

strains. Conjugation may be more sensitive to antibiotics that interfere with DNA synthesis 

so an investigation into the sensitivity of the process to nalidixic acid and novobiocin may be 

informative. Conjugating bacteria may be more sensitive to lytic agents. If pheromones are 

important in staphylococcal conjugation, it may be possible to synthesize an analogue of the 

peptide pheromone that prevents the response of the strain carrying the conjugative plasmid.

187



REFERENCES

Anderson, E.S. (1968). The Ecology of Transferable Drug Resistance in the Enterobacteria. Ann. 
Rev. Microbiol., 22, 131-180.

Archer, G.L. and Johnston, J.L. (1983). Self-Transmissible Plasmids in Staphylococci That Encode 
Resistance to Aminoglycosides. Anti. Ags. Chemother., 24, 70-77.

Arvidson, S.O. (1983). Extracellular enzymes from Staphylococcus aureus. In Staphylococci and 
Staphylococcal Infections, ed. C.S.F. Easmon and C. Adlam, pp.745-808. Academic Press.

Asch, D.K., Goering, R.V., Ruff, E.A. (1984). Isolation and Preliminary Characterization of a 
Plasmid Mutant Derepressed for Conjugal Transfer in Staphylococcus aureus. Plasmid, 12, 
197-202.

Bennett,P. (1985). Bacterial Transposons. In Genetics of Bacteria, ed. J. Scaife, D. Leach and A. 
Galizzi, pp97-115. Academic Press.

Berger-Bach, B. (1983). Insertional Inactivation of Staphylococcal Methicillin Resistance by Tu551. 
J. Bact., 154, 479-487.

Birnboim, H.C. and Doly, J. (1979). A Rapid Alkaline Extraction Procedure for Screening Recom- 
binant DNA. Nuc. Acids Res., 7, 1513-1516.

Broda, P. (1979). Plasmids. W.H. Freeman and Co. Ltd.

Brown, T.A. (1986). Gene Cloning an Introduction. Van Nostrand Reinhold (UK) Co. Ltd.

Browne, C. (1985). Plasmid-Chromosomal Interactions in Staphylococcus aureus. D.Phil, thesis. 
This laboratory.

Brunton, J. (1984). Antibiotic Resistance Plasmids of Streptococci, Staphylococci and Bacteroides. 
In Antimicrobial Drug Resistance, ed. L.E. Bryan, pp529-565. Academic Press.

Bryan, L.E. (1984). Aminoglycoside Resistance. In Antimicrobial Drug Resistance, ed. L.E. Bryan, 
pp241-275. Academic Press.

Casadaban, M.J. and Cohen, S.N. (1980). Analysis of Gene Control Signals by DNA Fusion and 
Cloning in Escherichia coli. J. Mol. Biol., 1S8, 179-207.

Chang, A.C.Y. and Cohen, S.N. (1974). Genome Construction Between Bacterial Species In Vitro: 
Replication and Expression of Staphylococcus Plasmid Genes in Escherichia coli. P.N.A.S., 71, 
1030-1034.

Chang, S. and Cohen, S.N. (1979). High Frequency Transformation of Bacillus subtilis Protoplasts 
by Plasmid DNA. Mol. Gen. Genet., 168, 111-115.

Christie, P.J. and Dunny, G.M. (1986). Identification of Regions of the Streptococcus faecalis Plas­ 
mid pCF-10 That Encode Antibiotic Resistance and Pheromone Response Functions. Plasmid, 
15, 230-241.

Clewell, D.B. (1981). Plasmids, Drug Resistance, and Gene Transfer in the Genus Streptococcus. 
Microbiol. Rev., 45, 409-436.

Clewell, D.B. and Brown, B.L. (1980). Sex Pheromone cADl in Streptococcus faecalis: Induction 
of a Function Related to Plasmid Transfer. J. Bact., 148, 1063-1065.

Clewell, D.B., Tomich, P.K., Gawron-Burke, M.C., Franke, A.E., Yagi, Y., An, F.Y. (1982). Map­ 
ping of Streptococcus faecalis Plasmids pADl and pAD2 and Studies Relating to Transposition 
of TnP^7. J. Bact., 152, 1220-1230.

188



Clewell, D.B., An, F.Y., White, B.A., Gawron-Burke, C. (1985). Streptococcus faecalis Sex Phero- 
mone (cAM373) Also Produced by Staphylococcus aureus and Identification of a Conjugative 
Transposon (Tn918.) J. Bact., 162, 1212-1220.

Cooke, E.M. and Marples, R.R. (1985). Outbreaks of Staphylococcal Infection. PHLS Microbiology 
Digest, 2, 62-64.

DeSaxe, M. and Porthouse, A. (1979). Gentamicin Resistance in Staphylococcus aureus. The 
Lancet, No. 8138, 370-371.

Docherty, A., Grandi, G., Grandi, R., Gryczan, T.J., Shivakuma, A.G., Dubnau, D. (1981). Nat­ 
urally Occurring Macrolide-Lincosamide-Stretogramin B Resistance in Bacillus licheniformis. 
J. Bact., 145, 129-137.

Dornbusch, K., Hallander, H.O., Lofquist, F. (1969). Extrachromosomal Control of Methicillin 
Resistance and Toxin Production in Staphylococcus aureus. J. Bact., 98, 351-358.

Dretzen, G., Bellard, M., Sassone-Corsi, P., Chambon, P. (1981). A Reliable Method for the 
Recovery of DNA Fragments from Agarose and Acrylamide Gels. Analyt. Biochem., 112, 
295-298.

Dunny, G.M., Brown, B.L., Clewell, D.B. (1978). Induced Cell Aggregation and Mating in Strep­ 
tococcus faecalis: Evidence for a Bacterial Sex Pheromone. P.N.A.S., 75, 3479-3483.

Dunny, G.M., Craig, R.A., Carron, R.L., Clewell, D.B. (1979). Plasmid Transfer in Strepotococcus 
faecalis: Production of Multiple Sex Pheromones by Recipients. Plasmid, 2, 454-465.

Dunny, G., Funk, C., Adsit, J. (1981). Direct Stimulation of the Transfer of Antibiotic Resistance 
by Sex Pheromones in Streptococcus faecalis. Plasmid, 6, 270-278.

Easmon, C.S.F. and Adlam, C.L. (1983) (eds.) Staphylococci and Staphylococcal Infections. Aca­ 
demic Press.

Ehrlich, S.D. (1977). Replication and Expression of Plasmids from Staphylococcus aureus in Bacillus 
subtilis. P.N.A.S., 74, 1680-1682.

El Solh, N., Allignet, J., Bismuth, R., Buret, B., Fouce, J. (1986a). Conjugative Transfer of 
Staphylococcal Antibiotic Resistance Markers in the Absence of Detectable Plasmid DNA. 
Anti. Ags. Chemother., SO, 161-169.

El Solh, N., Moreau, N., Ehlich, S.D. (1986b). Molecular Cloning and Analysis of Staphylococcus 
aureus Chromosomal Aminoglycoside Resistance Genes. Plasmid, 15, 104-118.

Engel, H.W.B., Soedirman, N., Rost, J.A., van Leeuwen, W.J., van Embden, J.D.A. (1980). Trans- 
ferability of Macrolide, Lincomycin and Streptogramin Resistances Between Group A, B and 
D Streptococci, Streptococcus pneumoniae and Staphylococcus aureus. J. Bact., 142, 407-413.

Forbes, B.A. and Schaberg, D.R. (1983). Transfer of Resistance Plasmids from Staphylococcus 
epidermidis to Staphylococcus aureus: Evidence for Conjugative Exchange of Resistance. J. 
Bact., 158, 627-634.

Fouce, J. (1981). Mixed Cultures of Staphylococcus aureus: Some Observations Concerning Transfer 
of Antibiotic Resistance. Ann. Microbiol. (Inst. Pasteur), 1S8&, 375-386.

Franke, A.E. and Clewell, D.B. (1981). Evidence for a Chromosomal-Borne Resistance Transposon 
(Tn916) in Streptococcus faecalis That is Capable of "Conjugal" Transfer in the Absence of a 
Conjugative Plasmid. J. Bact., 145, 494-502.

Gibson, E.M., Chace, N.M., London, S.B., London, J. (1979). Transfer of Plasmid-Mediated 
Antibiotic Resistance from Streptococci to Lactobacilli. J. Bact., 187, 614-619.

189



Gillespie, M.T. and Skurray, R.A. (1986). Plasmids in Multiresistant Staphylococcus aureus. Mi­ 
crobiological Sciences, S, 53-58.

Gillespie, M.T., May, J.W., Skurray, R.A. (1986). Plasmid-Encoded Resistance to Acriflavine and 
Quaternary Ammonium Compounds in Methicillin-Resistant Staphylococcus aureus. FEMS. 
Micro. Letts., 84, 47-51.

Glass, R.E. (1982). Gene Function. Groom Helm Ltd.

Goering, R.V. and Ruff, E.A. (1983). Comparative Analysis of Conjugative Plasmids Mediating 
Gentamicin Resistance in Stasphylococcus aureus. Anti. Ags. Chemother., 24, 450-452.

Goze, A. and Ehrlich, S.D. (1980). Replication of Plasmids from Staphylococcus aureus in Es~ 
cherichia coli. P.N.A.S., 77, 7333-7337.

Gray, G.S., Huang, R.T.S., Davies, J. (1983). Aminocyclitol Resistance in Staphylococcus aureus: 
Presence of Plasmids and Aminocyclitol-Modifying Enzymes. Plasmid, 9, 147-158.

Hardy, K. (1986). Bacterial Plasmids (second edition). Van Nostrand Reinhold (UK) Co. Ltd.

Hartley, D.L., McCarthy, C., Macrina, F.L. (1985). Mapping and Expression of the Conjugaal 
Transfer genes of the Streptococcal R-Plasmid pIPSOl. Plasmid, IS, 222.

Horinouchi, S. and Weisblum, B. (1982a). Nucleotide Sequence and Functional Map of pC194, a 
Plasmid That Specifies Inducible Chloramphenicol Resistance. J. Bact., 150, 815-825.

Horinouchi, S. and Weisblum, B. (1982b). Nucleotide Sequence and Functional Map of pE194, 
a Plamsid That Specifies Inducible Resistance to Macrolide, Lincosamide and Streptogramin 
Type B Antibiotics. J. Bact., 150, 804-814.

Ike, Y., Craig, R.A., White, B.A., Yagi, Y., Clewell, D.B. (1983). Modification of Streptococcus 
faecalis Sex Pheromones After Acquisition of Plasmid DNA. P.N.A.S., 80, 5369-5373.

Ingram, L., Sykes, R.B., Grinsted, J., Saunders, J.R., Richmond, M.H. (1972). A Transmissi­ 
ble Resistance Element from a Strain of Pseudomonas aeruginosa Containing No Detectable 
Extrachromosomal DNA. J. Gen. Microbiol., 72, 269-279.

Jacob, A.E. and Hobbs, S.J. (1974). Conjugal Transfer of Plasmid-Borne Multiple Antibiotic 
Resistance in Streptococcus faecalis var. zymogenes. J. Bact., 117, 360-372.

Jaffe, H.W., Sweeney, H.M., Weinstein, R.A., Kabins, S.A., Nathan, C., Cohen, S. (1982). Struc­ 
tural and Phenotypic Varieties of Gentamicin Resistance Plasmids in Hospital Strains of 
Staphylococcus aureus and Coagulase-Negative Staphylococci. Anti. Ags. Chemother., 21, 
773-779.

Johnston, L.H. (1971). Stability of Penicillinase Plasmids in Staphylococcus aureus. D.Phil, thesis. 
This laboratory.

Keller, G., Schleifer, K.H., Gotz, F. (1983). Construction and Characterization of Plasmid Vectors 
for Cloning in Staphylococcus aureus and Staphylococcus carnosus. Plasmid, 10, 270-278.

Khan, S.A. and Novick, R.P. (1980). Terminal Nucleotide Sequences of Tn55J, a Transposon 
Specifying Erythromycin Resistance in Staphylococcus aureus: Homology with Tntf. Plasmid, 
4, 148-154.

Khan, S.A. and Novick, R.P. (1983). Complete Nucleotide Sequence of pT181, a Tetracycline- 
Resistance Plasmid from Staphylococcus aureus. Plasmid, 10, 251-259.

Khan, S.A., Carleton, S.M., Novick, R.P. (1981). Replication of Plasmid pT181 DNA In Vitro: 
Requirement for a Plasmid-Encoded Product. P.N.A.S., 78, 4902-4906.

190



Kleckner, N. (1986). Mechanism and Regulation of TnlO and IS 10 Transposition. In Regulation 
of Gene Expression- 25 Years On. Symposium 39, Soc. Gen. Microbiol. ed. I.R. Booth and 
C.F. Higgins pp221-237. Camb. Uni. Press.

Krogstad, D.J., Smith, R.M., Moellering, R.C., Parquette, A.R. (1980). Visualization of Cell-Cell 
Contact During Conjugation in Streptococcus faecalis. J. Bact., 141, 963-967.

Lacey, R.W. (1975). Antibiotic Resistance Plasmids of Staphylococcus aureus and Their Clinical 
Importance. Bact. Revs., 89, 1-32.

Lacey, R.W. (1980). Evidence for Two Mechanisms of Plasmid Transfer in Mixed Cultures of 
Staphylococcus aureus. J. Gen. Microbiol., 119, 423-435.

Lacey, R.W. and Lord, V.L. (1980). Transfer of Gentamicin Resistance Between Cultures of Staphy- 
lococcus aureus in Nutrient Broth, Serum and Urine. J. Med. Microbiol., IS, 411-421.

Landman, O.E., Bodkin, D.J., Finn, C.W., Pepin, R.A. (1980). Conjugal Transfer of Plasmid 
pAM/51 from Streptococcus anginosis to Bacillus subtilis and Plasmid-Mobilized Transfer of 
Chromosomal Markers Between B.subtilis Strains. In Transformation, ed. Polsinella and 
Mazza, p.219. Cotswold Press.

Leblanc, D.J. and Lee, L.N. (1984). Physical and Genetic Analyses of Streptococcal Plasmid 
pAM/31 and Cloning of Its Replication Region. J. Bact., 151, 445-453.

Lewin, B. (1977). Gene Expression. Vol.3. John Wiley and Sons, Inc.

Lindberg, M. (1981). Genetic Studies in Staphylococcus aureus Using Protoplasts: Cell Fusion and 
Transformation. In Staphylococci and Staphylococcal Infections, Zbl. Bakt. suppl., 10, ed. J. 
Jeljaszewicz, pp535-540. Gustav Fischer Verlag.

Lindberg, M. and Novick, R.P. (1973) Plasmid-Specific Transformation in Staphylococcus aureus. 
J. Bact., 115, 139-145.

Luchansky, J.B. and Pattee, P.A. (1984). Isolation of Transposon Tu551 Insertions Near Chromo­ 
somal Markers of Interest in Staphylococcus aureus. J. Bact., 159, 894-899.

Lyon, B.R., May, J.W., Skurray, R.A. (1984). Tn4001: A Gentamicin and Kanamycin Resistance 
Transposon in Staphylococcus aureus. Mol. Gen. Genetics, 193, 554-556.

Lyon, B.R., Tennent, J.M., May, J.W., Skurray, R.A. (1986). Trimethoprim Resistance Encoded on 
a Staphylococcus aureus Gentamicin Resistance Plasmid; Cloning and Transposon Mutagenesis. 
FEMS Microbiol. Letts., SS, 189-192.

Magot, M. (1983). Transfer of Antibiotic Resistances from Clostridium innocuum to Clostridium 
perfringens in the Absence of Detectable Plasmid DNA. FEMS Microbiol. Letts., 18, 149-151.

Mandelstam, J. and Rogers, H.J. (1958). Chloramphenicol-Resistant Incorporation of Ammo-Acids 
into Staphylococci and Cell-Wall Synthesis. Nature, 181, 956-957.

Maniatis, T., Fritsch, E.F., Sambrook, J. (1982). Molecular Cloning. A Laboratory Manual. Cold 
Spring Harbour.

Marples, R.R. and Cooke, E.M. (1985). Workshop on Methicillin-Resistant Staphylococcus aureus 
held at the Headquarters of the Public Health Laboratory Service on 8 January 1985. J. 
Hosp. Infect., 6, 342-348.

McDonnell, R.W., Sweeney, H.M., Cohen, S. (1983). Conjugational Transfer of Gentamicin Re­ 
sistance in Staphylococcus aureus and Staphylococcus epidermidis. Anti. Ags. Chemother., 28, 
151-160.

Mezes, P.S.F., Yang, Y.Q., Hussain, M., Lampen, J.O. (1983). Bacillus cereus 569/H /Mactamase I: 
Cloning in Escherichia coli and Signal Sequence Determination. FEES. 161, 195-200.

191



Naidoo, J. and Noble, W.C. (1978a). Transfer of Gentamicin Resistance Between Strains of Staphy­ 
lococcus aureus on Skin. J. Gen. Microbiol., 107, 391-393.

Naidoo, J. and Noble, W.C. (1978b). Aquisition of Antibiotic Resistance by Staphylococcus aureus 
in Skin Patients. J. Clinical Pathology, SI, 1187-1192.

Naidoo, J. and Noble, W.C. (1981). Transfer of Gentamicin Resistance Between Coagulase-Negative 
and Coagulase-Positive Staphylococci on Skin. J. Hyg. Camb., 86, 183-187.

Naidoo, J., Noble, W.C., Weissmann, A., Dyke, K.G.H. (1983). Gentamicin-Resistant Staphylo­ 
cocci: Genetics of an Outbreak in a Dermatology Department. J. Hyg. Camb., 91, 7-16.

Novick, R.P. (1963). Analysis by Transduction of Mutations Affecting Penicillinase Formation in 
Staphylococcus aureus. J. Gen. Microbiol., SS, 121-136.

Novick, R. (1967). Properties of a Cryptic High-Frequency Transducing Phage in Staphylococcus 
aureus. Virology, SS, 155-166.

Novick, R. (1976). Plasmid-Protein Relaxation Complexes in Staphylococcus aureus. J. Bact., 127, 
1177-1187.

Novick, R.P. and Bouanchaud, D. (1971). Extrachromosomal Nature of Drug Resistance in Staphy­ 
lococcus aureus. Ann. N.Y. Acad. Sci., 182, 279-294.

Novick, R.P. and Roth, C. (1968). Plasmid-Linked Resistance to Inorganic Salts in Staphylococcus 
aureuus. J. Bact., 95, 1335-1342.

Novick, R.P., Clowes, R.C., Cohen, S.N., Curtiss III, R., Dattt, N., Falkow,S. (1976). Uniform 
Nomenclature for Bacterial Plasmids: A Proposal. Bact. Revs., 40, 168-189.

Novick, R.P., Edelman, I., Latta, P.D., Swanson, E.G., Pattee, P.A. (1979). Translocatable Ele­ 
ments in Staphylococcus aureus. Contr. Microbiol. Immunol., 6, 41-55.

Old, R.W. and Primrose, S.B. (1985). Principles of Gene Manipulation. Blackwell Scientific Pub­ 
lications.

Omenn, G.S. and Friedman, J. (1970). Isolation of Mutants of Staphylococcus aureus Lacking 
Extracellular Nuclease Activity. J. Bact., 101, 921-924.

Ozanne, R., Benveniste, R., Tipper, D., Davies, J. (1969). Aminoglycoside Antibiotics: Inactivation 
by Phosphorylation in Escherichia coli carrying R Factors. J. Bact., 100, 1144-1146.

Parker, M.T. (1983). The Significance of Phage-Typing Patterns in Staphylococcus aureus. In 
Staphylococci and Staphylococcal Infections, ed. C.S.F. Easmon and C. Adlam, pp.33-62. 
Academic Press.

Pattee, P.A. (1976). Genetic Linkage of Chromosomal Tetracycline Resistance and Pigmentation to 
a Purine Auxotrophic Marker and the Isoleucine-Valine-Leucine Structural Genes in Staphy­ 
lococcus aureus. J. Bact., 127, 1167-1172.

Pattee, P.A.,and Neveln, D.S. (1975). Transformation Analysis of Three Linkage Groups in Staphy­ 
lococcus aureus. J. Bact., 124, 201-211.

Phillips, I. and Shannon, K. (1984). Aminoglycoside Resistance. British Medical Bulletin, 40, 
28-35.

Primrose, S.B. and Ehrlich, S.D. (1981). Isolation of Plasmid Deletion Mutants and Study of Their 
Instability. Plasmid, 6, 193-201.

Robinson, M.K., Bennett, P.M., Richmond, M.H. (1977). Inhibition of TnA Translocation by TnA. 
J. Bact., 129, 407-414.

192



Rudin, L., Sjostrom, J., Lindberg, M., Philipson,L. (1974). Factors Affecting Competence for 
Transformation in Staphylococcus aureus. J. Bact., 118, 155-164.

Saunders, J.R. (1984). Genetics and Evolution of Antibiotic Resistance. British Medical Bulletin, 
40, 54-60.

Schaberg, D.R., Clewell, D.B., Glatzer, L. (1982). Conjugative Transfer of R-Plasmids from Strep­ 
tococcus faecalis to Staphylococcus aureus. Anti. Ags. Chemother., 22, 204-207.

Scott, D.F., Wood, D.O., Brownell, G.H., Carter, M.J., Best, G.K. (1978). Aminoglycoside Mod­ 
ification by Gentamicin- Resist ant Isolates of Staphylococcus aureus. Anti. Ags. Chemother., 
IS, 641-644.

Shanson, B.C., Kensit, J.G., Duke, R. (1976). Outbreak of Hospital Infection with a Strain of 
Staphylococcus aureus Resistant to Gentamicin and Methicillin. The Lancet, 1347-1348.

Sheagren, J.N. (1984). Staphylococcus aureus. The Persistant Pathogen. New England Journal of 
Medicine, 810, 1368-1373 and 1437-1442.

Sherratt, D. (1986). Control of Plamsid Maintenance. In Regulation of Gene Expression- 25 Years 
On. Symposium 39, Soc. Gen. Microbiol. ed. I.R. Booth and C.F. Higgins pp239-250. Camb. 
Uni. Press.

Sjostrom, J. and Philipson, L. (1974). Role of the <£11 Phage Genome in Competence of Staphylo­ 
coccus aureus. J. Bact., 119, 19-32.

Stahl, M.L. and Pattee, P. A. (1983). Confirmation of Protoplast Fusion-Derived Linkages in Staphy­ 
lococcus aureus by Transformation with Protoplast DNA. J. Bact., 154, 406—412.

Thompson, N.E. and Pattee, P. A. (1977). Transformation in Staphylococcus aureus: Role of Bac- 
teriophage and Incidence of Competence Among Strains. J. Bact., 129, 778-788.

Tomizawa, J. and Som, T. (1984). Control of Col El Plasmid Replication. Enhancement of Binding 
of RNAI to the Primer Transcript by the Rom Protein. Cell, S8, 871-878.

Townsend, D.E., Gmbb, W.B., Ashdown, N. (1983). Gentamicin Resistance in Methicillin Resistant 
Staphylococcus aureus. Pathology, 15, 169-174.

Townsend, D.E., Ashdown, N., Greed, L.C., Grubb, W.B. (1984). Analysis of Plasmids Mediating 
Gentamicin Resistance in Methicillin- Resistant Staphylococcus aureua. J. Antimicrob. Chemo., 
IS, 347-352.

Townsend, D.E., Bolton, S., Ashdown, N., Grubb, W.B. (1985). Transfer of Plasmid-Borne 
Aminoglycoside-Resistance Determinants in Staphylococci. J. Med. Microbiol, 20, 169-185.

Willetts, N. and Skurray, R. (1980). The Conjugation System of F-Like Plasmids. Ann. Rev. 
Genet., 14, 41-76.

Willetts, N. and Wilkins, B. (1984). Processing of Plasmid DNA During Bacterial Conjugation. 
Microbiol. Revs., 48, 24-41.

Wilson, C.R. and Baldwin, J.N. (1978). Characterization and Construction of Molecular Cloning 
Vehicles Within S. aureus. J. Bact., 1S6, 402-413.

Wilson, C.R., Skinner, S.E., Shaw, W.V. (1981). Analysis of Two Chloramphenicol Resistance 
Plasmids fron Staphylococcus aureus: Insertional Inactivation of Cm Resistance, Mapping of 
Restriction Sites and Construction of Cloning Vehicles. Plasmid, 5, 245-258.

Yagi, Y., Kessler, R.E., Shaw, J.H., Lopatin, D.E., An, F., Clewell, D.B. (1983). Plasmid Content 
of Streptococcus faecalis Strain 39-5 and Identification of a Pheromone (cPDl)- Induced Surface 
Antigen. J. Gen. Microbiol., 129, 1207-1215.

193



Yanisch-Perron, C., Vieira, J., Messing, J. (1985). Improved M13 Phage Cloning Vectors and Host 
Strains; Nucleotide Sequencies of the M13mpl8 and pUC19 Vectors. Gene, SS, 103-119.

194


