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Abstract

A 40 mDa R plasmid that encodes trimethoprim resistance was isolated from a 

nalidixic acid-resistant Shigella dvsenteriae type 1 strain, and designated pYDOl. pYDOl 

was found not to encode nalidixic acid resistance, but did carry a mutator function. It was 

shown to increase both reversion to histidine independence and the frequency of 

spontaneous and UV-induced mutagenesis of E. coli strain AB1157 to nalidixic acid 

resistance. pYDOl-determined increases in mutagenesis were relatively small, but the 

plasmid-facilitated mutator effect was enhanced considerably by exposure to bactericidal 

concentrations of nalidixic acid. Plasmid R46, a control mutator plasmid, and RP4, which 

does not encode mutator function, did not affect the sensitivity of strain AB1157 to 

nalidixic acid, whereas pYDOl and R391 increased nalidixic acid sensitivity. pYDOl also 

sensitised strain AB1157 to UV in a manner analogous to R391. The UV-sensitising 

characteristics of pYDOl and R391 were found to be strain-dependent, since they 

protected Shigella sonnei, but not E. coli TK501 umuC uvrB against UV. The UV- 

sensitising effects of pYDOl and R391 were compared with those mediated by pGW16; 

sensitisation by the latter is known to be due to over expression of mutator genes. Post- 

UV survival studies of strain ABl 157 carrying plasmids pGW16, pKMlOl, the parent of 

pGW16, R391 and pYDOl in single, double and triple combinations revealed that the 

post-UV effects mediated by pYDOl closely resembled R391, but were distinct from those 

of pKMlOl and pGW16. Radiolabelled studies showed that plasmid R46, the wild-type 

parent from which pKMlOl and pGW16 were derived, increased post-UV DNA synthesis 

in strain TK501, whereas pYDOl and R391 did not. This work confirms the hypothesis 

proposed by Crumplin (1987), that mutator plasmids can facilitate chromosomal 

mutagenesis to nalidixic acid resistance.
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INTRODUCTION 

1. What are plasmids?

Plasmids are circular, double-stranded, deoxyribonucleic acid (DNA) molecules, 

that range in size from a few to several hundred kilobases (kb) (reviewed by Kues and 

Stahl, 1989). They are widely distributed among both Gram negative and Gram positive 

bacteria, and are also present in eukaryotes. A high proportion of bacteria isolated from 

the environment and from clinical specimens harbour plasmids, many contain several 

distinct plasmid species. Indeed, it is not uncommon to detect up to eight different 

plasmids in a single isolate. However, there does appear to be an upper limit to the total 

amount of plasmid DNA that can be stably maintained (Timmis et ^ ., 1986).

2. Properties determined by plasmids.

Plasmids are non-essential elements that may provide the host with an enormous 

selective advantage, by conferring a diversity of phenotypes. For example, antibacterial 

drug resistance, the degradation of organic compounds, virulence factors and the 

production of toxins (Timmis et d., 1986; Bennett and Linton, 1986; reviewed by Krawiec 

and Riley, 1990). Most plasmids are autonomous and therefore by definition carry genes 

which are essential for their maintenance, such as the initiation of plasmid replication and 

the control of copy number. Some plasmids carry additional genes that control traits 

ensuring stable inheritance, for example equi-partitioning during cell division (Nordstrom, 

1985; Timmis et ^ ., 1986). In addition, self-transmissible (conjugative) plasmids carry 

genes that enable plasmid transfer to occur by cell-to-cell contact. Thus, plasmids may 

clearly contribute to the survival of a bacterial cell in a specific environment. This is 

certainly evident from the large number of antibiotic resistance (R) plasmids that are 

commonly isolated from strains recovered from hospital wards (O’Brien et ^ ., 1980) and 

farming environments (Linton, 1984) where antibiotics are in regular use.

3. The stability of plasmids.

Helling et d . (1981) proposed that plasmids were unstable in the absence of a 

selective advantage, because plasmid-carriage imposed an unnecessary metabolic burden 

on the cell. Cells from which plasmids had been eliminated would have a slight growth
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advantage and would therefore grow faster than plasmid-bearing cells. This would 

ultimately result in a plasmid-less population. However, chemostat studies of mixed 

cultures of organisms, with and without plasmids, have demonstrated that plasmid-bearing 

strains can compete effectively with plasmid-less strains (Jones and Melling, 1984). 

Nevertheless the loss of plasmids from laboratory strains is a common phenomenon if 

strains are not periodically grown on a selective medium containing an appropriate 

antibiotic (Dodd and Bennett, 1986). The deliberate elimination of plasmids by a process 

termed curing had limited success (Caro et al., 1984) prior to the introduction of agents 

that inhibit DNA gyrase, such as novobiocin and the 4-quinolones (Hooper et d., 1984; 

Weisser and Wiedemann, 1985; Michel-Briand et ^ ., 1986). Bennett and Linton (1986) 

have therefore proposed that the advantages to be gained from plasmid carriage far 

outweigh any potential disadvantages imposed by an increased metabolic demand.

4. Transposons and insertion elements.

Many plasmid-encoded genes are located within transposons. These are discrete, 

self-contained, mobile units of DNA bracketed by specific terminal inverted repeat (IR) 

nucleotide sequences, and are capable of relocating (transposing) themselves to new sites 

within the plasmid or chromosome, or alternatively to sites oh a co-existing plasmid or 

bacteriophage (reviewed by Kleckner, 1981). Insertion sequences (IS) are shorter specific 

DNA sequences of seven hundred and fifty to fifteen hundred base pairs (bp) long, which 

encode specific transposases that are essential to the transposition process (reviewed by 

Kleckner, 1981; Grindley and Reed, 1985). Thus, transposons and shorter insertion 

sequences are responsible for the genetic diversity within the prokaryotic genome.

5. Physical properties of the F plasmid.

Prior to the discovery of drug resistance (R) plasmids towards the end of the 

1950’s, the investigation of plasmid-mediated functions was largely confined to the classic 

fertility (F) plasmid of Escherichia coli K12 (Lederberg and Tatum, 1946). This is capable 

of promoting its own transfer, the transfer of other plasmids and the transfer of the host 

bacterial chromosome during conjugation. Colicinogenic (Col) plasmids of E. coli. which 

mediate the production of colicins, specific bactericidal proteins, were also studied 

(reviewed by Fredericq, 1957).
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F provided the first evidence for the existence of a plasmid-specified conjugation 

system. Over sixty genes and sites have been located on the physical and genetic map of 

F, which is 94.5 kb, or 30 pm in circumference, and equivalent to about two and a half 

percent of the E. coli chromosome (Johnson et d., 1981). The importance and complexity 

of this conjugation system is emphasised by the length of DNA devoted to it: 33.3 kb, 

almost one third, of the plasmid constitutes the transfer (tra) operon. This is approximately 

ten-fold more than is required for the replication and incompatibility functions (reviewed 

by Willetts and Skurray, 1980; Ippen-Ihler and Minkley, 1986).

The nature and fimctions of the proteins encoded by the remainder of the plasmid 

remain largely undetermined. The separated RepFIA and RepFIB regions are responsible 

for plasmid maintenance (reviewed by Ippen-Ihler and Minkley, 1986). RepFIA maintains 

F’s low copy number (one to two copies per chromosome) by negatively regulating genes 

encoding replication initiation at the origin, thus ensuring stable maintenance (reviewed 

by Lane, 1981). F itself, does not determine any of the common plasmid phenotypes, 

previously described (Introduction 2). Instead, it is noted for the possession of four 

insertion sequences: IS2, TnlOOO (y,ô), IS3 (a ;^ ) and IS3 (a^,h;), where a  and 13 

sequences refer to IS elements on the F plasmid and the E. coli chromosome (Ohtsubo 

and Hsu, 1978). These IS elements are responsible for F’s ability to integrate into the 

chromosome to form high frequency of recombination (Hlf) strains, and its excision from 

the chromosome, which may result in the formation of F-prime (F') plasmids (reviewed 

by Willetts and Skurray, 1980), see Introduction 5.2. These two features have made it 

particularly useful for analysing the genetic structure of the E. coli chromosome (reviewed 

by Bachmann, 1990). F is therefore capable of either autonomous or integrated existence, 

but not both, since transconjugates carrying both forms will segregate during growth to 

produce daughter cells which carry only one form of F (Scaife and Gross, 1962).

5.1. The formation of Hfr strains.

Hff strains are formed when F recombines into the chromosome. They are so 

termed since they transfer both chromosomal and some plasmid genes at high frequency 

(Hardy, 1986). F integration into the bacterial chromosome is achieved by a recA- 

promoted recombinational event between homologous IS elements present on both the
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chromosome and F (reviewed by Kleckner, 1981). Evidence for the involvement of IS 

elements in this process came from the analysis of F' plasmids by electron microscopy 

of heteroduplexes (Davidson et M., 1975).

5.2. F plasmids.

The integration of F into the chromosome is a reversible process, since 

recombination occurring at identical sites involved in integration, results in the excision 

of F from the chromosome (reviewed by Kleckner, 1981). Occasionally, recombination 

may involve IS sites, at least one of which was not involved in the original integration 

event. This results in the excision of F, together with DNA sequences derived from the 

chromosome; the product of which is termed an F prime (F') plasmid (reviewed by 

Kleckner, 1981). F' plasmids frequently gain or lose long sequences of DNA as a result 

of recombination between sites within the plasmid, or by integration into and excision 

from the chromosome. F' plasmids are classified into Types I and II, according to the 

nature of the excision event which gives rise to them. Type II F' plasmids arise from 

excision occurring at chromosomal sequences either side of the integrated plasmid, and 

therefore comprise of a complete F with chromosomal sequences covalently-attached at 

either side. Type I F' plasmids, on the other hand, evolve from excision occurring at sites 

on the chromosome and within the integrated plasmid, and therefore comprise of only part 

of the original F plasmid covalently-attached to chromosomal DNA sequences. Thus, in 

type II F' plasmid formation, F plasmid sequences are retained within the chromosome 

after excision, and are collectively termed the sex factor locus (Hardy, 1986). Type I F' 

plasmids are further classified into types lA and IB (reviewed by Low, 1972). Type lA 

F' plasmids contain the proximal genes of the parental Hfr strain, which are first to be 

transferred, whereas type IB F' plasmids contain the distal genes of the Hfr parent, which 

are last to be transferred.

5.3. Transfer of chromosomal genes by Hfr strains.

Although F plasmids cease to replicate autonomously once they are integrated 

within the chromosome, the tra genes of F are still expressed. Therefore, when Hfr strains 

are used as donors during conjugation, a nick is introduced at the transfer origin, oriT. and 

part of the F sequence is transferred, immediately followed by the covalently-attached
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chromosomal DNA. Genes are therefore transferred in the same order as they occur 

around the chromosome (reviewed by Willetts and Wilkins, 1984).

The length of the F sequence transferred is dependent on which of the four IS 

elements were involved in Hff formation (Hardy, 1986). None of the tra genes are 

transferred since the connection between donor and recipient is usually broken long before 

the more distal genes of the Hff strain and the remainder of the F DNA can be transferred 

(reviewed by Willetts and Skurray, 1980). Thus, recipients receive only part of F, the 

region ffom oriT to one of the IS elements (Hardy, 1986). Since the transfer of 

chromosomal genes demonstrated in Hff strains always proceeds in the same order, and 

at approximately the same rate, it is possible to map the chromosomal genes of the E. coli 

K12 Hff strain. This has been accomplished by one of two methods: gradient transmission 

or interrupted mating (reviewed by Bachmann, 1990).

6. The history of R plasmids.

R plasmids (Mitsuhashi, 1971) were first reported during the late 1950’s in Japan 

(Nakaya et ^ ., 1960). Following the Second World War, sulphonamides were commonly 

used in the treatment of bacillary dysentery. Initially this drug was very effective, but 

following the emergence of sulphonamide-resistant Shigella strains around 1949, 

subsequent infections were treated with chloramphenicol, tetracycline and, or 

streptomycin, which were often administered in combination (reviewed by Watanabe, 

1963). These newer drugs also gave good results initially, but their therapeutic value was 

soon curtailed once Shigella isolates resistant to tetracycline or streptomycin were isolated 

(Watanabe and Fukasawa, 1960), rapidly followed by the emergence of multiple drug- 

resistant strains (Mitsuhashi, 1965).

The plasmid-mediated transferable nature of the resistance remained unknown until 

Akiba et (1960) demonstrated in vitro that multiple resistance could be transferred en 

bloc to other bacteria. Further outbreaks of infectious multiple drug-resistance were 

subsequently discovered in Europe (Datta, 1962) and worldwide (Gangarosa et d., 1970; 

Mata et d., 1970; Levine et d., 1970, Relier, 1970; Mata et d . 1971; Weissman et d., 

1974; Rahaman et d., 1974), often emerging within a few months of introducing a new
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antibacterial agent (Davis and Arrandan, 1970). However, despite the prevalence of R 

plasmids in areas where antibiotic use was common, R plasmids also emerged in 

antibiotic-free areas (Davis and Arrandan, 1970). Since then many other resistance 

phenotypes have been identified in an increasingly wide variety of genera, which has 

consequently reduced the therapeutic effectiveness of a variety of drugs. Meynell et al. 

(1968) reported that resistance determinants were transferred widely among the 

Enterobacteriaceae, and to other Gram negative rods such as Vibrio cholera. Yersinia 

pestis and Serratia marcescens. The conjugal transfer of broad-host-range incompatibility 

group P (Inc?) and IncQ resistance plasmids amongst unrelated Gram negative bacterial 

species has been well documented, and they have consequently been labelled as 

‘promiscuous’ plasmids (reviewed by Guiney and Lanka, 1989).

This problem of antibiotic-resistance has not been restricted to man. A high 

correlation between the increasing incidence of resistant bacteria and the intensity of 

antibiotic usage is also paralleled in animal husbandry (Linton, 1984). Intergeneric transfer 

of R plasmids is of considerable medical importance, since R plasmids can be transferred 

to E. coli. normally a harmless component of the intestinal flora of both humans and 

livestock. These can subsequently act as a reservoir for R plasmids, possibly transferring 

them to an invading pathogen which might previously have been sensitive (Linton, 1984; 

1986). However, despite this potential source of R plasmids, in vivo plasmid transfer in 

the gut is low (Corpet, 1986). Corpet (1986) proposed that the general dominance of 

antibiotic-susceptible bacteria in mammals, a result of the reduced growth rate generally 

observed in plasmid-bearing strains, was probably responsible for this low transfer 

frequency in vivo.

It was long assumed that plasmids could not be transferred between Gram negative 

and Gram positive bacteria. However, Trieu-Cuot et d . (1987) dispelled this 

misconception when they demonstrated conjugation between Gram negative E. coli and 

various Gram positive bacteria, including Enterococcus faecalis. Streptococcus lactis. 

Streptococcus agalactiae. Bacillus thringiensis. Listeria monocvtogenes and Staphvlococcus 

aureus. More recently, Schafer et d . (1990) reported high frequency conjugal plasmid 

transfer from Gram negative E. coli to Gram positive coryneform bacteria following the



heat treatment of recipient cells.

7. Physical properties of R plasmids.

R plasmids may exist in one of three forms: (i) a covalently-closed circular (CCC) 

duplex (a tightly packed supercoiled molecule), (ii) an open-circular (OC) duplex (which 

is less compact due to a break (nick) in the sugar phosphate backbone of one strand of 

the duplex), or (iii) a linear duplex (Mortelmans and Dousman, 1986). The most 

frequently isolated form is the CCC molecule, despite the common existence of OC forms, 

for example during replication, when a nick is introduced into one of the CCC strands to 

form a replication intermediate (see Introduction 11.6.1.). Linear forms are much less 

common; these have been isolated in Borrelia species (Hirochika et d., 1984) 

Streptomvces rochei (Barbour and Garon, 1987) and Thiobacillus versutus (Wlodarczyk 

and Nowicka, 1988). A variety of methods exist for isolating the various forms (Coetzee 

et ^ ., 1972; Guerry et ^ ., 1973; Currier and Nester, 1976; Eckhart, 1978; Hansen and 

Olsen, 1978; Casse et d., 1979; Bimboim and Doly, 1979; Kado and Liu, 1981).

8. The relationships between F and R plasmids.

Clinically the most important R plasmids are those which mediate their own 

transfer by conjugation. These are generally larger (>25 mDa) than the smaller (<6 mDa) 

naturally-occurring non-conjugative plasmids such as ColEl (Willetts, 1984). Some are 

known to share extensive DNA homology with F, corresponding to their transfer (tra) 

opérons (Davidson et ^ ., 1975). Such plasmids are termed ‘F-like’ and are classed into 

five replicon incompatibility groups known as IncFI, IncFII, IncFIII, IncFIV and IncFV 

(Jacob et al., 1977). Whereas other conjugative plasmids having quite different tra opérons 

display little DNA homology with F, and therefore belong to different incompatibility 

groups.

Although conjugative plasmids may be phenotypically and genetically distinct, all 

exhibit three common features: (i) an extracellular filamentous organelle known as the 

sex-pilus, (ii) a system for conjugal replication and transfer of plasmid DNA and (iii) 

surface exclusion proteins present in the envelope which inhibit the self-mating of donor 

populations (reviewed by Willetts and Skurray, 1980; Ippen-Ihler and Minkley, 1986).



Under certain conditions, some R plasmids may, like F, become integrated within 

the chromosome (Nugent, 1981). However, this event occurs at a much lower frequency 

than observed with F. It has been proposed that all IncJ plasmids are integrated in the 

chromosome for most, if not all, of their existence and transfer of their resistance 

phenotypes is concomitant with transfer of chromosomal markers (Nugent, 1981). This 

is thought to explain the inability to isolate the plasmid DNA of R391, the prototype IncJ 

plasmid (Coetzee et d., 1972; Nugent, 1981; Pembroke, 1984; Pembroke et ̂ ., 1986; This 

thesis).

R plasmids transfer at much lower frequencies than observed with F, because their 

transfer (tra) opérons are generally expressed in only a small proportion of cells, in 

contrast to the constitutive expression of the F tra operon in all F  ̂and Hfr cells (reviewed 

by Willetts and Skurray, 1980). Expression of the tra operon in F-like R plasmids is 

normally repressed by the products of the fertility inhibition genes finO and finP 

(reviewed by Meynell et ^ ., 1968). These exert their control by acting together and 

blocking the expression of traJ. Since the traJ gene product is the positive regulatory 

protein essential for transcription of the tra operon, all tra functions are consequently 

‘switched off’. The tra operon is therefore regulated by a negative control system 

(reviewed by Willetts and Skurray, 1980). In contrast F is finO finP^, since the FmO gene 

of F is inactivated by the presence of the IS3 insertion element within the actual FmO 

sequence (Cheah and Skurray, 1986; Yoshioka et M., 1987). This results in the consequent 

derepression of traJ and the constitutive expression of the tra operon.

9. Incompatibility.

When the diversity of plasmid types was initially investigated, it seemed unlikely 

on the basis of the variety of phenotypes displayed that there would be much shared 

homology among them. Recently, however, it has become apparent that plasmids from 

diverse sources share many functions, (reviewed by Scott, 1984) which might indicate a 

common evolutionary origin (Sharp et d ., 1973; reviewed by Womble and Rownd, 1988). 

Plasmids are classified into different groups, according to their compatibility (Jacob et d., 

1977; reviewed by Novick, 1987). Plasmids that are stably inherited within the same host



are said to be ‘compatible’ with each other. Whereas plasmids sharing the same 

mechanism for controlling replication and equi-partioning at cell division cannot coexist 

and are therefore termed ‘incompatible’ (reviewed by: Novick, 1987; Couturier et

1988). Incompatibility is therefore a manifestation of relatedness (reviewed by Couturier 

etal., 1988).

At present about thirty incompatibility groups are recognised among plasmids of 

enterobacteriaece and seven are recognised among staphylococci (Jacob et 1977; 

reviewed by Couturier et d., 1988). Operational testing for incompatibility involves 

introduction (by conjugation, transduction, or transformation) of a plasmid into a strain 

already carrying a resident plasmid. It is essential that the two plasmids have different 

genetic markers in order to follow their segregation. Selection is usually carried out on 

the entering plasmid and the progeny examined for the continued presence of the resident 

plasmid as well as the incoming plasmid (reviewed by Couturier et al., 1988).

Other classification schemes exist, based on replicon typing, where specific DNA 

probes are used to test for the presence of a basic replicon by DNA-DNA hybridisation. 

This is technically simpler and less time-consuming (reviewed by Couturier et d., 1988).

10. Control of plasmid replication.

Some plasmids, such as F, occur as only one or two copies per chromosome, 

whereas others are present as multiple copies, for example plasmid ColEl. Plasmids 

therefore fall into two distinct classes on the basis of the total number of copies present 

in the host cell. Different plasmid species in the same bacterial cell maintain themselves 

at different copy numbers (Barth et d., 1978). Maintenance of low copy number requires 

tight regulation of replication and segregation, and is therefore said to be under ‘stringent’ 

control. Maintenance of multicopy plasmids is more ‘relaxed’ producing ten or more 

copies per chromosome (Kontomichalou et d,, 1970).

11. Conjugation.

Conjugation is a highly specific process whereby DNA is transferred from donor 

to recipient cells by a mechanism that requires cell-to-cell contact (reviewed by Willetts
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and Wilkins, 1984). Conjugation is determined almost invariably by plasmids and not 

bacterial chromosomes, which provides the subset of plasmid-encoded genes an 

evolutionary advantage (Willetts, 1984). Since conjugation is essentially a replication 

process, it allows plasmids to replicate more frequently than chromosomal genes, and 

secondly it enables them to transfer to alternative bacterial hosts (Willetts, 1984). Despite 

the diversity in genetic organisation and properties of plasmid-transfer systems, the basic 

transfer functions exhibited by F are typical for Gram negative conjugation systems 

(reviewed by Ippen-Ihler and Minkley, 1986).

11.1. The tra operon and its role in the transfer of F.

Genetic analysis of the conjugation of F has revealed more than twenty-four ^  

genes involved in F transfer, as well as two genes that encode its surface exclusion 

properties (reviewed by Willetts and Skurray, 1980; Ippen-Ihler and Minkley, 1986). As 

the tra alphabet became exhausted, ^  genes A, B, C, D and E were also identified, with 

their functions yet to be determined (reviewed by Ippen-Ihler and Minkley, 1986).

The regulatory TraJ protein promotes the transcription of all the other ^  genes 

from sites that precede traM and traY (Thompson and Taylor, 1982; Fowler et d ., 1983; 

Fowler and Thompson, 1986). traJ, and thus all other to  gene activities, are in turn 

repressed by the finO and finP gene products (reviewed by Willetts and Skurray, 1980). 

Analysis of to  mutants have revealed that their gene products act in four different 

functions: (i) toS and toT express surface exclusion proteins present in the irmer- 

membrane, which prevent unproductive mating between cells bearing the same plasmid, 

(ii) a large number of genes contribute to formation of the sex-pilus, (iii) toN  and toG  

gene expression is required to stabilise donor-recipient surface associations, and (iv) the 

remaining to  genes are involved in nicking, displacement and transport of the single 

strand of DNA to the recipient (Clark, 1985).

11.2. Contact formation.

By definition conjugal DNA transfer requires the physical contact of a mating pair 

(Willetts, 1984). F transfer is initiated by the F-pilus, the conspicuous, long, thin and 

hollow appendage that extends the bacterial surface (Brinton, 1964; 1965; 1971; reviewed
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by Ottow, 1975). They differ from common pill or fimbriae, in their ability to adsorb 

male-specific phages, and their distinct antigenic structure and possession of a terminal 

knob (Brinton, 1965). Sex pili fall into three morphological groups; thick flexible, thin 

flexible, or rigid (Bradley, 1980). Whilst flexible pili are equally efficient at promoting 

conjugation either in broth or on surface, rigid pili are only efficient at conjugation on a 

surface, such as a membrane filter or an agar plate (Bradley, 1980).

Brinton (1971) demonstrated the F-pilus to be constructed of a single hydrophobic 

protein subunit pilin, which lacks proline, cysteine, arginine and histidine, but is both 

phosphorylated and glucosylated. traA, encodes the one hundred and twenty-one amino 

acid polypeptide propilin, the precursor of pilin. Propilin is processed by the gene product 

of traO, which cleaves a fifty-one amino acid leader peptide from the N-terminal, to leave 

the seventy amino acid polypeptide pilin. After cleavage, the N-terminus of the pilin 

protein is acetylated, this is responsible for the major antigenic difference observed 

between mature F-pilin and its precursor polypeptide (reviewed by Ippen-Ihler and 

Minkley, 1986; Thompson, 1986).

The initial contact of the pilus might involve an interaction with 

lipopolysaccharides (LPS) of the cell surface, but observations of competent mating 

mixtures indicate that most donor and recipient cells eventually form stable mating 

aggregates with wall-to-wall contact (Achtman et d., 1979). Aggregate formation is 

presumed to result from depolymerisation of the pilin subunits at the base of the pilus 

(reviewed by Ippen-Ihler and Minkley, 1986), traN and traG gene products contribute to 

their stabilisation (Achtman et ^ ., 1979; Manning and Achtman, 1979), possibly by 

securing cell wall contacts (Manning et ^ ., 1981).

The formation of these stable mating-aggregates is believed to generate a signal 

for the initiation of DNA transfer, probably by causing an allosteric change in the 

structure of a key protein or alteration of its intracellular location with the consequent 

activation of the transfer origin, oriT (reviewed by Willetts and Wilkins, 1984). TraM has 

been proposed as a likely candidate for this role, since it appears to be essential for both 

DNA transfer and conjugal DNA synthesis in the donor cell, but is not required for pilus
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synthesis, the formation or stabilisation of mating-aggregates, or nicking at oriT 

(Kingsman and Willetts, 1978). Moreover, it is appropriately located in the inner 

membrane of the cell, and studies have indicated binding at oriT (Thompson and Taylor, 

1982, Thompson et d., 1984; reviewed by Willetts and Wilkins, 1984; Thompson, 1986).

Once initial contact between pilus and recipient is established the extended pilus 

might act as a stable conduit for DNA transfer in the absence of cell-to-cell contact (Ou 

and Anderson, 1970; reviewed by: Brinton, 1971; Willetts and Skurray, 1980; Harrington 

and Rogerson, 1990). However, pili are not obligatory for, or a usual component of, DNA 

transfer, since most or all of DNA transfer may occur in the absence of extended pili (Ou 

and Anderson, 1970; Achtman and Skurray, 1977).

11.3. DNA transfer.

DNA transfer requires the traM. traY, traD. tral and traZ gene products at oriT 

(reviewed by Willetts and Wilkins, 1984). These gene products are plasmid specific and 

therefore are not interchangeable among the F-like plasmids (Willetts and Maule, 1985). 

The plasmid specificity of these gene products presumably reflects their action, or 

interaction oriT (Willetts and Maule, 1985).

11.3.1. Nicking at oriT.

The role of traM is ill defined (Traxler and Minkley, 1987). It is thought that a 

conformational change in the protein resulting ffom a successful mating contact triggers 

the nicking or unwinding stages of DNA transfer, or both, at oriT (Kingsman and Willetts, 

1978; Everett and Willetts, 1980). Early genetic and biochemical studies (Everett and 

Willetts, 1980) suggested that the products of the traZ and traY genes formed a TraYZ 

endonuclease which was required for nicking at oriT. However, recent genetic and 

biochemical studies have revealed that Tral is also involved in this function (Traxler and 

Minkley, 1987; 1988; Bradshaw et al., 1990). It is noteworthy that nicking at oriT may 

occur in the absence of mating contacts, and it has been suggested that nicking and 

religation may be continuous in donor cells providing an equilibrium of CC and OC (oriT- 

nicked) forms of the plasmid (Germino and Bastia, 1981).
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After nicking the DNA strand to be transferred is unwound by the gene 

product, DNA helicase I (Kuhn et d., 1979), which requires a 200 bp gap to initiate 

unwinding in vitro . Unlike most tra gene products, this fibrous protein is located in the 

cytoplasm (Achtman et d., 1979) and thought to bind near to the 5' terminus of the 

nicked strand and then progressively unwind the helix in a 5' to 3' direction at an 

estimated rate of 1,200 bp s ’ (Kuhn et d., 1979) using energy from ATP hydrolysis. DNA 

gyrase, bacterial DNA topoisomerase II, has also been implicated in this function and the 

transfer of DNA (Willetts, 1981). The traD gene product, an inner membrane DNA- 

binding protein (Kennedy et d., 1977; reviewed by Minkley/and Willetts, 1984) is thought
A * ,

to function as a non-specific pore for the export of DNA from the donor cell. The source 

of energy for DNA transfer is unknown, but is thought to be coupled to DNA unwinding 

(Abdel-Monem et d., 1976; reviewed by Willetts and Wilkins, 1984; Panicker and 

Minkley, 1985).

11.4. Replacement strand synthesis in the donor ceil.

Transfer of the single DNA strand with the 5' terminus leading is normally 

associated with, yet independent of (Kingsman and Willetts, 1978), synthesis of both the 

replacement strand in the donor cell, termed DCDS, and of the complementary strand in 

the recipient, termed RCDS (reviewed by; Willetts and Skurray, 1980; Willetts and 

Wilkins, 1984). However, contrary to the predictions of the rolling-circle model for 

conjugal DNA synthesis, the 3 -OH terminus created by the nick at oriT is not available 

for priming DCDS. DCDS of F and Incia plasmids requires an untranslated RNA primer 

(Kingsman and Willetts, 1978) which initiates DNA replication by host-encoded DNA 

polymerase III holoenzyme (Pol III) (Wilkins and Hollom, 1974). There is little 

information available about the final stages of DCDS involving primer removal, gap 

filling and ligation of the termini of the newly synthesised strand; presumably these stages 

involve host-encoded enzymes such as DNA polymerase I and DNA ligase.

11.5. Complementary strand synthesis in the recipient cell.

This involves two major events: (i) synthesis of DNA complementary to the 

transferred strand and (ii) circularisation of plasmid DNA (reviewed by Willetts and 

Wilkins, 1984). Falkow et d., (1971) demonstrated that transferred DNA is initially
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replicated in association with the membrane of the recipient cell, to give linear double

stranded molecules, and these are then converted into OC and CC plasmid forms present 

in the cytoplasm. RCDS is mediated by host-encoded Pol III, and further host-encoded 

proteins are required for ^  novo synthesis of RNA primers (reviewed by Willetts and 

Wilkins, 1984). As with DCDS there is little information available about the final stages 

involving primer removal and ligation of the termini of newly synthesised DNA. It has 

been suggested that plasmid proteins involved in conjugative metabolism in the recipient, 

such as plasmid primase (Boulnois and Wilkins, 1978), to  membrane proteins and single 

stranded binding proteins (SSB) are physically transferred from the donor (Nordheim et 

d., 1980), however, this warrants further investigation (reviewed by Willetts and Wilkins, 

1984).

The mechanism of DNA recircularisation is also unclear. One model suggests that 

during the nicking process the 5 ' and 3 ' termini become covalently attached to the TraYZ 

endonuclease polypeptides. Reassociation of these polypeptides in the recipient would then 

lead to circularisation (Warren et ^ ., 1978; reviewed by: Willetts and Wilkins, 1984; 

Ippen-Ihler and Minkley, 1986). Circularisation of the transferred strand provides a CCC 

template for the completion of complementary strand synthesis. After removal of the RNA 

primers and ligation of the termini of the newly synthesised DNA, a topoisomerase, such 

as DNA gyrase, presumably introduces negative super helical turns to generate the 

plasmid forms necessary for transcription and initiation of vegetative DNA replication 

(reviewed by Willetts and Wilkins, 1984).

12. Plasmid mobilisation.

Many naturally-occurring plasmids are non-conjugative, but nevertheless possess 

an oriT and genes enabling them to be mobilised, often very efficiently by co-resident 

conjugative plasmids (Willetts, 1981). Non-conjugative plasmids are generally small, 2-10 

kb, however, occasionally they are large, and may then be transfer-deficient mutants of 

conjugative plasmids (Willetts, 1984). Thus, F can mediate the transfer of ColEl (Broda, 

1979), which with the exception of tral. requires all the gene products of the F plasmid 

to  operon (Willetts, 1971). Since to i has been implicated in endonuclease function 

(Introduction 11.3.1) this suggests that ColEl provides its own nicking function (mob gene
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product) in order to produce a leading end for transfer (Bhattachaijee and Meyer, 1991).

13. Antibiotic resistance.

Datta and Hughes (1983) revealed that antibiotic resistance rarely occurred in 

clinical strains collected prior to the antibiotic era. However, over the past three decades 

antibiotic resistance has shown an explosive increase, which in some instances has more 

than kept pace with the introduction of the newer antibacterial agents and the commercial 

production and clinical use of older agents. This phenomenon is of considerable economic 

importance and represents a major challenge to the pharmaceutical industry. An 

understanding of the mechanisms of drug resistance has consequently become a central 

issue, since a wide appreciation of the mechanisms involved is thought to be essential to 

combat this threat posed to human health.

13.1. Intrinsic resistance.

Resistance to antimicrobial agents may result from intrinsic properties of 

organisms, or be acquired through mutation or through plasmid- and transposon-specified 

genes. The term intrinsic resistance refers to the natural resistance to antibacterial agents 

possessed by the majority of bacteria, within a species at a given time (Bryan, 1988). 

Expression of such resistance may be constitutive or may be readily inducible by sub- 

inhibitory levels of the drug. For example, the induction of 8-lactamase activity in bacteria 

by many of the 6-lactam antibiotics (Sanders, 1984).

13.2. Acquired drug resistance.

Resistance in clinical infections is generally acquired rather than intrinsic, since 

the invading pathogen emerges from a drug-sensitive population, prior to the development 

and clinical use of a particular drug (Datta, 1984). Acquired resistance can arise ffom a 

variety of mechanisms. Several important resistance mechanisms arise ffom mutations. 

These include mutations affecting: the structure of penicillin-binding proteins resulting in 

methicillin or cephalosporin resistance (Spratt, 1978, 1983), genes encoding DNA gyrase 

giving rise to novobiocin, nalidixic acid and 4-quinolone resistance (Reynolds, 1984), 

ribosomal proteins as seen with streptomycin resistance (Wittman et ̂ ., 1973), and RNA 

polymerase resulting in rifampicin resistance (Rabussay and Zillig, 1969). Although
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bacteria can mutate to become drug resistant, Smith (1983) reported that such mutants 

isolated in vivo frequently exhibited reduced pathogenicity. By far the most frequent cause 

of clinical drug-resistance is that mediated by plasmids. By definition the presence of such 

R plasmids must have little or no deleterious effect on the hosts pathogenicity (Bryan,

1988).

13.3. Plasmid-mediated antibiotic resistance.

There are four classic mechanisms of resistance specified by plasmids:

1 Alteration of the antibiotic target site (reducing or eliminating the binding 

of the antibiotic to its target site)

2 Detoxification or inactivation of the antibiotic

3 Preventing the transport of the antibiotic into the cell or its accumulation 

by the cell

4 Bypass mechanism specifying an enzyme substitute for a host-specified 

enzyme which is the antibiotic target.

Which one of these mechanisms operates depends on the nature of the antibacterial agent, 

its target site and bacterial species.

13.3.1. Alteration of the antibiotic target site.

This type of resistance occurs when the cellular target site is structurally altered. 

This consequently reduces the affinity of the drug for its target site. Only one well- 

established case of plasmid-mediated resistance has emerged as a result of target site 

modification. This is the macrolide-lincosamide (MLS) resistance phenotype, which 

includes resistance to macrolides, such as erythromycin, and lincosamides, including 

lincomycin and streptogramin type B. MLS resistance is specified by plasmids resident 

in Gram positive bacteria, typically S. aureus and Streptococcus spp. (Weisblum and 

Demohn, 1969; Weisblum et ^ ., 1971; 1979; reviewed by Clewell, 1981) and also in 

Gram negative Bacteroides spp. (Welch et al., 1979). Some MLS resistance determinants 

in S. aureus and Streptococci have been found to be inducible by sub-inhibitory levels 

of erythromycin and a limited number of other drugs from this group, whilst others are 

expressed constitutively (Weisblum, 1984).
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This group of antibiotics exert their effect on bacterial growth by specifically 

binding to the 50S ribosome subunit and inhibiting protein synthesis (Gale et M., 1981). 

Resistance is caused by specific N^N^-dimethylation of two adenine residues in the 23 S 

ribosomal RNA, a structural component of the 5 OS ribosome subunit, by a plasmid- 

encoded methylase (Lai and Weisblum, 1971; Lai et d., 1973a; 1973b), thus preventing 

the binding of these antibiotics to their target.

13.3.2. Enzymic detoxification.

Plasmid-encoded detoxification enzymes are associated with resistance to a range 

of antibiotics, including the B-lactams, aminoglycosides, chloramphenicol, and also 

resistance to heavy metal ions.

13.3.2.1. 0-lactam resistance.

High-level clinical resistance to broad spectrum 13-lactam antibiotics in Gram 

negative bacteria is generally achieved through hydrolysis of the 13-lactam ring by 

plasmid-mediated 13-lactamases (Bush and Sykes, 1984, Saunders et d., 1986). A large 

number of different 13-lactamases mediated by chromosomes, plasmids and transposons 

have been identified (reviewed by Bush, 1989a). This plethora of 13-lactamases, produced 

in particular by Gram negative bacteria, has posed a particular challenge to their 

classification and has resulted in a number of classification schemes (Richmond and 

Sykes, 1973; Matthew et d., 1975; Matthew and Hedges, 1976; Matthew et d ., 1979; 

Ambler, 1980; Jaurin and Grundstrom, 1981; Bush, 1989b; 1989c).

Initial classification schemes were based primarily on biochemical characteristics 

(Richmond and Skyes, 1973). Matthew et d. (1975) expanded this compilation using 

isoelectric focusing techniques and other schemes have have used substrate and inhibitor 

profiles (Cartwright and Waley, 1983; Bush and Sykes, 1986) in addition to physical data 

(Ambler, 1980; Jaurin and Grundstrom, 1981). Much of the evolutionary success of these 

13-lactamases is associated with the TEM lactamase gene, since this is expressed in a wide 

variety of Gram negative bacteria as part of the TnA (Tnl, Tn2 and Tn3) series of 

transposons and is thought to be responsible for approximately four fifths of plasmid- 

determined resistance in Gram negative bacteria (Saunders et d., 1986). As the use of
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extended-spectrum P-lactam antibiotics increases world-wide one may expect to identify 

many new P-lactamases (reviewed by Bush, 1989a).

13.3.2.2. Aminoglycoside resistance.

Most clinical resistance to aminoglycosides is determined by plasmid-specified 

aminoglycoside-modifying enzymes (Shannon and Phillips, 1982). Many of these are 

specified by transposons and are classified according to their site and mechanism of 

modification. 0-phosphorylation, 0-nucleotidylation, or N-acetylation of the antibiotic 

inhibits ribosomal binding and thus prevents the inhibition of protein synthesis by the 

antibiotic (Yamada et d., 1968).

Aminoglycoside-modifying enzymes encoded by R plasmids in Gram negative 

bacteria are thought to be strategically located in the periplasmic space where they can 

inactivate incoming drug molecules before they reach the ribosomes (reviewed by Davies 

and Smith, 1978). However, there has been no direct evidence to suggest these enzymes 

are integral membrane proteins. Although present in low concentrations in the cell, the 

inefficient transport of the aminoglycoside, coupled with the high affinities of the 

modifying enzymes for their substrates, enables the rate of modification to exceed the rate 

of transport of aminoglcoside molecules to their target site (Bryan and van den Elzen, 

1976).

13.3.2.3. Chloramphenicol resistance.

Clinical chloramphenicol resistance is predominantly the result of drug inactivation 

by acétylation (Suzuki and Okamoto, 1967; Shaw, 1967; 1971). Plasmid-encoded 

chloramphenicol acetyltransferase (CAT) catalyses acetyl-CoA dependent acétylation, as 

reviewed by Shaw (1983), and prevents the antibiotic ffom binding to the ribosome. The 

enzyme is expressed constitutively in many Gram negative bacteria, and is also expressed 

at high levels in Gram positive Staphylococci and Streptococci by small multicopy 

plasmids following induction by low-levels of chloramphenicol (Shaw, 1983).

13.3.2.4. Resistance to heavy metals.

Resistance to heavy metals is a common plasmid-specified phenotype of Gram
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positive and Gram negative soil bacteria (Clark et d., 1977; Weiss et d ., 1977; Schottel, 

1978; Summers and Silver, 1978). Mercury resistance is also widespread among clinical 

isolates, and has been associated with the extensive use of mercurials such as 

phenylmercury and thiomersal as hospital disinfectants and preservatives in pharmaceutical 

products (Hall, 1970). Indeed, a decrease in mercurial ion resistance was observed in 

hospital strains following the discontinuation of mercurial disinfectant in these hospitals 

(Porter et d., 1982).

Mercury resistance is frequently determined by drug-resistant plasmids that are 

common in soil pseudomonads and bacilli, as well as in E. coli (Reuben et ^ ., 1976) and 

S. aureus (Gusella et d., 1976). Two distinct resistant phenotypes have been recognised: 

those resistant to Hg (II) salts, and those resistant to both Hg (II) salts and 

organomercurials (reviewed by Foster, 1983). Both systems require a mercuric ion 

reductase which converts mercury salts (Hg^ )̂ to metallic mercury (Hg°). This is much 

less toxic, and virtually insoluble and is lost from the medium due to its high volatility 

(Summers and Silver, 1972; 1978). These plasmid-encoded enzyme systems are inducible 

and appear to be specific to mercury, since other divalent cations are not inducers 

(Schottel, 1978). Organomercurial resistance requires a hydrolase to split the initial Hg-C 

bond before the mercuric ion can be reduced (Schottel, 1978).

Plasmid-mediated resistance to other cations independent of mercury resistance 

determinant, has also been described for zinc, nickel, silver, lead, cadmium, bismuth, 

cobalt and other heavy metals (Summers and Jacoby, 1977; 1978) little is known about 

the mechanisms involved (reviewed by Davies and Smith, 1978; Foster, 1983).

13.3.3. Preventing accumulation of the antibiotic.

While high-level plasmid-specified tetracycline resistance is widely encountered 

in both Gram positive and Gram negative bacteria, detailed studies on the nature of this 

resistance have been confined to determinants from Enterobacteriaceae and Bacillus spp. 

(Levy, 1984; Chopra, 1985; 1986). Mendez et (1980) have classified the determinants 

of tetracycline resistance found in the Enterobacteriaceae into four groups. Each 

determines a membrane-located protein, which promotes the energy-dependent efflux of
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tetracycline. Evidence for the involvement of these proteins in resistance was provided by 

tetracycline accumulation studies with strains carrying mutations in the respective 

structural genes (Tait and Boyer, 1978; Coleman et M., 1983). Synthesis of the membrane 

proteins is inducible, involving regulatory genes encoding a repressor that negatively 

regulates their synthesis (Chopra, 1986). The origin of the energy coupled to efflux 

remains unclear, however, it appears to be driven by the proton-motive force (McMurry 

et M., 1980).

13.3.4. Bypass mechanism (enzyme substitution).

Resistance to sulphonamides and trimethoprim are the only two plasmid-encoded 

bypass mechanisms known. Plasmids encode enzymes that are insensitive to the inhibitor 

and therefore substitute for the inhibited chromosomal enzyme in a metabolic pathway. 

This allows completion of the blocked metabolic pathway and growth in the presence of 

the drug. The biosynthesis of tetrahydrofolate (THF) is inhibited by both sulphonamides, 

which competitively inhibits the chromosomal enzyme dihydropteroate synthetase (DHPS) 

(Brown, 1962), and trimethoprim, which inhibits chromosomal dihydrofolate reductase 

(DHFR) Hitchings and Burchall (1965).

13.3.4.1. Sulphonamide resistance.

Plasmid-mediated sulphonamide resistance was the first plasmid-mediated drug- 

resistance phenotype to be observed (Nakaya et d., 1960; reviewed by Watanabe, 1963). 

Initially this was thought to have arisen ffom drug impermeability, since plasmid-specified 

drug-resistant DHPS in Gram negative bacteria was not demonstrated until much later 

(Wise and Abou-Donia, 1975), following elucidation of the mechanism of trimethoprim 

resistance. This drug-resistant DHPS functions efficiently, even in the presence of high 

drug concentration (Skold, 1976). Plasmid-mediated sulphonamide resistance is common, 

indeed two different types of plasmid-specified DHPS have been identified (Swedberg and 

Skold, 1980). Both enzymes have lower molecular weights than chromosomal DHPS 

which binds sulphonamides marginally more efficiently than its natural substrate, para- 

aminobenzoic acid (PABA). In contrast the plasmid-determined DHPS binds 

sulphonamides ten thousand-fold less efficiently than PABA (Swedberg and Skold, 1980).
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13.3.4.2. Trimethoprim resistance.

Three years after the introduction of trimethoprim, plasmid-mediated trimethoprim- 

resistance was observed in Gram negative bacteria (Fleming et 1972). Trimethoprim 

is a potent inhibitor of chromosomal-encoded DHFR, and the mechanism of plasmid- 

mediated resistance is analogous to that of the sulphonamides: plasmid-specified 

trimethoprim-resistant DHFR substitutes for the inhibited chromosomal enzyme target in 

THF biosynthesis (Amyes and Smith, 1974).

13.4. Other mechanisms of antibiotic resistance.

There are a number of clinically-important antibacterial agents to which plasmid- 

mediated resistance has not been reliably reported. These include nalidixic acid and the 

modem 4-quinolones, nitrofurans, novobiocin, rifampicin, bacitracin, colistin and 

polymyxin (Courvalin, 1990). All of these agents are in current clinical use and the 

modem oral fluroquinolones appear to offer an effective oral therapy for a wide spectrum 

of infections which previously required parenteral antibacterial agents.

14. The 4-quinolones.

In contrast to the majority of antibacterial agents, which have been isolated ffom 

various moulds and fungi, the 4-quinolones are chemically synthesised. Nalidixic acid, the 

prototype quinolone, was discovered serendipitously during chloroquine synthesis (Lesher 

et ̂ . ,  1962). It possesses a narrow spectmm of activity limited to Gram negative aerobes, 

which together with its modest in vivo serum and tissue concentrations, a consequence of 

high protein binding, has restricted its clinical use to the treatment of urinary tract 

(Stamey et d., 1969) and enteric infections, in particular bacillary dysentery (Moorhead 

and Parry, 1965; McCormack, 1983; Parry, 1983; Malengreau, 1984). In response to the 

rapid development of widespread trimethoprim resistance in Shigella spp., nalidixic acid 

has become first line-therapy for Shigellosis in some temperate and tropical countries 

(Bose et d., 1978; McCormack, 1983; Panhotra and Desai, 1983; Parry, 1983; Bennish 

e t^ .,  1985).

Although, nalidixic acid-resistant mutants of E. coli are isolated relatively easily 

in vitro at a detectable frequency (Barlow, 1963), surveillance of clinical uropathogens has
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revealed that the incidence of nalidixic acid-resistance has remained consistently low since 

1971, despite its extensive use and the more recent introduction of fluroquinolones into 

clinical practice (Kresken and Wiedemann, 1988; reviewed by Crumplin, 1990).

Development of the quinolones was slow. Derivatives introduced during the 

1970’s, including enoxacin, cinoxacin, oxolinic acid, pipemidic and piromidic acids 

offered only marginal improvements over nalidixic acid. However, interest in this class 

of antibacterial agents was renewed, spurred by the discovery that the addition of a 

piperizine ring at position 7 (Figure 1) increases microbial activity, and fluorination of the 

nucleus at position 6 (Figure 1) vastly increases antibacterial potency with activities 

approaching one thousand times that of nalidixic acid (Smith, 1984a; reviewed by Siporin,

1989).

The modem fluorinated quinolones, such as norfloxacin (Ito etal., 1980), ofloxacin 

(Sato et d., 1982), ciprofloxacin (Wise et d., 1983) and enoxacin (Chin and Neu, 1983) 

(Figure 2), offer more favourable pharmacokinetic and safety profiles than their older 

congeners and possess an expanded spectrum of microbiological activity. They are most 

active against enteric Gram negatives including E. coli. Salmonella spp.. Shigella spp., 

Enterobacter spp. and Neisseria spp. (Kresken and Wiedemann, 1988), but are also active 

against Haemophilus influenzae and Legionella pneumophilia. and have moderate activity 

against nalidixic acid-resistant P. aemginosa (Neu, 1987) and Gram positives including 

methicillin-resistant S. aureus (Neu. 1987; Maple et ̂ ., 1991). The most potent derivatives 

are ciprofloxacin and norfloxacin, which are established therapeutic agents effective for 

infections of urinary, respiratory and gastrointestinal tracts, skin, soft tissue and bone as 

well as sexually-transmitted diseases (Neu, 1989). Third-generation quinolones such as 

lomefloxacin (Chambers et ^ ., 1991), PD127,391 (Wise et d., 1988; L ew inet^ ., 1990) 

and WIN 57273 (Kaatz and Seo, 1990) are being developed and their in vitro activities 

determined. The general trend in their synthesis has been to increase the number of 

fluorine residues (reviewed by Siporin, 1989).

14.1. Nomenclature.

Whilst all the congeners of nalidixic acid in Figure 1 are quinoline derivatives, this



23

system is not used since the common skeleton is termed 4-oxo-1,4-dihydroquinoline. 

Instead the much simpler term 4-quinolone has now been universally accepted Smith 

(1984a).

Nalidixic acid and enoxacin are naphthyridines, whereas cinoxacin is a cinnoline 

derivative, and pipemidic and pirmidic acids are pyrido-pyrimidines. The nomenclature 

system proposed by Smith (1984a) is also more informative because it provides an 

accurate description of the bonds in the pyridine ring, thus nalidixic acid is an 8-aza-4- 

quinolone, cinoxacin is a 2-aza-4-quinolone and pipemidic and piromidic acids are 6,8- 

diaza-4-quinolones (Figure 1). Oxolinic acid and the modem quinolones such as 

norfloxacin and ciprofloxacin are quinoline derivatives and are simply classified as 4- 

quinolones (Figure 2).
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Figure 1, Chemical structures o f first generation quinolones.
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Figure 2, Chemical structures o f some modem 4-quinolones.

14.2. Mode of Action.

Quinolones interfere with DNA replication (Goss et 1965; Cook et 1966; 

Bourguignon et d., 1973), by inhibiting DNA gyrase (Gellert et al., 1977). DNA gyrase 

belongs to a class of enzymes known as topoisomerases, which play a crucial role in
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catalysing the topological interconversions necessary for DNA replication, transcription 

and recombination in prokaryotic and eukaryotic cells (reviewed by: Drlica, 1984; Wang, 

1985; Maxwell and Gellert, 1986; Sutcliffe et 1989). DNA gyrase introduces negative 

supercoils into the DNA helix and thus, assists with the packaging of the large prokaryotic 

chromosome molecule into the cell (Worcel, 1974; Crumplin and Smith, 1976; Gellert et 

d., 1976), see Introduction 14.3.1. The precise details of the quinolone-DNA- 

topoisomerase interaction have yet to be fully elucidated (Moreau et d., 1990; Hallet and 

Maxwell, 1991). A quinolone-induced complex is known to be formed between DNA 

gyrase and DNA which, upon exposure to a denaturing agent, promotes gyrase-mediated 

double strand DNA breakage at specific sites (Gellert et ^ ., 1977; Morrison and 

Cozzarelli, 1979; Fisher et d . 1981; Maxwell and Gellert, 1986). Such inhibition of DNA 

gyrase activity results in the cessation of cell growth and the eventual death of susceptible 

bacteria. The bactericidal effect is accompanied by unbalanced growth (filamentation) 

followed by cell lysis and is dependent upon the synthesis of additional proteins (Goss et 

d ., 1964; Deitz et d., 1966).

Quinolones are selective antibacterial agents because bacterial DNA gyrase is far 

more sensitive to inhibition than its eukaryotic counterpart, mammalian topoisomerase II, 

even though the two enzymes share structural (Lynn et d., 1986) and functional homology 

(Hussy et d., 1986; Hoshino et d., 1989; Sato et d., 1989; Moreau et d ., 1990). Sato et 

d . (1989) reported two thousand-fold higher concentrations of fleroxacin were required 

to inhibit calf thymus topoisomerase II compared to the moderate concentrations required 

for inhibition of bacterial DNA gyrase. However, caution must be used when relating 

these results with in vivo studies.
f

DNA gyrase of E. coli is a tetrameric enzyme (A2 B2 ), consisting of two subunits 

A and B, the gene products of the respective unlinked gvrA and svrB genes. The 

mechanism of action of DNA gyrase involves the ATP-driven passage of a segment of 

DNA through a double strand DNA break, stabilised in part by covalent bonds between 

DNA and the enzyme (reviewed by Maxwell and Gellert, 1986; Sutcliffe et d ., 1989).

Double-stranded DNA cleavage most likely arises ffom interference by quinolones
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with the DNA breakage-reunion activity of the gyrase complex. GyrA subunits mediate 

transient double-strand DNA breakage, with the second DNA strand passing through the 

break. This is essential to the mechanism by which gyrase catalyses DNA supercoiling, 

relaxation, decatenation and the unknotting of circular DNA (Brown and Cozzarelli, 1979; 

Mizuuchi et M., 1980). Structural studies of the DNA cleavage sites have shown that a 

GyrA subunit becomes covalently linked to the 5 '-phosphate end of the break through the 

tyrosine residue at position 122 of the 875 amino acid residue GyrA protein (Horowitz 

and Wang, 1987). The GyrB subunits bind ATP and thus provide the energy requirements 

for DNA supercoiling (Gellert et ^ ., 1976; Sugino et M., 1978).

14.3. Resistance to quinolones.

In the absence of plasmid-mediated resistance, chromosomal mutation is the only 

mechanism by which bacteria can develop resistance to the 4-quinolones during therapy 

(Smith, 1984a). Mutations to 4-quinolone resistance involve either an alteration in the 

genes encoding the target enzyme, DNA gyrase or in genes involved in drug uptake 

(Hooper and Wolfson, 1991).

Mutations in either the gyrA or gyrB genes cause resistance to the 4-quinolones 

(Relia and Haas, 1982; Robillard and Scarpa, 1988; Nakamura et d ., 1989; Sato et d., 

1989). Although mutations in either gene may occur with equal frequency in vitro 

(Nakamura et M., 1989), gyrA mutations appear to predominate in clinical quinolone- 

resistant E. coli isolates, probably because gyrA mutation confers high-level resistance, 

in contrast to the low-level resistance associated with gyrB mutants (Nakamura et al.,

1989). Instances of rapid clinical high-level quinolone-resistance due to mutations in gyrA 

haye emerged in P. aeruginosa (Hirai et al., 1987; Inoue et d., 1987; Yoshida et d.,

1990). Citrobacter freundii (Aoyama. et al.. 1988), S. marcescens (Fujimaki et ^ ., 1989), 

H. influenzae (Setlow et d., 1985), Campylobacter pylori (Glupczynski et W., 1987) and 

Campylobacter jejuni (Gootz and Martin, 1991).

14.3.1. Mutations in the gyrA gene.

The gyrA nucleotide sequences of four spontaneous gyrA mutants of E. coli. 

exhibiting yarious leyels of resistance to nalidixic or pipemedic acid were reported by
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Yoshida et d . (1988). All four gyrA mutations were located strikingly close to one 

another, within a small region near the N-terminus of the GyrA subunit (Yoshida et d.,

1988). The mutations involved several amino acid substitutions: the amino acid residue 

at position 83 was changed from serine (Ser-83) to either leucine or tryptophan, Glycine 

(Gin-106) was substituted with histidine, and also alanine (Ala-67) was replaced by serine 

(Yoshida et ^  1988). Characterisation of another gvrA from a clinical E. coli isolate, 

cross-resistant to a variety of quinolones, revealed that the GyrA subunit differed at three 

positions from its wild-type E. coli K12 counterpart: tryptophan (Trp), glutamate (Glu) 

and serine (Ser) replaced serine, aspartate and alanine at positions 83, 678 and 828 

respectively (Cullen et d., 1989). Since the amino acid substitutions at Asp-678 and Ala- 

828 were neutral, they were considered not to contribute to the resistance phenotype 

(Cullen et d., 1989). Genetic analysis of chimeric gyrA genes in a gyrA(Ts) background 

showed that the Ser-83->Trp mutation in GyrA was solely responsible for high-level 

quinolone-resistance in vivo (Cullen et d., 1989).

Further sequence analysis of ten spontaneous quinolone-resistant gyrA mutants, 

including the four mutants previously examined by Yoshida et d . (1988) revealed that 

quinolone-resistance was the result of a point mutation within the region between amino 

acids 67 and 106, in particular the vicinity of amino acid 83 of the GyrA protein (Yoshida 

et d ., 1990). These findings confirmed the importance of this particular site with respect 

to quinolone resistance and disclosed that the level of quinolone-resistance appeared to 

correlated with the site of mutation, in that MIC values decreased in the order of 

mutations at amino acids 83, 87, 81, 84, 67 and 106 (Yoshida et d., 1990). Amino acid 

substitutions from Ser-83 to tryptophan or leucine (Leu) were the only substitutions 

reported in spontaneous quinolone-resistant gyrA mutants (Yoshida et d ., 1988; Cullen 

et d ., 1989; Fisher et d., 1989; Yoshida et d., 1990, Oram and Fisher, 1991). However, 

Yoshida et d . (1990) revealed that point mutations in the codon TCG for Ser-83 could 

induce amino acid changes to any of one of the following: leucine, tryptophan, proline, 

alanine or threonine. These findings implied that only gyrA mutants with a Leu or Trp 

residue at position 83 have a selective advantage (Yoshida et d., 1990). It is not clear 

how substitution with Leu or Trp relieves quinolone inhibition of the gyrase-DNA 

complex (Shen et d., 1989), but such changes introduce a bulkier hydrophobic side chain.
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compared with that of Ser-83, which could interfere with quinolone binding, presumably 

by destabilising the gyrase-quinolone reaction (Cullen et d., 1989; Yoshida et d ., 1990; 

Hallet and Maxwell, 1991; Oram and Fisher 1991).

Sequence analysis of two novel quinolone-resistant mutations of the E. coli GyrA 

protein generated by gap mis-repair and site-directed mutagenesis disclosed these 

mutations resulted from substitution of Ser-83 and Gin-106 by Ala and Arg respectively 

(Hallet and Maxwell, 1991). This result showed that the more conservative change of Ser- 

83 ̂ A la  also gives rise to high-level quinolone-resistance, and implied that loss of a 

hydroxyl group alone was responsible for the resistance phenotype (Hallet and Maxwell, 

1991). Furthermore, these authors revealed that the Gin-106 mutation can induce levels 

of resistance comparable to that of the Ser-83-^ Ala mutation. Both this mutation, identified 

at Gin-106-^Arg (Hallet and Maxwell, 1991), and the only other mutation, reported at this 

position Gln-106—>His (Yoshida et d., 1988), involve positively charged amino acid 

residues, implying that a positive charge substituted for a polar group at this position 

might be involved in destabilising the gyrase-quinolone interaction (Hallet and Maxwell, 

1991).

14.3.2. Mutations in the gyrB gene.

The less frequent gyrB mutants (Nakamura et d., 1989) give rise to low-level 

quinolone-resistance (Yamagishi et d., 1986). Two gyrB alleles conferring nalidixic acid- 

resistance have been identified, the nal31 mutation (Yamagishi et d., 1986), previously 

known as the nalC mutation (Inoue et d., 1978), and the nal24 mutation (Yamagishi et 

d ., 1986). These are point mutations in which Asp-426 and Lys-447 of the 638 amino 

acid residue GyrB protein are substituted for Arg and Glu respectively (Yamagishi et al., 

1986). Both substitutions occur within the region postulated to be involved in the binding 

of GyrB to GyrA (Cozzarelli, 1977) and both result in a change in the overall charge of 

GyrB. Whilst the nal24 mutation decreases the negative charge of the protein, the nal31 

mutation actually has the opposite effect by increasing the negative charge. Lewin et d . 

(1990) suggested that such differences in charge might explain why the nal31 mutation 

confers resistance only to 4-quinolones lacking a C7 piperizine substituent, whilst 

rendering bacteria hypersensitive to 4-quinolones possessing a Cl  piperizine substituent
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(Smith, 1984b; 1990). The increase in negative charge produced by the nal31 mutation 

increases the attraction for the positively-charged piperizine group (Yamagishi et d., 

1986), which would make 4-quinolones possessing such a substituent more effective on 

nal31 mutants (Smith 1990).

Alternatively, changes in the GyrB polypeptide might act indirectly by altering the 

conformation of the 4-quinolone binding site on the GyrA subunits (reviewed by Hooper 

and Wolfson, 1989). 4-quinolones that are hyperactive against strains carrying the nal31 

mutation are generally antagonised by acid pH values, while those unaffected against 

nal31 mutants are more active at acid pH (Smith, 1984b; reviewed by Lewin et d ., 1990).

14.3.3. 4-quinolone resistance resulting from impermeability.

The ability of antibacterial agents to penetrate the bacterial outer membrane is an 

important factor in determining their activity and antimicrobial spectrum. Thus, a decrease 

in drug uptake presents a potential mechanism of resistance. Unlike mutations involving 

alterations in DNA gyrase, resistance caused by mutations reducing 4-quinolone uptake 

can be associated with decreased sensitivity to unrelated antibacterial agents. The majority 

of research in this area has been concentrated on norfloxacin and ciprofloxacin uptake in 

E. coli.

Gram negative bacteria are surrounded by an outer membrane which serves as the 

major cellular barrier to drug penetration. Hydrophilic solutes commonly cross this barrier 

through water-filled porin channels. These channels are totally non-specific, and it is 

presumed that the 4-quinolones together with other antibacterial agents such as B-lactams, 

aminoglycosides, tetracyclines and chloramphenicol may penetrate Gram negative bacteria 

by simple diffusion through these water-filled porin channels (Hirai et d ., 1986; Hooper 

et d., 1986; Nikaido, 1989). The work of Hirai et d . (1986) with porin-deficient strains 

and the isolation of quinolone-resistant strains deficient in porins supported this 

hypothesis. Indeed, many other workers have isolated uptake-deficient mutants of various 

species of Gram negative bacteria, resistant to nalidixic acid (Relia and Haas, 1982), 

ciprofloxacin (Sanders et d., 1984), norfloxacin (Hooper et d., 1986) and enoxacin 

(P iddock^d ., 1987).



31

Thus, 4-quinolone resistance determined by an impermeability mechanism is 

generally associated with alterations in outer membrane proteins (OMP). Inactivation of 

the ompF gene by mutation in ompF itself or by regulation of ompF at the post- 

transcriptional level cause 4-quinolone resistance. For example, mutations within nfxB or 

cfxB (Hooper et d., 1986; Hirai et M., 1986; Hooper et d., 1987; 1989), which decrease 

ompF expression, confer 4-quinolone resistance. cfxB appears to be an allele of the marA 

gene, which confers resistance to tetracyclines and chloramphenicol as well as to the 4- 

quinolones (George and Levy, 1983; Hooper et d., 1987; Cohen et d., 1988; Hooper et 

d., 1989).

Hydrophobic quinolones, such as nalidixic acid penetrate bacteria through the 

phospholipid bilayer as well as through porins (Benbrook and Miller, 1986; Hirai et d., 

1986). Changes in the LPS content of the outer membrane may also be associated with 

resistance (George and Levy, 1983). The norC mutation which confers resistance to 

norfloxacin and ciprofloxacin as well as the 13-lactam cefoxitin was demonstrated to confer 

hypersensitivity to hydrophobic drugs such as nalidixic acid and novobiocin (Hirai et d., 

1986). Phage susceptibility tests indicated that the norC mutation caused alterations in the 

LPS layer and OmpF. However, it remains unclear how norC and the OmpF protein 

interact.

More recently, the discovery of endogenous active-efflux of norfloxacin at the 

inner membrane of E. coli and P. aeruginosa (Cohen et d., 1988; Chamberland et d.,

1989) has suggested that active transport might also play a contributory role in the 

accumulation of 4-quinolones. Thus, resistance due to decreased drug permeability may 

not solely result from decreased diffusion into the cell across the outer membrane, but 

might also be magnified by an active efflux system operating at the inner membrane to 

remove drug from the cell (Cohen et d., 1988; Hooper et d., 1989; Kotera et d ., 1991). 

Whether active efflux is specific to norfloxacin remains to be elucidated, but energy 

inhibitors have little effect on enoxacin and fleroxacin uptake by E. coli (Bedard et d., 

1987; Chapman and Georgopapadakou, 1988; Diver et d ., 1990), suggesting that not all 

4-quinolones may be subject to active efflux. Hooper et d . (1989) drew the analogy with 

the mechanism of plasmid-mediated tetracycline resistance and suggested that such efflux
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could provide a plasmid-mediated 4-quinolone resistance mechanism.

14.3.4. The apparent absence of plasmid-mediated quinolone resistance.

During the last decade there have been two unsubstantiated (Crumplin, 1987,1990) 

accounts of plasmid-mediated nalidixic acid resistance reported in clinical isolates of 

multiple-resistant Shigella dvsenteriae type 1 from Kashmir, India (Panhotra et al., 1985) 

and from Bangladesh (Munshi et d., 1987). Neither report has been validated, since 

successful transfer of this nalidixic acid-resistance to other strains has not been 

demonstrated (reviewed by Crumplin, 1990). Indeed, it now seems likely that the nalidixic 

acid resistance of the Banglasdeshi strain is determined chromosomally (Ashraf et al.,

1991).

Although plasmid-mediated 4-quinolone resistance has yet to be discovered in a 

clinical isolate, a potential mechanism of resistance involving drug accumulation has 

recently been reported (Ubukata et d., 1989; Yoshida et d., 1990). The chromosomal 

norA gene in S. aureus encodes a 50 kDa protein which, like those involved with 

tetracycline resistance, appears to be membrane-associated. It confers high level resistance 

to hydrophilic quinolones such as enoxacin, ofloxacin, norfloxacin and ciprofloxacin 

(Ubukata et d., 1989; Yoshida et d., 1990). When this gene was cloned into plasmid 

pBR322 and then used to transform a quinolone-sensitive E. coli strain HBlOl, the host 

strain consequently developed 4-quinolone resistance. The transformed strain harbouring 

plasmid pBR322(norAl exhibited MIC increases of eight-fold to sixty-four-fold above the 

MIC of the plasmid-less parent for the hydrophilic 4-quinolones. However, only a two

fold increase was observed for hydrophobic nalidixic acid and sparfloxacin (Ubukata et 

d ., 1989; Yoshida et d., 1990). Thus, a potential plasmid-mediated mechanism of 

conferring 4-quinolone resistance is in existence, however, this has yet to be determined 

in a clinical isolate.

Plasmids may not determine nalidixic acid resistance per ^  however, they could 

contribute to the development of chromosomal resistance by encoding genes that 

determine the mutator phenotype. The fact that such ‘mutator’ plasmids could increase the 

frequency of chromosomal mutations to nalidixic acid resistance was first suggested by
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Crumplin (1987) and later demonstrated in vitro (Ambler and Pinney, 1989; this thesis). 

Munshi et (1987) observed that carriage of plasmid pCICOl in the Bangladeshi strain 

appeared to enhance the frequency of mutation of the strain to ciprofloxacin resistance.

14.4. Plasmid elimination by quinolones.

Crumplin and Smith (1981) reported that the carriage of R plasmids sensitised 

some bacteria to 4-quinolones. Furthermore, these agents have been demonstrated to cause 

not, only plasmid elimination in vitro (Michel-Briand et d., 1986; Weisser and 

Wiedemann, 1986) and in vivo (Mehtar et al., 1987; Mehtar, 1990), but also to inhibit the 

conjugal transfer of some R plasmids (Gill and Iyer, 1982; Hirai et ^  1984). The 

mechanism by which 4-quinolones eliminate plasmids may simply involve the selection 

of plasmid-free cells, as seen with novobiocin (reviewed by Novick, 1969). Alternatively, 

plasmid replication may be more sensitive to changes in supercoiling caused by 

quinolones than chromosomal replication (Uhlin and Nordstrom, 1985). The ‘anti-plasmid’ 

properties exhibited by these agents have attracted much debate, and it has been argued 

that, since therapeutic drug concentrations are bactericidal, the lethal effect of the 

quinolones will predominate in vivo over plasmid-elimination or transfer-inhibition 

(Weisser and Wiedemann, 1987).

15. Plasmid genes affecting DNA repair and mutation.

Many naturally-occurring plasmids confer increased resistance to DNA damage 

induced by radiations and chemicals (Howarth, 1965; 1966; Marsh and Smith, 1969; 

Siccardi, 1969; McCann et d., 1975; Molina et al., 1979; Pinney, 1980; Khmel et al., 

1981). This enhanced survival is often associated with an increase in the frequency of 

mutations in surviving cells, which is thought to be due to elevated levels of error-prone 

DNA repair (Venturini and Monti-Bragadin, 1978; Molina et ^ ., 1979; Pinney, 1980; 

Magadan, 1983; Upton and Pinney, 1983; Mortelmans and Dousman, 1986; reviewed by 

Strike and Lodwick, 1987). Carriage of such plasmids can also enhance spontaneous 

mutagenesis in the host, the so called mutator-effect (Mortelmans and Dousman, 1986).

15.1. Extent of the phenomenon.

The first plasmid shown to increase both post-UV survival and UV-induced
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mutation was the colicin plasmid, ColIb-P9 in S. tvphimurium strain LT2 (Howarth, 1965; 

1966). Siccardi (1969) reported further examples of UV-protection (UV^ plasmids. He 

observed the UV^ phenotype in fifteen out of thirty-one plasmids, including members of 

the IncF, IncN and Incl groups. A number of other UV** plasmids were listed by Novick 

(1974) and Jacob et d . (1977), showing that this phenotype is common amongst Incl and 

IncN group plasmids. Other workers have subsequently extended these investigations, 

reporting examples of UV  ̂plasmids in ten different incompatibility groups (Molina et d., 

1979; Pinney, 1980; Upton and Pinney, 1983).

These findings prompted the systematic analysis of a large number of R plasmids 

from various incompatibility groups, with the intention of including a suitable plasmid into 

the Ames Salmonella tvphimurium tester strains used in the assay for the detection of 

chemical mutagens (Ames et d., 1975). This investigation subsequently resulted in the 

inclusion of the IncN group mutator plasmid pKMlOl, a deletion derivative of the 

clinically-isolated plasmid R46, into the Salmonella tester strains. Its presence significantly 

increases the frequency of mutagenesis induced by many chemicals (Ames et M., 1975; 

McCann et M., 1975) and thus significantly increases the sensitivity of the Ames assay.

Mutagenesis in E. coli by UV and most chemical mutagens requires the expression 

of the umuDC operon (Kato and Shinoura, 1977; Steinbom, 1978). The two umu genes 

encode an undefined activity which increases the ability of the cell to tolerate and repair 

DNA damage, often, but not always (Lui and Tessman, 1990, Marsh et d ., 1991), at the 

expense of genetic fidelity (Shinagawa et d., 1983; reviewed by Walker, 1984; Echols and 

Goodman, 1991). Opérons analogous to umuDC have been found in many conjugative 

plasmids (Venturini and Monti-Bragadin, 1978; Molina et d., 1979; Pinney, 1980; Upton 

and Pinney, 1983; Mortelmans and Dousman, 1986; reviewed by Strike and Lodwick, 

1987, Nohmi et M., 1991) of which the mucAB genes of pKMlOl (Perry et d ., 1985) and 

impCAB genes of TPllO (Dowden et d., 1984, Glazebrook et ^ ., 1986; Lodwick et ^ .,

1990) are best characterised. However, before discussing the possible mechanism(s) of 

these plasmid-mediated mutation-enhancing systems a review of bacterial DNA repair 

mechanisms is required.
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16. DNA repair in bacteria.

DNA is continually threatened by physical, chemical and biological factors which 

change its structure or conformation and thereby modiiy its biological activity. A variety 

of DNA repair mechanisms therefore exist to counter these changes. Repair systems may 

either reverse the damage enzvmaticallv in situ, or use enzymes that specifically recognise 

and excise damage, replacing it with an undamaged homologous sequence. In other 

instances lesions are not removed, instead their effects are tolerated or avoided, either by 

recombinational events or by changes in DNA replication, thus allowing the possibility 

of genetic rearrangement or change in base sequences to occur as a result of repair. DNA 

repair mechanisms may therefore, be seen as both a means of maintaining the structural 

integrity of DNA and on occasions as a source of genetic variability i.e. mutation.

16.1. The sources of DNA damage.

The sources of DNA damage may be intracellular or environmental. Within the 

cell a number of spontaneous decay reactions affecting DNA occur, such as the hydrolysis 

of glycosylic bonds linking bases to deoxyribose residues, giving rise to apurinic (Lindahl 

and Nyberg, 1972) and apyrimidinic (Lindahl and Karlstrom, 1973) sites. Other forms of 

intracellular damage result from interactions with cellular metabolites, and from the 

generation of mismatched base pairs. However, the greatest threat to DNA integrity comes 

from environmental chemicals and radiations. DNA repair mechanisms therefore are often 

classified according to the exogenous agents which induce the damage, for example UV- 

induced repair.

DNA absorbs light within the range of 240-300 nm wavelength. This induces 

excited energy states in the bases and the photochemical reactions that ensue have been 

studied in detail (Hauswirth and Daniels, 1976). The most commonly-studied DNA lesion 

is the principal form of UV-induced damage, the cyclobutane pyrimidine dimer (Setlow 

and Setlow, 1972; Gordon and Haseltine, 1982; Haseltine, 1983). However, several other 

photoproducts such as the pyrimidine-pyrimidone (6-4) photoproduct (Miller, 1985; 

Glickman et d., 1986) are also produced, but at much lower frequencies. Dimers are 

produced on the same strand between adjacent pyrimidine bases. Their distribution is non- 

random, being formed preferentially in thymine-rich regions of DNA by a co-operative
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mechanism. Dimers cause considerable distortion of the DNA helix and inhibit DNA 

replication by blocking the progression of polymerase (Villani et 1978). DNA 

synthesis is reinitiated at a further point beyond the dimer, presumably at the next primer 

RNA site. Gaps are therefore introduced in the daughter strand, opposite dimers, and these 

represent a premutagenic site in DNA.

16.2. Photoreactivation.

Photoreactivation is specific for the reversal of UV-induced dimers. The process 

employs a single photoreactivating enzyme, DNA photolyase, encoded by the phrA and 

phrB genes in E. coli (Sutherland, 1981; Sancar et d., 1983; Moseley, 1984), which binds 

specifically to pyrimidine dimers. The enzyme uses the energy from a single photon of 

light, of wavelength in the range 300-330 nm, absorbed by the flavin group of the enzyme 

(Iwatsuki et d ., 1980; reviewed by Sancar and Sancar, 1988), to catalyse the photoreversal 

of dimers by electron donation. DNA is thus restored in situ to its native structure of two 

adjacent monomeric pyrimidine groups and DNA photolyase is released (Sutherland, 1981; 

Brash et d., 1985; reviewed by Sancar and Sancar, 1988) (Figure 3).

Photoreactivation is highly specific for cyclobutane pyrimidine dimers. Setlow 

(1966) demonstrated that thymine-thymine, cytosine-thymine and cytosine-cytosine dimers 

are the only substrates for DNA photolyase. The process is error-free, since no change 

occurs in the base sequence of the repaired DNA. Recently, Lers et d . (1989) reported 

that over production of single stranded binding protein (SSB) enhances photoreactivation, 

but only in RecA cells. These authors suggested that SSB binds the single-stranded DNA 

regions formed by distortion of the double helix about the pyrimidine dimers, which in 

turn stimulates photolyase.

A second effect of DNA photolyase is to increase the survival of E. coli in the 

dark, by nearly a hundred percent. The binding of photolyase to pyrimidine dimers is 

thought to stimulate UvrABC-DNA complex formation, either by protein-protein 

interactions or simply by altering the conformation of the pyrimidine dimer so that it is 

detected more efficiently by the UvrABC complex (reviewed by van Houten, 1990).
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Figure 3. Mechanism o f photoreactivation.

The efficiency of nucleotide excision repair mediated by the UvrABC exinuclease 

complex is thus increased (Yamamoto et 1984; Sancar et d., 1984b).
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16.3. Nucleotide excision repair.

This pathway consists of five basic steps: damage recognition, incisions, excision, 

DNA repair synthesis and ligation (Figure 4). The initial three steps involve a series of 

complex reactions performed by a multiprotein enzyme complex, encoded by the uvrA. 

uvrB, and uvrC genes. These were originally characterised in E. coli K12 since strains 

carrying mutant alleles were phenotypically more sensitive to DNA damage induced by 

UV irradiation (Howard-Flanders and Theriot, 1962). Further mutants were later isolated 

that mapped to one of these three loci (Howard-Flanders et d ., 1966). However, no 

evidence of any sequential action of these gene products was demonstrated, and double 

mutants were not appreciably more sensitive than single mutants (Howard-Flanders et al., 

1966). This led to the suggestion that the three genes encoded a multiprotein complex, 

initially referred to as the ‘UvrABC excision endonuclease’ which was later shortened to 

‘UvrABC endonuclease’ (Braun and Grossman, 1974; Seeberg e t^ ., 1976; 1980; Seeberg, 

1978; 1981a; 1981b). It is now referred to as the ‘(A)BC excinuclease’, in order to 

emphasise the broad spectrum of DNA lesions, additional to UV-induced photoproducts, 

on which the complex acts (Levit, 1982,; reviewed by Lin and Sancar, 1992).

The uyr genes have been cloned, sequenced and their gene products overproduced 

for in vitro characterisation (Yeung et ^ ., 1983; Sancar et d., 1984a; Thomas et d., 1985; 

Arikan et d ., 1986; Backendorf et d., 1986; Husain et 1986; 1987). Although the 

three subunits perform partial reactions leading to a dual-incision event, the actual 

excision of the damaged nucleotide and the capacity of the enzyme to undergo several 

catalytic cycles absolutely requires the presence of other protein factors (Kumura et d., 

1985).

16.3.1. UvrA gene structure and product.

The uvrA gene maps at ninety-two minutes (Husain et ^ ., 1986; reviewed by 

Bachmann, 1990) on the one hundred minute E. coli map, and analysis of the 5' region 

indicated that the gene has a single promoter. UvrA expression is damage-inducible 

(Kacinski and Rupp, 1981; Kenyon and Walker, 1981), since levels of UvrA protein have 

been reported to increase by one hundred-fold, from twenty to two thousand copies per
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cell following DNA damage.The gene has subsequently been shown to be part of the SOS 

regulon (reviewed by Walker, 1984; 1985), with sequence analysis revealing the position 

of an SOS box (see Introduction 16.6.1) that binds LexA protein in vitro (Bertrand- 

Burggraf et d., 1986; Sancar, 1987). In addition UvrA contains two zinc fingers 

(Navaratnam et d., 1989) which are apparently involved in DNA binding (Myles and 

Sancar, 1991)

16.3.2. UvrB gene structure and product.

The uvrB gene maps at eighteen minutes on the one hundred minute E. coli 

linkage map (Szybalski and Szybalski, 1982; Arikan et d., 1986; Backendorf et d ., 1986; 

reviewed by Bachmann, 1990). Cloning and sequencing of the uvrB gene has revealed a 

complex promoter structure. Early studies showed that transcription of the uvrB gene was 

controlled by both SOS-dependent (Fogliano and Schendel, 1981; Sancar et d ., 1982; 

Sancar and Rupp, 1983) and SOS-independent promoters (Sancar et d., 1982; Sancar and 

Rupp, 1983) resulting in the relatively high constitutive expression of UvrB protein of 

about two hundred copies per cell. This is about seven-fold to ten-fold greater than the 

cellular levels of UvrA and fifteen-fold to twenty-fold greater than UvrC proteins.

16.3.3. UvrC gene structure and product.

The uvrC gene maps at forty-two minutes (Sharma et d., 1982; Sancar et d., 

1984b; Forster and Strike, 1985, 1988; reviewed by Bachmann, 1990) on the E. coli 

linkage map. The uvrC gene product is constitutively maintained at very low levels, of 

about ten copies per cell (Yoakum et d., 1980; Yoakum and Grossman, 1981). Nucleotide 

sequencing has revealed four potential promoters in the 5 ' region (Moolenaar et d ., 1987), 

however, there is conflicting evidence whether uvrC is under LexA-RecA control (van 

Sluis et d., 1983; Forster and Strike, 1988; reviewed by van Houten, 1990). Although 

three putative LexA binding sites have been reported, none of these have been shown to 

bind LexA in vitro (Forster and Strike, 1985; Granger-Schnarr et d., 1986). It appears that 

the uvrC gene is thus regulated so as to maintain very low constitutive levels of UvrC 

(Sancar et d ., 1984b; Moolenaar et d., 1987).
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16.3.4. Interaction of Uvr protein subunits in solution.

UvrA protein predominantly exists as a dimer in solution (Oh et d., 1989; Orren 

and Sancar 1989a), with UvrA and UvrB subunits interacting in a 2:1 ratio to give 

UvrA2 B (Orren and Sancar, 1989b). Formation of the UvrA2 B complex results in a DNA- 

stimulated ATPase activity. This is thought to arise from the activation of a cryptic ATP 

binding site on the UvrB subunit (Caron and Grossman, 1988a, 1988b), which is 

unmasked on interaction with UvrA. UvrC does not associate with either of the Uvr 

proteins but binds to the UvrB-DNA complex with high specificity (Orren and Sancar, 

1989a, 1989b; reviewed by: van Houten, 1990; Lin and Sancar, 1992).

16.3.5. Binding of Uvr proteins to DNA lesions and formation of the preincision 

complex.

Filter-binding assays have demonstrated that UvrA binds to DNA with increased 

affinity following UV fluence (Seeberg and Steinum, 1983; Yeung et ^ ., 1983; Yeung et 

d ., 1986), and this binding was found to be increased five-fold by the addition of ATP 

(van Houten et ^ ., 1988). UvrB is a UvrA-dependent and damaged-DNA-dependent 

ATPase and this activity is required for loading of UvrB onto the damaged DNA (Lin and 

Sancar, 1992). UvrB alone cannot bind to DNA, however, it can be loaded onto damaged 

DNA by UvrA to form a very stable UvrB-DNA complex, after which UvrA dissociates 

(Orren and Sancar, 1989a). This catalytic delivery of UvrB to DNA lesions by UvrA has 

been termed ‘molecular matchmaking’ (Orren et 1992). As UvrA is subsequently 

released, it has been conjected that UvrA may therefore cycle through several rounds of 

UvrB loading (Orren and Sancar, 1989a; reviewed by van Houten, 1990).

16.3.6. Damage recognition by the Uvr complex.

The (A)BC excinuclease repairs essentially all types of DNA lesions (listed in van 

Houten (1990)), which suggests that the complex recognises strand deformation or helical 

distortion in the DNA helix induced by physical or chemical DNA-damaging agents and 

not specific alterations in bases or base-pairing (Sedliakova et d., 1987; Lilley, 1992).

16.3.7. Formation of the incision complex.

Oh and Grossman (1987, 1989) demonstrated that binding of the UvrA2 B complex
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leads to a transient melting of DNA strands. The complex has limited helicase activity and 

travels approximately twenty to fifty bp in a 5 '->3 ' direction before dissociating. If it 

encounters a lesion, its helicase activity is inhibited and the UvrB subunit is inserted into 

the helix at the damaged site, forming an open stable UvrB-DNA complex concomitant 

with the release of the UvrAg dimer (Orren and Sancar, 1989a, 1989b), leaving the latter 

free to participate in the further loading of UvrB subunits to other sites of DNA damage 

(Oh and Grossman, 1987, 1989). ATP hydrolysis is absolutely required for both the DNA 

unwinding activity of the UvrAB complex and the formation of the active incision 

complex (Caron and Grossman 1988a, 1988b; Oh et d., 1989). However, ATP is not 

required once the preincision Uvr-DNA complex has been formed, with incision only 

occurring after the addition of UvrC to the Uvr(A)B-DNA complex (Orren and Sancar, 

1989b). It has also been proposed that ATP hydrolysis might drive damaged DNA into 

a common incisable conformation by the process of induced allostery (Backendorf et ^ ., 

1986; Oh and Grossman, 1986).

16.3.8. Incision of the phosphate backbone.

Sancar and Rupp (1983) and Yeung et d . (1983) demonstrated that interaction of 

the UvrB and UvrC subunits at the damaged site results in a dual-incision event, 

producing incisions on both sides of the DNA lesion. This reaction is thought to be 

analogous to the DNA binding and incision of the restriction endonuclease EcoRl (Kim 

et ^ ., 1984). It has been suggested that the UvrC subunit might function in the incision 

reaction in at least three different ways: (i) it might interact with the preincision complex 

to activate a nuclease centre in UvrB; (ii) it might itself contain a nuclease centre which 

is activated on binding to the UvrB-DNA complex; or (iii) the active nuclease centre 

might be created by domains from both UvrB and UvrC proteins (reviewed by van 

Houten, 1990).

A general pattern for incision has emerged from the work of various groups: the 

eighth phoshodiester bond 5', and the fourth or fifth phoshodiester bond 3' to the 

damaged nucleotides are incised. This produces a 3 ' hydroxyl group and a 5 ' phosphate 

at each incision site and facilitates the release of a twelve- or thirteen-base oligonucleotide 

(Sancar and Rupp, 1983; Kumura et al., 1985; Myles et d., 1987; Caron and Grossman,
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1988a and 1988b).

16.3.9. Post-incision events.

Post-incision events involve enzymatic turnover of UvrB and UvrC, removal of the 

damage-containing oligonucleotide and repair synthesis (reviewed by Lin and Sancar, 

1992). UvrD gene product (helicase II), DNA polymerase I (Pol I) and DNA ligase are 

all required for post-incision events (reviewed by Sancar and Sancar, 1988). After the dual 

incision, UvrB and UvrC remain bound to DNA, helicase II turns over UvrC and releases 

the damaged oligonucleotide (Orren et al., 1992). How helicase II recognises the post

incision complex is unclear. Since nicks on DNA appear to be substrates for helicase II 

(Runyon and Lohman, 1989), it has been conjected that it recognises the 5' nick of the 

DNA and uses its 3 '->5 ' helicase activity to remove the excised oligomer and force UvrC 

off the gapped DNA-UvrB complex (reviewed by Lin and Sancar, 1992). UvrB turnover 

on the other hand requires Pol I (Orren et al., 1992). Pol I recognises the 3 -OH of the 

5 ' incision and fills in the gap with its polymerase activity, UvrB dissociates from DNA 

concomitant with this activity. Once Pol I has added sufficient nucleotides to the repair- 

patch DNA ligase then seals the final phosphodiester bonds (Gellert et M., 1977).

In general, repair-patches are relatively short, containing on average 12.4 

nucleotides per patch (Caron et al., 1985). Longer tracts, containing one thousand, six 

hundred to two thousand nucleotides, have been observed, but at the much lower 

frequency of between two and five percent of total repair sites (Caron et M., 1985). 

However, the latter are SOS-dependent and do not appear to involve Pol I in nucleotide 

incorporation.

16.4. Post-repUcation recombinational repair.

Although nucleotide excision repair is highly efficient, any dimers or other blocks 

to DNA replication that persist during replication, will induce the formation of gaps in the 

newly synthesised strand, termed daughter strand gaps. Thus, a mechanism is required to 

fill in these primary lesions before exonucleases degrade the DNA further. This 

mechanism is known as post-replication recombination repair (PRR repair) and as the 

name suggests, it operates after replication has bypassed the damaged lesion.
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It is proposed that the stalled polymerase proceeds past the dimer aided by SSB 

without inserting nucleotides. Polymerisation is then resumed at the next RNA initiation 

site, one thousand to forty thousand bases downstream of the UV photoproduct (Trovcevic 

et d., 1991). The recovery of the stalled replisome, is termed induced replisome 

reactivation (IRR), and has been demonstrated as an SOS function, requiring derepression 

of recA and at least one additional gene, which was IRR factor (Khidir et ^ ., 1985). 

Normal DNA synthesis then proceeds to the next dimer, where the whole process is 

repeated, thereby producing partially single-stranded DNA with daughter strand gaps 

(secondary lesions), of average length one thousand nucleotides (Iyer and Rupp, 1971). 

Unrepaired daughter strand gaps can be converted to DNA double-strand breaks (tertiary 

lesions), which can also be repaired by recombinational processes (Wang and Smith, 1983; 

1986; Wang et d., 1987).

16.4.1. The role of the RecBCD enzyme in PRR repair.

PFR repair utilises the processes of general homologous genetic recombination. In 

E. coli the RecA protein plays a central role in both homologous recombination and PRR 

repair. This is demonstrated in recA mutants which are defective in both recombination 

and PRR repair (reviewed by Walker, 1984). The recB. recC and recD genes are also 

essential for this process, since their gene products encode the multiprotein RecBCD 

enzyme, which has two apparently conflicting roles in recombination. The first is a 

powerful double stranded exonuclease activity, exonuclease V (Exo V), and the second 

is a helicase activity which is essential for generating the single-stranded DNA required 

by RecA to promote homologous strand exchange (reviewed by Radding, 1982). Exo V 

plays a significant role in destroying foreign DNA and in stimulating recombination by 

interacting with Chi sites (Chaudhury and Smith, 1984). Although the recB and recC gene 

products are essential for both of these activities, recD null mutants display hyper

recombination, suggesting that the RecD subunit might act to repress the helicase activity 

of the complex (Thaler et al., 1989). Mutations in recB or recC eliminates ninety-nine 

percent of recombination; the remaining one percent is mediated by the recF pathway 

(Horii and Clarke, 1973).
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16.4.2. The RecF repair pathway.

Although the RecF pathway plays a minor role in wild-type cells, it is the only 

PRR repair pathway in recBC and sbcB mutants (Lloyd and Thomas, 1983). Lovett and 

Clark (1983) demonstrated that the RecF recombination pathway becomes more active in 

cells exposed to DNA damaging agents. The products of eight genes, recA. recF. recJ. 

recN. recO. recQ. ruv and uvrD contribute to this pathway (reviewed by Peterson et d.,

1988), of which recN, recO, ruv and uvrD are regulated by the SOS regulon. This 

suggests that the RecF pathway is involved in SOS DNA repair (reviewed by: Smith, 

1987; Peterson et d., 1988). However, it is noteworthy that recF itself is not regulated by 

the LexA repressor and the status of the remaining genes and the functions of their gene 

products are unknown (reviewed by Peterson et d., 1988). RecF protein specifically binds 

to single-stranded, linear DNA and it has been postulated that such binding at the ends 

of single-stranded DNA could facilitate strand transfer or protect against degradation 

(Griffin and Kolodner, 1990). These authors further suggested that recF might be involved 

in induction of the SOS process, by modulating the interaction of SSB and/or RecA 

protein with DNA (Knezevic-Vukceviz et d., 1987; reviewed by Peterson et d., 1988; 

Griffin and Kolodner, 1990; Madiraju and Clark, 1991), since RecF is required for 

efficient SOS induction after UV irradiation (Simic et d., 1991)

16.4.3. Model for the RecBCD repair pathway.

A current model for RecBCD-promoted recombination involves at least five other 

proteins, RecA, SSB, DNA gyrase, Pol I and DNA ligase (Figure 5) and is supported by 

extensive genetic and enzymatic evidence (reviewed by: Smith, 1988; Meyer and Laine,

1990). The use of purified RecBCD, RecA and SSB in vitro has verified the initial steps 

of this model (reviewed by Meyer and Laine, 1990; Rosenberg and Hastings, 1991). The 

initiation event is the loading of RecBCD onto double-stranded DNA containing single

stranded ends or gaps in its degradative (Exo V) form (Rosamond et d., 1979). After 

binding the enzyme travels along the DNA unwinding the double strands and generates 

two classes of intermediates.
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These intermediates are duplexes with long single-stranded tails, several thousand 

nucleotides long, at the 3' and 5' ends and single-stranded DNA fragments, several 

hundred nucleotides long, which are subsequently degraded into small acid-soluble 

oligonucleotides about five nucleotides long (reviewed by Meyer and Laine, 1990; 

Rosenberg and Hastings, 1991). This helicase activity continues until it encounters a Chi 

site, which is a recombinogenic ‘hot spot’, of which there are eight hundred, or more, on 

the E. coli chromosome (Weinstock, 1987). A Chi site contains the sequence 

5 'GCTGGTGG3 ' and stimulates endonucleolytic cleavage in the presence of ATP as the 

enzyme moves 3 '->5 ' relative to the Chi sequence (Chaudhury and Smith, 1984; Ponticelli 

et al., 1985; Taylor et al., 1985).

16.4.4. RecBCD interaction with Chi sites.

Endonucleolytic cutting occurs on the strand containing the Chi sequence, four to 

six nucleotides downstream from the 3' end (Taylor et al., 1985), which is enhanced by 

SSB (reviewed by Meyer and Laine, 1990). The interaction of RecBCD with Chi results 

in the dissociation of the RecD subunit (Rosenberg and Hastings, 1991), which transforms 

the RecBCD enzyme from its Exo V activity into its helicase activity. This helicase 

activity proceeds along the duplex until the release of a 3 -OH single-stranded DNA tail 

which serves as substrates of presynapsis, involving RecA and SSB (Smith, 1988; 

Rosenberg and Hastings, 1991).

16.4.5. Formation of the nucleoprotein complex in the search for sequence homology.

In the presence of ATP and SSB, RecA protein subunits bind cooperatively to 

single-stranded DNA and polymerise to form right-handed helical nucleoprotein filaments 

(Florry and Radding, 1982; Howard-Flanders et al., 1984; Egelman and Stasiak, 1986; 

reviewed by Meyer and Laine, 1990). This filamentous design is thought to contribute to 

the efficiency of strand exchange by excluding other DNA-binding proteins from the 

region where strand exchange is required (Cox, 1991). The nucleoprotein filamentous 

design is thought to contribute to the efficiency of strand exchange is required (Cox,

1991). The nucleoprotein filaments form a nucleoprotin aggregate, which makes a large 

number of transient non-specific contacts with duplex DNA, in a search for sequence 

homology (Chow and Radding, 1985; Gonda and Radding, 1986). Within this network the
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filaments align and pair with complementary regions of the duplex DNA to form a 

junction between single stranded DNA and duplex DNA. This arrangement is termed 

homologous alignment and can be visualised by electron microscopy as D-loop formations 

(Riddles and Lehman, 1985).

Madiraju and Clark (1991) have recently proposed that RecF protein might be 

involved in the organisation of a functional protein complex or might facilitate the entry 

of RecA into double-stranded DNA. This implies that RecF is a nucléation protein (Clark,

1991). Alternatively RecF could prevent the loss of single-stranded DNA, a key 

intermediate in recombination, from nuclease attacks (Madiraju and Clark, 1991).

16.4.6. Strand exchange.

The synapsis event initiates the unidirectional displacement of one strand of the 

original duplex, which is termed strand exchange (DasGupta et M., 1980; Cox and 

Lehman, 1985). Strand exchange requires the hydrolysis of ATP and advances in the 5' 

to 3 ' direction along the single strand at a rate of only a few bases per second (Kahn et 

al., 1981; Cox and Lehman, 1985). Two enzymes which might help to drive strand 

exchange are DNA gyrase and topoisomerase I (Howard-Flanders et ^ ., 1984). In vivo 

evidence suggests that gyrase is involved in RecBCD-dependent chromosomal 

recombination (Ennis et d., 1987), and topoisomerase I is involved in plasmid 

recombination. Both enzymes can catalyse strand exchange in vitro (Cunningham et M., 

1981; Cassuto, 1984). The final product of this process is a heteroduplex DNA molecule.

16.5. Regulation of DNA repair.

Many of the genes encoding DNA repair and recombination proteins are induced 

by DNA damage and expressed as part of a highly integrated and regulatory network 

known as the SOS response (reviewed by: Witkin, 1974; Little and Mount, 1982; Walker, 

1984, 1985). This enhances both excision and PRR DNA repair, increases SOS processing 

and mutagenesis, inhibits cell division, induces prophage and inhibits respiration (reviewed 

by Witkin, 1976; Little and Mount, 1982; Walker, 1984).
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16.6. The SOS response.

The SOS regulon of E. coli is made up of at least twenty opérons, composed of 

DNA damage inducible, din genes. The regulon is controlled by the highly co-ordinated 

interplay of two regulatory proteins: the LexA repressor, which represses SOS gene 

transcription during normal growth, and the RecA protein which becomes reversibly 

activated (RecA*) after DNA damage to a form that mediates the autoproteolytic cleavage 

of the LexA repressor. The regulon can thus exist in two states: ‘OFF’, the un-induced 

state in which LexA represses its target genes, and ‘ON’, the induced state in which these 

genes are expressed at high levels for the various SOS phenotypes (reviewed by Little and 

Mount, 1982), see Figure 6.

16.6.1. Model of SOS regulation.

During exponential growth of undamaged cells, the lexA gene product represses 

all din genes, including lexA itself. LexA protein in the form of dimers or high-order 

oligomers (Thliveris et d., 1991) binds to specific operator sequences, termed SOS boxes, 

which lie upstream of the repressed genes (Little et al., 1981). RNA polymerase is thus 

excluded from the repressed genes promoter regions (Little et d., 1981; Brent and 

Ptashne, 1981). Sequence analysis has revealed that most SOS loci have two SOS boxes 

to which LexA binds with approximately the same affinity, whereas others like recA. have 

only one site to which LexA binds with much greater affinity. This difference in LexA 

binding affinity is thought to account for the difference in timing and the extent of SOS 

induction (Brent and Ptashne, 1981).

Even in the repressed state, many of the SOS genes are expressed at significant 

levels in vivo. Probably the most important of these is the expression of recA. since in 

its activated form it is the positive regulator of the SOS response (reviewed by Walker, 

1984). Cellular levels of RecA are maintained at about one thousand RecA monomers per 

cell in the repressed state (Karu and Belk, 1982; Salles and Paoletti, 1983), which may 

rise by as much as twenty-fold upon induction (Karu and Belk, 1982; Weisemann et d., 

1984).
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As the RecA* coprotease facilitates repressor cleavage, the pool of LexA protein 

decreases, and the various SOS genes are expressed at increased levels. Genes that bind 

LexA weakly are expressed first. When DNA lesions are repaired, the inducing signal is 

no longer produced and the RecA protein becomes inactive. Thus, the balance between 

LexA and RecA* is destroyed allowing LexA to accumulate; SOS genes are once again 

repressed and the cell returns to its uninduced state (reviewed by: Little and Mount, 1982; 

Walker, 1984,1985; Little, 1991). Re-establishment of cellular normality may also require 

the active degradation of proteins remaining after SOS induction. Krueger and Walker 

(1984) showed that some genes of the separately regulated heat-shock response are 

induced in parallel with SOS induction. One of these genes, lonA, encodes a protease that 

cleaves the SOS-inducible inhibitor of cell division, SulA. In lonA mutants the SulA 

protein persists, explaining the inability of these mutants to resume cell division after SOS 

induction.

16.6.2. Activation of RecA protein.

An essential stage in induction of the SOS response is the generation of a signal 

by UV or other DNA-damaging agents which activates RecA protein to RecA*. Although 

newly-exposed single-stranded regions of DNA, oligonucleotides and nucleotide cofactors 

such as dATP or ATP have all been suggested as possible candidates (Smith and Oishi, 

1978; Craig and Roberts, 1980; Bailone et d., 1985; Chaudhury and Smith, 1984; Devoret 

et ^ ., 1988; Sassanfar and Roberts, 1990), the nature of this signal in vivo remains 

unknown (Little, 1991). Functional recBCD and/or recF genes have been shown to be 

required for SOS induction, depending on the nature of the damage introduced into the 

DNA (Gudas and Pardee, 1976; Armengod and Blanco, 1978; Karu and Belk, 1982; 

Volkert and Hartke, 1984; Thoms and Wackemagel, 1988; Simic et M., 1991). These data 

suggest that the two main pathways of recombination, RecBCD and RecF (Clark, 1991), 

are connected with RecA activation.

Simic et d . (1991) recently reported that the DNA unwinding activity of the 

RecBCD helicase plays a major role in SOS signal formation. These authors further 

reported that RecF protein was not required for SOS induction in strains with a functional 

RecBCD pathway following treatment with bleomycin. However, a functional product of
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the recF gene was implicated in the formation of an efficient inducing signal after UV- 

irradiation, as well as in the additional processing of bleomycin-induced lesions (Simic 

et d ., 1991). Finally these authors demonstrated that a fully-expressed RecF pathway did 

not provide a high level of activated RecA protein following DNA-damaging treatments, 

which further supports the proposed role of RecF in the modulation of RecA protease and 

recombinase activity (Madiraju and Clark, 1991).

16.6.3. RecA-mediated proteolytic cleavage of LexA.

RecA* mediates the specific cleavage of LexA, resulting in the derepression of the 

SOS genes (reviewed by Little and Mount, 1982). The cleavage reaction therefore 

represents a central role crucial to cell survival, since it represents the rate-limiting step 

in the SOS response (Little, 1984; 1991). At low cleavage rates, cells are in the repressed 

state, at high cleavage rates they are induced, and at intermediate rates the regulatory 

system is in a sub-induced state in which the SOS genes are only partially repressed. 

Therefore, changes in the rate of cleavage control the transitions between the two extreme 

states of the SOS system (Little et M., 1981; Little, 1984; 1991).

The biochemical mechanism of this reaction is unusual, in that, even though one 

molecule of RecA* can catalyse multiple LexA cleavage events, RecA* itself is not a 

classical protease like chymotrypsin. LexA cleavage can occur under two very different 

conditions: recA-mediated cleavage which occurs at physiological pH, and recA- 

independent cleavage which is observed at alkaline pH, with both mechanisms yielding 

identical fragments (Little, 1984). The recA-independent cleavage has been termed 

autodigestion and its mere existence implied that the role of rec A is indirect (Little, 1984). 

Thus, Little (1991) have proposed that the term, originally suggested by Devoret et d

(1988), ‘RecA coprotease’ be adopted, so as to emphasise this indirect role. Thus, RecA 

acts to indirectly stimulate the autodigestion reaction, allowing cleavage to proceed rapidly 

at physiological pH.

16.6.4. The structural organisation of LexA and the mechanism of autodigestion.

RecA* must contain a binding site for LexA and other related cleavable proteins 

(Introduction 16.13) (Little, 1991), but, in contrast to most proteases catalysis of LexA,
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cleavage proceeds largely via groups in the repressor substrate rather than RecA itself 

(Little, 1991).

A model of LexA autodigestion has been formulated from genetic and biochemical 

studies (Slilaty et d., 1986; Slilaty and Little, 1987). Ser-119 and Lys-116 lie near each 

other in the folded LexA protein. The hydroxyl residue of Ser-119 serves as the reactive 

nucleophile that attacks the Ala-84/Gly-85 peptide bond in a manner analogous to serine 

protease (Little, 1991). Uncharged Lys-156 is thought to be involved in the activation of 

the Ser-119 hydroxyl group (Slilaty et d., 1986; Slilaty and Little, 1987; Roland and 

Little, 1990; Little, 1991). In support of this model Roland and Little (1990) found that 

diisopropyl fluorophosphate (DFP), an inhibitor of serine protease, inhibited autodigestion, 

and that Ser-119 was the only serine residue to react with DFP. Furthermore, Little (1991) 

has suggested that activated RecA stimulates cleavage of wild-type LexA at physiological 

pH by markedly reducing the pk, of the Lys-156 residue.

16.6.5. Genetic evidence for SOS regulation.

Evidence for a coordinated regulatory control system as a cellular response to 

DNA damage arose from two general lines of research. Firstly, that a wide variety of 

agents that interfere with DNA synthesis produced the same distinct response and 

secondly, that this response was severely impaired in strains carrying recessive mutations 

in either the recA or lexA genes (Witkin, 1975).

Recessive recA mutants that were defective in both SOS and homologous 

recombination produced either no, or a defective RecA protein incapable of either 

coprotease function, or participation in homologous recombination (reviewed by Walker, 

1984). This suggested that recA gene product functioned as a positive regulator.

In contrast, lexA(Ind') mutants, formerly termed lexA', were dominant. These 

mutations phenotypically produce an altered LexA protein which is more resistant to 

RecA*-mediated cleavage than the wild-type LexA protein. For example, the commonly- 

used lexASdnd ) mutation substituted gly-85 with aspartate within the highly conserved 

ala-gly cleavage site (Horii et d., 1981; Markham et d., 1981). These findings suggested



54

that LexA played a negative role in SOS regulation (reviewed by Walker, 1984). Unlike 

the recessive recA mutants, lexA(Ind') mutants are recombination proficient, which 

indicated that a deficiency in SOS induction was not necessarily associated with a 

deficiency in homologous recombination (reviewed by Walker, 1984).

Many complex phenotypes have been described for mutations located at the recA 

and lexA loci, which has allowed the original model to be refined. Probably the most 

significant was the discovery recessive lexA mutants, which lead to constitutive expression 

of at least some of the SOS responses (Mount et al., 1972).

Whereas lexA(Def) mutants produce a defective LexA protein allowing those genes 

normally repressed by LexA at physiological temperatures to be constitutively expressed 

at 30 °C (Mount, 1977; Gudas and Mount, 1977), the lexA(Ts) mutant produces a 

temperature-sensitive LexA protein, which is defective as an SOS repressor at and above 

42 °C (Mount et al., 1973; Gudas and Pardee, 1975). Incorporation of these mutations into 

recA strains allowed the constitutive expression of recA at all temperatures in recA 

lex(Def) double mutants, and at 42 °C in recA lexA(Ts) double mutants. This suggested 

that the regulatory role of RecA in SOS was indirect and dependent upon the inactivation 

of the LexA repressor (Mount, 1977; Gudas and Mount, 1977).

In recA441 mutants, formerly termed tif-L the RecA441 protein is expressed 

constitutively at 42 °C and its coprotease function is more easily activated than the wild- 

type RecA protein thus allowing SOS induction, even in the absence of DNA damage 

(McEntee and Weinstock, 1981). Similarly the recA730 mutation allows constitutive SOS 

expression even at 30 °C (Witkin et d., 1982). These findings suggested that wild-type 

RecA protein was activated by an inducing treatment. Further studies involving gene 

fusion with the lacZ gene (Cassadaban and Cohen, 1980; Kenyon and Walker, 1980) 

provided strong genetic evidence for the role of LexA as the common repressor of the 

SOS regulon.

16.6.6. The DNA repair activities of the SOS response.

Since recA and uvrA. uvrB, uvrD and possibly uvrC are regulated by the LexA
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repressor, increased levels of gene expression are observed following inducing treatment, 

enhancing the DNA repair capacity of the cell by both excision repair and PRR repair 

pathways (Hall and Mount, 1981; reviewed by: Little and Mount, 1982; Walker, 1984). 

Two types of excision repair have been described based on the amount of resynthesis that 

occurs; these are short patch repair described earlier in section 16.3.9, and long patch 

repair. The process of long patch repair is an inducible SOS function since it is absent in 

SOS-defective mutants. The nature of the induced functions that lead to long patch repair 

are yet to be determined, however, it has been reported that SSB does not play a critical 

role in the determination of patch length (Whittier and Chase, 1981; reviewed by Peterson 

et d ., 1988). Cooper (1982) suggested that any one of the three DNA polymerases could 

perform long patch repair, however, it seems that Pol I is the major polymerase involved 

in wild-type strains (Cooper, 1982; reviewed by: Walker, 1985; Peterson et d ., 1988).

16.6.7. SOS processing.

The products of the dicistronic umuDC operon are required for most chemical and 

UV-mutagenesis in E. coli (Elledge and Walker, 1983; reviewed by: Walker, 1984; 1985; 

Peterson et d., 1988; Battista et d., 1990): no mutagenic processing occurs in strains 

carrying mutations in either umuD or umuC (Kato and Shinoura, 1977; Steinbom, 1978; 

Elledge and Walker, 1983; Shinagawa et al., 1983). Evolutionary diverged analogues of 

the umuDC operon have been identified and characterised in naturally occurring plasmids 

(reviewed by Strike and Lodwick, 1987), and recent evidence has indicated 3 roles for 

RecA protein in SOS mutagenesis (Nohmi et al,, 1988; Dutreix et d ., 1989; Ennis et d., 

1989; Sweasy e td ., 1990; Bates et d., 1991). The heat-shock-regulated chaperons GroEL 

and GroES (Donnelly and Walker, 1989; Lui and Tessman, 1990; Donnelly and Walker,

1992) are also thought to be involved, even though the UV-inducibility of the latter is 

LexA-independent. However, the precise functions of all these inducible proteins remain 

unclear (Bates, et d., 1991; Donnelly and Walker, 1992).

Both the E. coli chromosomal umuDC and the plasmid-derived mucAB opérons 

are repressed by the LexA protein in the uninduced cell, and their expression regulated 

as part of the SOS response (Bagg et d., 1981; Elledge and Walker, 1983; Shinagawa et 

d., 1983). The UmuD and MucA proteins share not only common sequence homology
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with the carboxyl terminal domains of LexA protein and several phage repressors (Perry 

et d., 1985; Battista et d., 1988), but, also several functional similarities including the 

ability to interact with RecA* coprotease, the ability to be cleaved by RecA* coprotease 

at a specific Ala/Gly or Cys/Gly peptide bond, the ability to autodigest at alkaline pH (pH 

9-10) and the ability to form homodimers in solution (Dutreix et d ., 1989; Battista et d., 

1990).

This led Perry et d . (1985) to postulate that these cleavable proteins might be post- 

translationally activated for their roles in mutagenesis by RecA* coprotease cleavage. 

Burckhardt et d . (1988) and Nohmi et d. (1988) have subsequently demonstrated in vitro 

and Shinagawa et d . (1988) in vivo the coprotease cleavage of the UmuD protein by 

RecA* at the Cys-24/Gly-25 peptide bond, in which Ser-60 of the UmuD protein is 

thought to function as the nucleophile in a manner analogous to the cleavage reaction 

determined for LexA and phage repressors (Introduction 16.6.3). Nohmi et d . (1988) 

further postulated that the acidic residues conserved between UmuD (Asp-68), MucA 

(Asp-69) and LexA (Asp-127) proteins might function as a base to accept a proton from 

lysine during the cleavage reaction.

It is noteworthy that UmuD cleavage is functionally different fi'om the cleavage 

of structurally-related LexA and phage repressors. The latter reactions result in the 

biological inactivation of these repressors, permitting SOS gene expression; the former 

reaction, by contrast, involves the maturation of UmuD to yield its shorter active form 

UmuD' (Nohmi e td ., 1988). Nohmi et d., (1988) demonstrated that the carboxyl terminal 

fragment of UmuD, UmuD', is both necessary and sufficient for mutagenic function; this 

protein maturation is therefore an additional regulatory step in the mutagenic process.

16.6.8. A regulatory role for intact UmuD ?

Battista et d . (1990) proposed a dominant regulatory role for intact UmuD in 

modulating SOS mutagenesis. They suggested that since UmuD is cleaved less efficiently 

than LexA in vivo and in vitro, uncleaved UmuD would accumulate as the SOS response 

shuts down. UmuD and UmuD' both form homodimers, but UmuD-UmuD' heterodimers 

are formed preferentially. Battista et d. (1990) therefore postulated that heterodimers
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would form as soon as intact UmuD started to accumulate, and thus reduce RecA* 

coprotease-mediated cleavage of UmuD. However, Bailone et d . (1991) failed to observe 

any increase in mutagenesis in UmuD' bacteria devoid of UmuD, which tends to argue 

against a major role for intact UmuD in the regulation of SOS mutagenesis.

16.6.9. A third role for RecA protein in SOS mutagenesis.

RecA1730 is a dominant point mutation preventing SOS mutagenesis. Bailone et 

d . (1991), found that although LexA and UmuD proteins are cleaved and UmuD' is 

formed in recA1730 mutants, no mutagenesis occurred. 'This suggested that although 

cleavage of LexA and UmuD was apparently necessary it was insufficient for the 

completion of mutagenesis. On the basis of these findings a third regulatory role for RecA 

protein was proposed, involving the finely-tuned control of UmuD' production and 

maturation at DNA lesions. Bailone et d . (1991) suggested that UmuD', UmuC, DNA and 

RecA comprised a single functional quaternary complex, since mutations in any of these 

genes appeared to block mutagenesis.

One model of targeted, UV-induced mutagenesis, proposes that bases are 

misincorporated opposite photoproducts in a two-step process requiring RecA, UmuD and 

UmuC proteins. This results in the stable incorporation of possibly incorrect, and therefore 

mutagenic bases due to the inhibition of proofreading functions of DNA polymerase(s) 

(Bridges and Woodgate, 1984; 1985). These authors demonstrated that UV-induced 

mutations could be repaired in otherwise non-mutable umuD and umuC bacteria by 

delayed photoreversal of UV damage. They proposed that the first (misincorporation) step 

of error-prone repair requires neither UmuD nor UmuC proteins. However, these are 

required for the second (bypass) step involving chain extension beyond the 

misincorporated base(s). Early studies (Bridges and Woodgate, 1985) indicated that RecA 

protein was required, but was not essential (Bridges, 1988) for the misincorporation step. 

However, recent studies (Bates and Bridges, 1991) have showed that UV-mutagenesis is 

blocked in strains carrying the recA1730 allele, unless delayed photoreversal was 

provided, which suggests that RecA is not involved in misincorporation.

Echols and Goodman (1991) postulated that the presence of RecA at the lesion
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might facilitate error-prone repair in one of two ways; either by altering the conformation 

of the distorted template to one more acceptable to the DNA polymerase, or by inhibiting 

proofreading 3 ' to 5 ' exonuclease activity. The DNA polymerase involved in trans lesion 

synthesis has still to be defined. However, it does not appear to be Pol I (Bates et al.,

1989); Shinagawa et al. (1991) have recently reported that the polB gene product, 

polymerase II (Pol II), is not required for UV-repair and UV-induced mutagenesis. 

Accumulating circumstantial evidence strongly suggests that DNA polymerase holoenzyme 

III (Pol III), and in particular the a  subunit of the holoenzyme, DnaE protein encoded by 

polC. is required for most, if not all, mutagenesis (Bridges et al., 1976; Brotcome- 

Lannoye et al., 1985; Hagensee et al., 1987; Bridges and Bates, 1990; Bryan et M., 1990; 

Sharif and Bridges, 1990). The nature of the alteration that Pol III undergoes in response 

to SOS induction is unknown (Tadmor et d., 1992).

16.6.10. Reduced fidelity of DNA polymerase III.

Pol III holoenzyme is a complex composed of a least ten subunits, of which three 

subunits, a, e, and 0, are tightly bound to form the catalytic core (reviewed by McHenry, 

1988). The a  subunit has the polymerase activity (Maki and Komberg, 1985), and the e 

subunit has the editing 3'-> 5' exonuclease activity (Scheuermann et al. 1983). The role 

of the 0 subunit remains unknown (Tadmor et al., 1992). y, 5, t and 13 subunits are 

auxiliary proteins which provide the polymerase with high catalytic activity and high 

processivity (Maki and Komberg, 1985; O’Donnell and Studwell, 1990). The predominant 

role of the 13 subunit is initiating the polymerisation and determining the processivity of 

the polymerase (O’Donnell, 1987; Maki and Komberg, 1985; McHenry, 1988). A 

subassembly of Pol III, lacking in the 13 subunit, known as Pol III*, demonstrates weak 

synthetic activity on primed single-stranded DNA and possess low processivity.

Shavitt and Livneh (1989) have recently reported that the 13 subunit modulates 

termination and bypass at UV lesions during in vitro DNA replication. Whilst bypass was 

observed at low 13 concentrations, very little, if any, bypass occurred at higher 13 

concentrations, which were similar to the intracellular concentration of 13 expressed in non

induced cells (Shavitt and Livneh, 1989). This suggested a role as negative effector for 

the 13 subunit in UV mutagenesis. Tadmor et M. (1992) demonstrated that overproduction
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of 13 caused a five-fold to ten-fold reduction of UV-induced mutagenesis and a slight 

increase in UV-sensitivity of E. coli strains both deficient and proficient in excision-repair. 

In contrast, overproduction of the a  subunit had no effect on UV-induced mutagenesis. 

Moreover, the effects caused by the overproduction of 13 were alleviated by the presence 

of a plasmid expressing the mucAB gene products. It has been suggested that under SOS 

conditions a specialised version of Pol III is formed, the composition of which is unclear, 

but, since its role is different from that of 13-rich Pol III, it is thought to be a derivative 

of the B-poor form of Pol III (Tadmor et ^ ., 1992); this interacts with UmuD,or UmuD', 

UmuC and RecA, allowing the complex to bypass lesions. Such reduced fidelity of DNA 

replication would allow base insertion to occur opposite and beyond lesion sites often, but 

not always, producing a mutation (reviewed by Echols and Goodman, 1991).

16.6.11. Other mutation-enhancing opérons.

To date, five mutation-enhancing opérons have been cloned and sequenced either 

from chromosomes or plasmids. These are: the E. coli chromosomal umuDC (Kitagawa 

e t^ ., 1985; Perry et d., 1985), the plasmid-encoded mucAB (Perry et d., 1985). impCAB 

(Glazebrook et d., 1986; reviewed by Strike and Lodwick, 1987; Lodwick et d ., 1990) 

opérons, the cryptic plasmid-encoded samAB (Nohmi et d., 1991) and chromosomal 

umuDCgx (Smith et d., 1990; Thomas et d., 1990) opérons of S. tvphimurium. Examples 

of plasmid-coded DNA repair-mutation systems have been found in at least ten different 

incompatibility groups (Molina et d., 1979; Pinney, 1980; reviewed by Strike and 

Lodwick, 1987) of which the mucAB genes of pKMlOl (Perry et d., 1985) and the 

impCAB (/-group mutation and protection) genes of TPllO (Dowden et d ., 1984) are the 

best documented.

16.16.12. Plasmid-encoded systems.

The DNA repair and mutagenesis phenotypes conferred by plasmid-encoded 

mucAB and impCAB opérons are dependent upon a host recAlexA~" genotype (Marsh and 

Smith, 1969; Mortelmans and Stocker, 1976; Walker, 1977; Waleh and Stocker, 1979; 

Upton and Pinney, 1983). Sequence analysis has confirmed the position of LexA binding 

sites, 5' to both pKMlOl muc genes and the TPllO imp operon, overlapping the 

respective promoter sequences (Perry et d., 1985; reviewed by Strike and Lodwick, 1987).
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This highlights the similarity of these plasmid-encoded genes to their chromosomal 

equivalents (Perry et d., 1985; Kitagawa et 1985).

16.6.12.1. Relationship to chromosomal umuDC genes.

The most significant advance in the understanding of plasmid protection/mutation 

systems came from the demonstration that plasmids restored mutability to non-mutable 

umuD and umuC mutants (Kato and Shinoura, 1977; Steinbom, 1978). This was initially 

demonstrated for plasmids R46 and pKMlOl (Walker, 1979; Walker and Dobson, 1979), 

and later for TPllO, followed by a range of other plasmids (Dowden and Strike, 1982; 

Upton and Pinney, 1983). The simplest explanation for these observations is that plasmid- 

encoded genes are analogues of the chromosomal umuDC genes (section 16.6.7).

Although, the precise role of plasmid gene products remains unclear, these proteins 

appear to function as well as, if not more efficiently than UmuDC proteins in mediating 

mutagenesis (Blanco et d., 1986). Moreover, whereas over-production of mucAB gene 

products greatly increases UV-induced mutagenesis in bacteria lacking excision repair, 

overproduction of UmuDC proteins in such cells actually reduced both repair and 

mutagenesis (Blanco et d., 1986; Marsh and Walker, 1987). McNally et d . (1990) later 

reported that the physiological effects of the mucAB and umuDC products were strongly 

influenced by their level of expression.

The gene products of the mucAB operon, but not umuDC operon, can promote 

mutagenesis in recA430 mutants (Marsh and Walker, 1987); however, mutagenesis is 

much more effective in recA^ strains (Blanco and Rebollo, 1981; reviewed by Walker, 

1984). Since the mucAB operon was originally isolated from a broad-host-range, self- 

transmissible plasmid, it has been suggested that these proteins might have evolved to 

become less dependent on specific interactions with RecA and other host-specified 

proteins than their chromosomal analogues. Consistent with this hypothesis, strains 

containing a mucAlOUGlu^ )̂ mutation were neither responded to increasing levels of 

RecA activation, nor required an activated form of RecA to function. However, they did 

require intact RecA to promote the spontaneous reversion of his-4 (Marsh and Walker, 

1987). Such findings led these authors to propose that unactivated RecA might have a role
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in MucAB-dependent spontaneous and possibly UV-induced mutagenesis.

Plasmid pKMlOl and TPl 10 gene products are both structurally and functionally 

related to chromosomal UmuDC proteins. Like UmuD, MucA and ImpA proteins share 

extensive amino acid homology with the carboxyl terminal of LexA and bacteriophage 

repressors (Perry et 1985; Eguchi et d., 1988; Battista et 1990). This homology 

also includes the Ala-25/Gly-26 peptide bond of MucA which, like the Cys-24/Gly-25 

peptide bond of UmuD, corresponds to the Ala-84/Gly-85 proteolytic cleavage site of the 

LexA and bacteriophage repressors (Perry et d., 1985). However, whereas the resulting 

carboxyl terminal fragment of UmuD, UmuD', was reported by Nohmi et d . (1988) to be 

both necessary and sufficient for its role in mutagenesis, it was unclear whether the 

cleavage of MucA was actually required for its function in mutagenesis (Marsh and 

Walker, 1987; Shiba et d., 1990). However, Tanooka ^  d . (1991) have recently 

demonstrated that the 17 kDa MucA protein is cleaved into a 14 kDa fragment and an 

undetectable 3-kDa fragment following mutagenic treatment of a recA'*' E. coli strain. 

'Thus, it appears that both chromosomal umuDC and plasmid-encoded mucAB activities 

are similarly controlled by RecA activation both transcriptionally, via SOS control, and 

post-transcriptionally (Tanooka et d., 1991).

Despite the significant homology shared by umuDC, mucAB and impAB gene 

products, this is insufficient to allow hybridisation between opérons (Perry et d ., 1985; 

reviewed by Strike and Lodwick, 1987; Nohmi etd ., 1991). However, since the molecular 

weights of the proteins encoded by these opérons are very similar (Perry et d ., 1985; 

Glazebrook e td ., 1986, Nohmi et d., 1991), and display a remarkable degree of structural 

and functional homology (Dutreix et d., 1989; Battista et d., 1990; Nohmi et d ., 1991), 

it is not unreasonable to suggest that the genes have evolved from a common ancestor. 

Several reports suggest that S. tvphimurium has an SOS regulatory system which closely 

resembles that of E. coli (MacPhee, 1973; McCann et d., 1975). Furthermore, Tanooka 

et d . (1991) demonstrated a RecA-controlled mutagenic pathway in Bacillus subtilis and 

mucAB genes are expressed in H. influenza (Balganesh and Setlow, 1985). Thus, 

Sedgwick et d . (1988) proposed that the chromosomal umuDC operon was once carried 

on a primordial plasmid and has been assimilated by a wide range of plasmids in
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exchanges promoted by insertion elements or transposons (reviewed by Strike and 

Lodwick, 1987; Sedgwick et 1988). Plasmid R46 is known to carry an active insertion 

element (IS46) capable of promoting such integration (Brown et 1984), while the 

‘mutator’ plasmid R391 is permanently integrated within the chromosome (Nugent, 1981). 

Sedgwick et d . (1988) therefore proposed that plasmids R46 and R391 together with the 

putative umuDCgx found in Salmonella spp. represented the different stages between 

autonomous mutator plasmids and their vestigial integrated form. The umuDC operon 

might alternatively have originally been part of a genuine transposon which has 

subsequently undergone further internal rearrangement, deletion or double transpositions, 

and which during recent evolution has subsequently lost the ability to transpose (Sedgwick 

and Goodwin 1985; Balganesh and Setlow, 1985).

16.6.12.2. Spectrum of activity.

Although pKMlOl restores the mutagenic response of umu mutants to UV light 

and to many other mutagens (listed in McCann et d., 1975) it does not confer resistance 

to the killing effects of all of them. Thus, while R46 is reported (Upton and Pinney, 1983) 

to increase the levels of UV resistance in a uvrA umuC mutant by more than 1000-fold, 

it has no effect on the resistance of this strain to mitomycin C or other mutagens that 

cross-link DNA strands (Attfield and Pinney, 1984).

16.6.13. SOS induction by the quinolones.

It is known that treatment of bacteria with nalidixic acid and modem 4-quinolones 

leads to potent induction of the SOS response in E. coli (Gudas and Pardee, 1976; 

Piddock and Wise, 1987; reviewed by: Hooper et ^ ., 1988; Lewin et d ., 1989; Walters 

et ^ ., 1989; Ysem et d., 1990). This is believed to result from the dismption of DNA 

replication (Goss et M., 1965; Cmmplin et d., 1984; reviewed by Drlica, 1984; Benbrook 

and Miller, 1986). Phillips et (1987) have suggested that one of the SOS genes may 

encode an unknown suicide protein, which had previously been postulated by Deitz et al. 

(1966) and Smith (1984a) to cause the lethal action of the 4-quinolones. Phillips et d . 

(1987) found a striking correlation between the concentration of quinolone that produced 

a maximum reduction in viable counts, the most bactericidal concentration (Smith, 1986), 

and the concentration that caused maximum SOS induction. Induction of the SOS
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response might therefore serve a role in the mechanism of quinolone action (Phillips et 

g ., 1987).

If nalidixic acid and 4-quinolones cause complete induction of the SOS response, 

they should generate mutations due to error-prone DNA repair. However, Schlüter (1986) 

reported these agents as non-mutagens in the Ames test. In an attempt to explain this 

disparity, Ysem et g . (1990) suggested that quinolone-induced damage was insufficient 

for umuDC expression. However, they showed experimentally that high levels of UmuC 

were indeed produced during nalidixic acid and 4-quinolone therapy. Gocke (1991) has 

recently revealed that 4-quinolones are positive mutagens, provided that excision repair 

is functioning.

In contrast to the hypothesis that SOS induction is the cause of quinolone-induced 

lethality, Drlica (1984) proposed that the SOS response played an active role in protecting 

bacteria from damage induced by these drugs. Strains carrying recA and recB mutations, 

which are incapable of a quinolone-induced SOS response, are hyper-sensitive to nalidixic 

acid (McDaniel et g ., 1978; reviewed in Lewin et g ., 1989). However, since strains 

carrying the lexA3 mutation, which also renders bacteria incapable of SOS induction, are 

no more sensitive to nalidixic acid than the lexA^ parent strain (Ratcliffe and Smith, 1986; 

Lewin et g ,  1989), it would appear that the SOS response does not contribute to the 

survival of bacteria after exposure to nalidixic acid.

16.6.14. The repair of quinolone-induced damage.

Using strains carrying recA13 and recB21 single or double mutations Lewin et g .

(1989) demonstrated that the double mutant was more sensitive than either of these 

mutations alone. These results suggested that hypersensitivity to nalidixic acid appeared 

to be a defect in recombination repair rather than in SOS repair (Lewin et g ., 1989). 

These findings were further supported by Howard (1991), who showed that a recA430 

mutant, which is recombinational repair proficient but deficient in SOS induction, was no 

more sensitive to nalidixic acid than its recA^ parent strain. Thus, it was proposed that 

recombinational repair, and not SOS repair was solely responsible for the 

hypersensitivities of recombination-deficient mutants to nalidixic acid, and that recBCD-
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dependent PRR repair is responsible for the repair of the damage to the bacterial 

chromosome induced by nalidixic acid (Ratcliffe and Smith, 1986; Lewin et d ., 1989; 

Howard, 1991). The recF-pathway of PRR repair has also been associated with the repair 

of nalidixic acid damage, since McDaniel et d . (1978) found that a recF mutation 

increased bacterial susceptibility to nalidixic acid.

These findings appear to apply to all quinolones, at least in part (Lewin et d., 

1989). All of these agents exhibit mechanism A, the bactericidal mechanism that requires 

both RNA and protein synthesis and cell division for activity (reviewed by Smith, 1984a). 

Unlike nalidixic acid, modem 4-quinolones such as ciprofloxacin, ofloxacin, perfloxacin, 

lomefloxacin, fleroxacin and DR-3355 exhibit a further bactericidal mechanism, termed 

mechanism B. Mechanism B is active against non-dividing cells and requires neither RNA 

nor protein synthesis (Zeiler and Grohe, 1984; Chalkley and Koomhof, 1985). An 

additional mechanism, mechanism C has also been discovered with norfloxacin; this 

requires protein and RNA synthesis, but is active on non-dividing cells.

Lewin et d . (1989) proposed that the correlation between the concentration 

required for maximum SOS induction and the most bactericidal concentration (Phillips et 

^ ., 1987) might simply be due to quinolones inhibiting RNA synthesis at concentrations 

greater than their most bactericidal concentrations (Crumplin and Smith, 1975). This led 

Lewin et al. (1989) to suggest that induction of a gene was inconclusive evidence of its 

involvement in the bacterial response to quinolones. It was also necessary to show that 

inactivation of the induced gene(s) had an effect on the susceptibility of the strain to 

quinolones. Howard (1991) therefore studied the effect of the newer 4-quinolones on DNA 

repair mutants. Results obtained from the treatment of a recA mutant with norfloxacin, 

ciprofloxacin and ofloxacin were in agreement with the earlier experiments using nalidixic 

acid (Lewin et al., 1989). However, results obtained with strains carrying lexA and 

recA430 mutations disagreed with those previously obtained with nalidixic acid treatment. 

Howard (1991) therefore proposed that the bactericidal damage mediated by mechanism 

A was repaired by recombinational repair; whereas the damage induced by mechanism B 

of ciprofloxacin and ofloxacin, and mechanism C of norfloxacin was repaired by both 

SOS and recombinational repair.



65

In agreement with these findings, Urios et (1991) reported that a strain carrying 

the recA142 allele, which abolishes all RecA protein activities, greatly reduced the level 

of ciprofloxacin resistance in gvrA mutants, and even lesser levels of ciprofloxacin 

resistance were observed in a recA430 mutant. These results together with the levels of 

ciprofloxacin resistance observed with recBC mutants led Urios et (1991) to propose 

that an SOS-dependent process does act in the repair of ciprofloxacin-induced damage.

Purpose of this thesis.

The modem 4-quinolones are currently one of the main stays of effective clinical 

antimicrobial therapy; they are broad-spectrum, have good tissue-penetration and lack 

proven plasmid-mediated resistance. 4-quinolones induce error-prone repair, and therefore 

induce plasmid-encoded umuDC-like opérons. Mutator plasmids that carry these genes 

may therefore play a clinically-significant role in the development of 4-quinolone 

resistance. This thesis addresses the two accounts of apparent plasmid-mediated resistance 

to nalidixic acid (Panhotra et al., 1985; Munshi et d., 1987) in multiple-resistant strains 

of Shigella dvsenteriae type 1. It attempts to explain the association of R plasmids with 

the chromosomal nalidixic acid resistance in these strains.
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MATERIALS

1. Bacterial strains and plasmids.

The strains of Escherichia coli and Shigella used in this thesis are listed together 

with their plasmids in Tables 1 and 2 respectively. The clinically-isolated IncN plasmid 

R46, formerly known as R-Brighton (Drabble and Stocker, 1968), has also been referred 

to as R1818 and TP 120 (reviewed by Strike and Lodwick, 1987). pKMlOl is a deletion- 

derivative of plasmid R46 (Mortelmans and Stocker, 1979), obtained through a series of 

consecutive transduction and conjugation experiments in Salmonella tvphimurium hisG46. 

and pGW16 is a further derivative of pKMlOl, selected for its increased spontaneous 

mutator effect (Walker, 1978a). The 40 mDa plasmid, isolated from the clinically-isolated 

Shigella dvsenteriae type 1 (Panhotra et d., 1985), was designated pYDOl (Ambler et 

1993; this thesis).

All strains were maintained in long term storage as nutrient broth cultures, frozen 

at -196 °C in liquid nitrogen (British Oxygen Company); while strains in use were 

maintained on nutrient agar slopes at 4 °C. Plasmid presence was monitored by checking 

for resistance to appropriate antibiotics.

2. Media.

2.1. Complex Media.

Nutrient broth and Tryptone soya broth.

Oxoid No.2 Nutrient broth powder (code CM67) and tryptone soya broth (TSB), 

powder (code CM 129) were dissolved in distilled water and made up to 1 L according to 

the manufacturer’s directions. 4.5 ml and 9.9 ml aliquots were dispensed into universal 

glass bottles and sterilised by autoclaving at 115 ®C (10 psi) for 20 mins. The medium 

was stored at room temperature.

Nutrient agar.

Nutrient agar plates were prepared by the addition of 1.5% (w/v) Lab M agar to 

nutrient broth. The medium was sterilised by autoclaving at 115 °C (10 psi) for 20 mins, 

and then cooled to 55 °C in a water bath. After cooling, approximately 20 ml aliquots
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STRAIN GENOTYPE SOURCE REFERENCE

Escherichia F- ara-14 argE3 galK2 hisG4 R J. Pinney Howard-
coli AB1157 lacYl leu-B6  thi-1 mtl-1 Flanders

proA2 xvl-5 tsx-33 strA31 e td . (1966)
thr-1 SUP-E44

Escherichia pro met J.T. Smith Bachmann
coli J53 (1990)

Escherichia as AB1157, butDE301 RJ. Pinney Upton and
coli TK501 (deletion bio-chl giving uvrB; Pinney

umuC36) (1983)

Escherichia arg nad gal thi thy his RJ. Pinney Pinney
coli 343/113 (1980)
(R46) (R46)

Escherichia as above R J. Pinney Pinney
coli 343/113 (1980)
(R124) (R124)

Escherichia as above RJ. Pinney Pinney
coli 343/113 (1980)
(RP4) (RP4)

Escherichia as above R.J. Pinney Pinney
coli 343/113 (1980)
(R391) (R391)

Escherichia as above R.J. Pinney Pinney
coli 343/113 (1980)
(pKMlOl) (pKMlOl)

Escherichia as above Pinney
coli 343/113 R.J. Pinney (1980)
(R16) (R16)
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STRAIN GENOTYPE SOURCE REFERENCE

Escherichia 
coli ABl 157 
(R46)

as ABl 157 

(R46)

This thesis Ambler and 
Pinney (1989)

Escherichia 
coli ABl 157 
(RP4)

as AB1157 

(RP4)

This thesis Ambler and 
Pinney (1989)

Escherichia 
coli ABl 157 
(R391)

as ABl 157 

(R391)

This thesis Ambler and 
Pinney (1989)

Escherichia 
coli ABl 157 
(pYDOl)

as ABl 157 

(pYDOl)

This thesis Ambler et al., 
(1991)

Escherichia 
coli ABl 157 
(pKMlOl)

as ABl 157 

(pKMlOl)

This thesis Ambler and 
Pinney (1989)

Escherichia 
coli ABl 157 
(R124)

as ABl 157 

(R124)

R.J. Pinney Ambler and 
Pinney (1989)

Escherichia 
coli ABl 157 

(R16)

as ABl 157 

(R16)

R.J. Pinney Ambler and 
Pinney (1989)

Escherichia 
coli ABl 157 

(pGW16)

as ABl 157 

(pGW16)

R.J. Pinney Ambler and 
Pinney (1989)

Escherichia 
coli TK501 

(RP4)

as TK501 

(RP4)

This thesis This thesis
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STRAIN GENOTYPE SOURCE REFERENCE

Escherichia 
coli TK501 
(R391)

as TK501 

(R391)

This thesis This thesis

Escherichia 
coli TK501 
(pYDOl)

as TK501 

(pYDOl)

This thesis This thesis

Escherichia 
coli TK501 
(R46)

as TK501 

(R46)

This thesis This thesis

Escherichia 
coli J53.2a

oro met Rif^ This thesis This thesis

Escherichia 
coli J53.2a 
(pYDOl)

nro met Rif^ 

(pYDOl)

This thesis This thesis

Escherichia 
coli 39R861 
(RAl-1)
(X)
(Sa)
(NTP168)

Tc
No resistance 

Cm 
No resistance

P.M. Blakemore
NCTC
(50192)

Shieella 
dvsenteriae 
type 1

not defined P.M. Blakemore Panhotra et al. 
(1985)

Shieella
sonnei

wild-type J.T. Smith This thesis

Shieella 
sonnei RiP

as S. sonnei 
R if

This thesis
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STRAIN GENOTYPE SOURCE REFERENCE

Shieella 
sonnei Rif^ 
(pYDOl)

as S. sonnei R if  

(pYDOl)

This thesis

Shieella 
sonnei Rif^ 
(R46)

as S. sonnei 

(R46)

This thesis

Shieella 
sonnei Rif^ 
(RP4)

as S. sonnei 

(RP4)

This thesis

Shieella 
sonnei Rif^ 
(R391)

as S. sonnei 

(R391)

This thesis

Escherichia 
coli ABl 157 
(pYD01/R391)

as ABl 157 

(pYD01/R391)

This thesis Ambler et al. 
(1991)

Escherichia 
coli ABl 157 
(pKM101/R391)

as ABl 157 
(pKM101/R391)

This thesis Ambler et al. 
(1991)

Escherichia 
coli ABl 157 
(pKM101/R391/ 
pYDOl)

as AB1157
(pKM101/R391/
pYDOl)

This thesis Ambler et al. 
(1991)

Escherichia 
coli ABl 157 
(pKMlOl/pYDOl)

as AB1157 
(pKMlOl/pYDOl)

This thesis Ambler et al. 
(1991)

Escherichia 
coli ABl 157 
(pGW16/R391)

as ABl 157 
(pGW16/R391)

This thesis Ambler et al. 
(1991)

Escherichia 
coli ABl 157 
(pGW16/R391/ 
pYDOl)

as ABl 157 
(pGW16/R391/ 
pYDOl)

This thesis Ambler et al. 
(1991)

Escherichia 
coli ABl 157 
(pGW16/pYD01)

as ABl 157 
(pGW16/pYD01)

This thesis Ambler et al. 
(1991)



71

Table 2. Plasmids used in this thesis, showing compatibility grouping and resistance determinants 

carried.

Plasmids Incompatibility
Group

Resistance 
determinance *

References

R46 Inc N Ap Sm Su Tc 
UV^

Anderson and 
Datta (1965)

pKMlOl Inc N Ap
UV'

Mortelmans 
and Stocker 
(1979)

RP4 Inc P Ap Km Nm Tc Upton and 
Pinney (1983)

R391 Inc J Km Nm Hg
UV®

Coetzee et al. 
(1972)

pGW16 Inc N Ap
UV'

Walker (1978a)

R16 Inc B Ap Cm Sm Su 
Hg Tc Uv^

Upton and 
Pinney (1983)

R124 Inc FIV Tc
UV^

Upton and 
Pinney (1983)

pYDOl N/D TmUV® Ambler et al. 
(1991)

* Key for drug and heavy metal resistance:

Ap ampicillin Cm chloramphenicol

Hg mercuric ions Km kanamycin
Nm neomycin Sm streptomycin

Su sulphonamides Tc tetracycline
Tm trimethoprim

UV' ultra-violet protection
UV® ultra-violet sensitivity

were poured into sterile disposable Petri dishes laid on a marble slab. After solidifying, 

the lids were removed and the plates inverted and overdried at 44 °C for 45 mins. The lids
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were replaced and if not used immediately, plates were stored inverted at 4 °C. All stored 

plates were prewarmed to 37 ®C before use.

Powder from the same batch of nutrient broth, Oxoid No.2 powder (code CM67) 

and Lab M agar, was used in the preparation of nutrient broth and nutrient agar 

throughout this thesis. This was to ensure that the divalent metal ion content of all media 

was standardised. This precaution was undertaken following the report by Crumplin ^  d . 

(1984) that 4-quinolones are only active as metal chelate complexes, and their may vary 

with different batches of media.

Tryptone soya agar.

Tryptone soya agar (TSA) plates were made by the addition of Lab M agar at a 

final concentration of 1.5% to tryptone soya broth. This was sterilised and plates were 

prepared and stored as described for nutrient agar.

Iso-Sensitest Agar.

Iso-Sensitest agar plates were prepared by the addition of 3.1% (w/v) Iso-Sensitest 

agar, Oxoid (code CM 471) to nutrient broth, according to manufacture’s instructions. The 

medium was sterilised and plates were prepared and stored as described for nutrient agar.

MacConkey agar.

5.2 g MacConkey agar powder, Oxoid (code CM7), was dissolved and made up 

to 100 ml with distilled water in 150 ml glass bottles. These were sterilised and plates 

were prepared and stored as described for nutrient agar.

Nutrient, Iso-Sensitest and MacConkey agars were used for the preparation of 

drug-containing media for sensitivity or selectivity testing. Appropriate volumes of sterile 

drug solutions were added to molten (55 ®C) medium. Since the activities of trimethoprim 

and sulphonamides are significantly curtailed in many nutrient agars (Willetts, 1984), 

defined minimal media or Iso-Sensitest agar was used to prepare trimethoprim- and 

sulphadiazine-containing media.
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2.2. Defined media.

Davis and Mingioli salts solution.

Double-strength Davis and Mingioli (DM) salts solution was prepared as described 

by Davis and Mingioli (1950): the following salts were sequentially dissolved in and made 

up to a final volume of 1 L with distilled water:

K2 HPO4  14.00 g

KH2 PO4  6 . 0 0  g

Na^QHgO .̂ 2 H2 O 0.94 g

MgS04. 7 H2 O 0.24 g

2 . 0 0  g

50 ml volumes of double-strength solution were dispensed into 150 ml glass 

bottles. Single-strength DM was similarly prepared by making the solution up to a final 

volume of 2 L and was dispensed in 4.5 and 9.9 ml volumes into universal glass bottles 

for use as a diluent. The medium was sterilised by autoclaving at 110 ®C (10 psi) for 20 

mins. This was stored at room temperature.

DM agar.

1.0 ml of required sterile amino acid and vitamin solutions, together with 0.7 ml 

of sterile 40% glucose solution (as a carbon source), were aseptically added to 50 ml of 

sterile double-strength DM salts solution. The volume was made up to 60 ml by the 

addition of sterile distilled water (SDW). This solution was poured into a 150 ml sterile 

glass bottle containing 40 ml of sterile hot molten agar (1.5 g Lab M agar in 40 ml of 

distilled water). The contents was mixed thoroughly and poured into six sterile disposable 

Petri dishes laid on a marble slab until the agar had set. The plates were overdried for 45 

mins at 44 °C.

L-amino acids, vitamins and thymine were added as required to final 

concentrations of 40 mg L'\ 10 mg and 60 mg respectively. Iso-sensitest agar was 

substituted for Lab M agar at a final concentration of 3.1% to 100 ml DM medium, in the 

preparation of DM plates containing sulphadiazine, streptomycin or trimethoprim. These 

drugs are antagonised by ions present in Lab M agar (BSAC working Party, 1991).
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Agar base plates and ‘soft’ agar overlays used to determine reversion frequencies to 

histidine independence.

Agar base plates were prepared by aseptically adding 0.7 ml of sterile 40% glucose 

solution and 10 ml of SDW to 50 ml of sterile double-strength DM salts solution. This 

was poured aseptically into a 150 ml glass bottle that contained 40 ml of hot, molten Lab 

M agar, which had been prepared as described above. The contents was mixed gently, but 

thoroughly, and poured into four sterile Petri dishes and allowed to set.

‘Soft’ agar for overlays was prepared by adding the following to 100 ml of 

distilled water:

0 . 6  g Lab M agar

0.5 NaCl

5 mg vitamin supplements

1 0 0  mg amino acid supplements except histidine

0.05 mM histidine

The solution was heated to 100 °C for 5 mins to melt the agar, and 2 ml aliquots 

were dispensed into 5 ml Pyrex test tubes. These were covered and sterilised at 115 °C 

(10 psi) for 5 mins. Soft overlays containing 100 mg of histidine in the 100 ml of medium 

were also prepared to determine cell viability.

3. Chemicals.

The chemicals used in this thesis are listed below together with the manufacture’s 

addresses and supply codes.

CHEMICALS MANUFACTURERS

Absolute alcohol J. Burroughs Ltd.,

London

Agarose Cat. No.A-6023 Sigma Chemical Co. Ltd.,

Poole, Dorset
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L-Amino acids:

L-arginine

L-histidine

L-ieucine

L-lysine

L-proline

L-threonine

Ortho-boric acid

Cat. No.A-5131 

Prod.No.37118 

Prod. No.37121 

Prod. No.6220970 

Prod. No.37143 

Prod. No.37150 

Prod. No. 1005 8

Sigma Chemical Co. Ltd. 

BDH Ltd., Poole, Dorset 

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

Buffer solution tablets:

pH7.0 Prod. No.33155 

pH9.2 Prod. No.33156 

pH4.0 Prod. No.33154 

Bromophenol blue Prod. No.20015 

Chloroform Prod. No.27710

Deoxyadenosine (from DNA puriss)

Diethyl ether Prod. No.28132

Dimethyl sulphoxide Prod. No. 10323 

(DMSO)

Ethidium Bromide Prod. No.E8751 

Ethylendiaminetetra-acetic acid disodium salt

BDH Ltd.

(EDTA)

D-Glucose 

Glycerol 

HCL (lOM)

NaOH 

Phenol 

Scintillation fluid

Cocktail T ‘Scintran’ Prod. No. 14509 

Sodium dodecyl Prod. No.30175 

sulphate (SDS)

Tetrasodium pyrophosphate

Prod. No. 10093 

Prod. No.28450 

Prod. No.10118 

Prod. No.28507 

Prod. No.30167 

Prod. No. 10188

BDH Ltd.

BDH Ltd.

Koch-light Labs., Ltd. 

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.

BDH Ltd.
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Prod. No.30207 

Trizma base Prod. No.T1503

(TRIS-HCl)

Thymine Cat. No.00972C

Trichloroacetic acid 

(TCA) Prod. No.30489

Vitamins:

Vitamin (thiamin HCI)

Cat. No.T-4625 

D-biotin Cat. No.B-4501

Sigma Chemical Co. Ltd.

Koch-light Labs. Ltd. 

BDH Ltd.

Sigma Chemical Co. Ltd

Sigma Chemical Co. Ltd.

All inorganic chemicals used were ‘Analar’ grade. Stock solutions of L-amino 

acids were prepared at 4 mg ml^ in distilled water, with the exception of L-arginine which 

was prepared at 2.5 mg m l'\ 20 ml volumes of L-proline and L-histidine solutions were 

sterilised by autoclaving at 115 °C (10 psi) for 20 mins after the L-histidine solution was 

adjusted to pH 7.2 with IM HCL using a digital pH meter. Stock solutions of thymine, 

thiamin and D-biotin were prepared at 1 mg ml'  ̂ in distilled water and sterilised at 100 

°C for 15 mins. All solutions were stored at 4 °C for a maximum of 6  months.

3.1. Solutions for alkaline extraction of plasmid DNA.

Lysis buffer.

100 ml of lysis buffer was prepared by dissolving 0.6 g of Trizma base in distilled 

water, 4 g of SDS were added and the solution was corrected to pH 12.6 with 3M NaOH 

using a digital pH meter. It was then made up to a 100 ml final volume with distilled 

water and stored at room temperature for no longer than a week.

Borate buffer.

500 ml of concentrated borate buffer was prepared by dissolving 60.1 g Trizma 

base, 30.9 g boric acid and 3.7 g of EDTA in 500 ml of distilled water on a hot plate. The 

cooled solution was adjusted to pH 8.3 using a digital pH meter. It was diluted 1 in 20 

with distilled water and the pH checked with fine range indicator papers prior to use.
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Phenol-chloroform.

50 ml of phenol-chloroform was prepared by dissolving 1 g of phenol crystals in 

50 ml of chloroform. This was stored in a dark bottle at room temperature.

Loading buffer.

25 ml of loading buffer was prepared by mixing 0.25% bromophenol blue in 30% 

aqueous glycerol solution.

Ethidium bromide.

A stock solution of 2.5 mg ml'  ̂ ethidium bromide was prepared in distilled water.

0.3 ml of this solution was added to 600 ml of borate buffer and the final solution was 

filtered before use.

4. Antibacterials.

The antibacterials used in this thesis are listed below together with their respective 

manufacturers:

AGENT

Kanamycin sulphate 

Mitomycin C 

Nalidixic acid 

Rifampicin

Sodium ampicillin 

(‘Penbritin’)

Streptomycin sulphate 

Sulphadiazine sodium 

(ampoules)

Tetracycline hydrochloride 

Trimethoprim lactate

MANUFACTURER 

Sigma Chemical Co. Ltd.

Sigma Chemical Co. Ltd.

Sterling Winthrop.

Merrell Dow Pharmaceuticals Ltd., 

Rusham Park, Egham, Surrey 

Beechams Research Labs., 

Brentford, Essex.

Glaxo Laboratories Ltd. 

Rhone-Poulenc Ltd.,

Dagenham, England.

Cynamid of Great Britain Ltd., 

Gosport, Hampshire.

Wellcome Foundation Ltd.

Temple Hill, Dartford
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Sensitivity discs Merk Ltd., Mark House, Poole

All antibacterials, with the exception of sensitivity discs, were stored in a 

desiccator at room temperature. Sensitivity discs were stored at 4 °C, as recommended by 

the manufacturer. Rifampicin was stored in the dark. Powders were weighed aseptically 

into sterile plastic bottles using an analytical balance and dissolved in sufficient diluent 

to yield the required concentration. SOW was used as a diluent, unless otherwise 

mentioned. Exceptions were nalidixic acid, which was initially dissolved in IM NaOH 

(0.02 ml per mg of nalidixic acid) and made up to final volume with SDW, and 

rifampicin which was dissolved DMSO.

5. Equipment.

All equipment used in this thesis is listed below together with relevant supply

codes.

Camera Quick Shooter 

(Model QSP IBS) Cat. No.46400.

Camera Hood (Model QSP)

Centrifuges:

High speed 18 refrigerated centrifuge 

Bench top centrifuge Centaur 2 WR2204 

Micro-centaur centrifuge 

Chromatography paper (Whatmann 3MM) 

Digital pH meter (PTI-15)

Gel electrophoresis tank 

Glass Petri-dishes 

(9 and 5 cm diameter)

Incubators:

Orbital Incubator 

Static Incubators 

Liquid scintillation counter 

Low-pressure mercury lamp (model 12)

MSB Scientific Instruments

Whatmann Laboratories Ltd. 

Data Scientific Ltd.

Hoefer Scientific Instruments, 

Pyrex Coming Laboratory 

Glassware Ltd.

A. Gallenkamp and Co. Ltd. 

Baird and Tatlock Ltd. 

Beckman Ltd.

Hanovia Lamps Ltd.
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Multipoint inoculator 

Micropipette

Microwave 650 W (Philips 5100) 

Nitrocellulose membrane filters 

(0.45 pm pore diameter) 

pH Fine range indicator papers 

Cat. No.31504.2H

Polaroid 667 high speed black and white film 

(ISO 3000/336°)

Power pack LKB 

Spectrophotometer (SP30)

Swinnex filter assembly 

UV face shields 

Transilluminator UVP TS20

UV meter Blak-Ray J-225 

Disposables:

Eppendorf tubes

Sterile Petri dishes

Sterile plastic centrifuge bottles

Denley Ltd. 

Gilson Ltd.

Millipore Ltd.

Merk

Bromma 

Pye Unicam 

Millipore Ltd.

San Gabriel, CA 91778, USA 

Ultraviolet products Inc.,

San Gabriel, California, USA 

Ultraviolet products Inc., 

Bibby Sterilin Ltd.
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METHODS

1. Overnight cultures.

Overnight cultures were prepared by inoculating 4.5 ml of nutrient broth or fully- 

supplemented DM salts solution with a single colony isolated from a dmg-free purity plate 

or media containing appropriate antibiotics for R plasmid-carrying strains. The cell 

suspension was well mixed using a vortex mixer and incubated in a static incubator 

overnight at 37 °C.

2. Viable Counts.

Cultures were serially diluted in nutrient broth or DM salts solution by adding 0.5 

ml of culture to 4.5 ml of sterile diluent for a 10'̂  dilution, or adding 0.1 ml of culture 

to 9.9 ml of sterile diluent for a 10  ̂dilution. These suspensions were mixed thoroughly 

and used to make further dilutions. Viability was determined using the drop-inoculum 

technique as described by Miles and Misra (1938): 25 pi of each dilution was pipetted in 

duplicate (using a sterile Pasteur pipette) onto the surface of two replicate pre-warmed 

solid medium plates, scored into segments. Thus, each plate provided duplicate counts 

over four dilutions. After the inocula had totally absorbed into the medium, plates were 

inverted and incubated at 37 °C, complex media overnight and defined media for a 

minimum of two days.

3. Construction of rifampicin-resistant strains.

Rifampicin-resistant strains of E. coli J53 and sonnei were isolated for use as 

recipients in subsequent conjugation experiments.

Static overnight cultures of S. sonnei and E. coli J53 were grown in 9.9 ml of 

nutrient broth at 37 °C. 5 ml of culture were transferred to sterile plastic centrifuge bottles 

and cells were spun down at 4,000 rpm for 20 mins at room temperature and then 

resuspended in 0.5 ml of nutrient broth (one tenth of the original culture volume). 

Viability of the overnight cultures and the ION concentrated suspensions were determined 

on nutrient agar. 0.1 ml of the overnight cultures and 0.1 ml of the ION concentrated 

suspensions were spread onto four replicate nutrient agar plates containing 50 mg of
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rifampicin. Plates were incubated at 37 ®C overnight, or until rifampicin-resistant mutants 

were recovered.

The rifampicin-resistant clones were purified by streaking two isolated mutant 

colonies from the rifampicin plates onto MacConkey agar and nutrient agars both 

containing 50 mg rifampicin. Two isolated clones were selected and given strain 

numbers for storage. Rifampicin-resistant strains of E. coli J53 were designated J53.2.

4. Plasmid Transfers.

Donor strains were screened for the presence of all known plasmid-encoded drug- 

resistance phenotypes prior to conjugation experiments. This was done by simply streaking 

cultures onto appropriate dmg-containing media. Similarly, recipient strains already 

harbouring resident plasmid(s), as used in the construction of double and triple plasmid- 

containing strains, were also checked for their dmg-resistance phenotypes. Two methods 

were used in this thesis for the interspecific and intergeneric transfer of R plasmids. 

Where possible, plasmid transfers were arranged so that the donor and recipient strains 

were of different lactose-fermenting genotypes.

4.1. Broth matings.

0 . 1  ml of overnight nutrient broth-grown culture of donor (plasmid-containing) and

1.0 ml of recipient culture were added to 4.5 ml of prewarmed (37 °C) nutrient broth and 

were mixed thoroughly. This conjugation mixture was incubated in a water bath held at 

37 *C for 3 hrs. After this time, the cells were washed with 20 ml of DM salts solution 

by centrifugation at 4,000 rpm for 20 mins at room temperature. The washed cells were 

then resuspended in 5.6 ml of DM salts solution and serially diluted. 0.1 ml of each 

dilution was spread onto DM agar containing the growth supplements of the recipient 

strain, plus an antibiotic to which the transferred plasmid conferred resistance. 0 . 1  ml of 

washed donor and recipient cultures were also spread onto these plates in order to ensure 

that the selection medium was specific for the growth of transconjugants only. Viable 

counts of the recipient cultures were determined as described by Miles and Misra (1938) 

on drug-free nutrient and MacConkey agars and fully-supplemented DM agar. Donor 

counts were determined on dmg-free nutrient and MacConkey agars and appropriate dmg-
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containing medium to which the resident plasmid conferred resistance.

Isolated transconjugants colonies recovered from selection plates spread with a 

suitable dilution of the conjugation mixture, were streaked onto MacConkey agar, to check 

colonial morphology, and onto various defined media each containing a different antibiotic 

to which the transferred plasmid conferred resistance, in order to confirm complete 

plasmid transfer. Plates were incubated at 37 ®C, complex media overnight, and defined 

media for two days or until transconjugant clones were recovered. Two suitable clones 

were wired out onto purity plates prior to storage.

4.2. Membrane filter matings.

Although this method is more tedious, it is probably the most efficient of the two 

protocols described (Willetts, 1984), since cell-to-cell contact is increased. This method 

was generally used for intergeneric plasmid transfer, and also for the construction of 

double and triple plasmid-containing strains.

Static overnight cultures of donor and recipient strains were grown in ‘nutrient 

rich’ tryptone soya broth (TSB) at 37 ®C. 1.0 ml of donor and 1.0 ml of recipient cultures 

were mixed in 4.5 ml of prewarmed TSB. The conjugation mixture was vortexed and 

passed through a 2.5 cm diameter, 0.45 pm diameter pore size nitrocellulose membrane 

filter using a sterile Swinnex assembly and a sterile disposable 10 ml syringe. The 

nitrocellulose membrane filter was aseptically removed with sterile forceps and then 

placed onto pre-warmed tryptone soya agar (cells uppermost) and incubated at 37 °C for 

5 hrs. 1.0 ml of donor and 1.0 ml of recipient overnight cultures were inoculated into 2 

separate 5.5 ml of fresh TSB and treated similarly.

After 5 hrs, the nitrocellulose membrane filters were removed and immersed in 1.0 

ml of DM salts solution. The cells were resuspended by vortexing for a minimum of 1 

mins. 0.1 ml of the conjugation mixture was spread onto media selective for R plasmid 

transfer. Defined medium containing the specific growth requirements of the recipient 

strain, plus antibiotic(s) to which resident plasmid(s) of the recipient conferred resistance, 

and finally an additional antibiotic to which the transferred plasmid conferred resistance
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was used to select transconjugants. 0 . 1  ml of washed donor and recipient cultures were 

also spread onto this selective medium to ensure the medium was specific for 

transconjugant selection. Recipient viability was determined on drug-free nutrient and 

MacConkey agars and various defined media each containing one of the antibiotic(s) to 

which resident plasmid(s) conferred resistance. Donor viability was determined on drug- 

free nutrient and MacConkey agars and appropriate drug-containing nutrient media to 

which the resident plasmid(s) conferred resistance. Plates were incubated as above and 

transconjugants recovered and treated as above.

The construction of double and triple plasmid-carrying strains used recipients 

already harbouring resident plasmid(s), therefore only solitary plasmids were transferred 

from donor to recipient strains during conjugation. Transconjugants were screened for the 

nutritional requirements of the recipient strain, together with the antibiotic traits of all the 

plasmids carried (not just the transferred plasmid). Double and triple plasmid-carrying 

derivatives harbouring R391 were always constructed using recipient strains already 

harbouring R391, thus plasmids co-resident with R391 were always introduced into these 

strains and not vice versa. This was done since R391 transferred at a lower frequency 

relative to the other plasmids tested in this thesis.

As dilute solutions and plates containing mercuric ions are notoriously unstable 

(Willetts, 1984), transconjugants carrying R391 were not tested for mercuric ion 

sensitivity in experiments performed in this thesis.

The efficiency of plasmid transfer was expressed as the number of recipients to 

receive the incoming plasmid per input donor cell within a stated mating period.

5. Alkaline extraction of plasmid DNA.

Plasmid DNA was extracted as described by Kado and Liu (1981).

5.1. Preparation of the gel.

Gels were prepared by dissolving 0.8 g agarose in 100 ml of borate buffer in a 250 

ml conical flask. This required heating in a microwave oven for 2-3 mins at high level 

power and was cooled to approximately 65 °C before pouring. The gel was cast by
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carefully pouring (so not to introduce bubbles) the molten agarose into a level gel tray. 

This was sealed at both ends with autoclave tape, and had a comb accurately positioned 

at one end. The agarose was allowed to solidify and the comb and autoclave tape were 

removed with care so not to tear the gel at the bottom of the wells. The gel was then 

immersed into an electrophoresis tank that contained sufficient borate buffer to cover the 

gel.

5.2. Preparation of the culture lysate.

While the gel was solidifying DNA samples were prepared of test strains and a 

control strain harbouring four plasmids of known molecular weights from cultures grown 

on drug-free nutrient agar at 37 °C overnight. A loopful of organism was scraped off from 

the semi-confluent area of the plates using a sterile plastic loop. This was emulsified in 

150 pi of lysis buffer against the side of a sterile Eppendorf tube. This produced a viscous 

mixture which was incubated in a static water bath held at 56 for 45 mins.

150 pi of phenol-chloroform was then added to each sample and mixed gently 

before spinning samples at 13,000 rpm for 7 mins at room temperature. 30 pi of the 

aqueous (top) layer of the extraction was carefully removed and mixed with 8  pi of 

loading buffer in a microtitre tray using a micropipette. 30 pi of the sample mixtures were 

loaded into the wells of the gel, with extracts of the control strain loaded in the two 

outside lanes for easy comparison. The electrophoresis apparatus was covered and 

connected to a power pack so that DNA migrated towards the anode through the gel. The 

gel was mn at 110 V, approximately 5 mA, for 6  hrs, after which time the bromophenol 

tracker dye had reached the end of the gel.

5.3. Viewing the gel.

After 6  hrs, the electrical supply was disconnected and the gel removed from the 

tank and stained in 2.5 mg ethidium bromide solution for 20 mins. The gel was then 

carefully washed in fresh borate buffer and placed on a UV transilluminator and viewed 

with UV face shields worn. The gel was photographed using an IBI Quick shooter camera 

on hood and black and white Polaroid film (Type 667).
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The molecular weight of unknown plasmids were determined by comparing their relative 

mobility with those of control plasmids of known molecular weight.

6. Minimum Inhibitory Concentration (MIC) to nalidixic acid.

6.1 Preparation of drug plates.

Nutrient agar containing nalidixic acid.

A range of drug concentrations was prepared in calibrated (20 ml) sterile universal 

bottles by diluting freshly made sterile dmg solution in SDW to a final volume of 3 ml. 

17 ml of molten sterile nutrient agar was aseptically added to each universal bottle. The 

medium was mixed by rolling between palms and immediately poured into sterile 

disposable Petri dishes laid on a marble slab. After solidifying the lids were removed and 

the plates inverted and overdried at 44 °C for 45 mins. Control dmg-free plates were also 

prepared.

DM agar containing nalidixic acid.

Appropriate volumes of sterile nalidixic acid solutions were added to 50 ml of 

sterile double-strength DM salts together with amino acid and vitamin supplements of the 

strains tested and 0.7 ml of sterile 40% glucose solution, as a carbon source and the 

volume made up to 60 ml by the addition of SDW. This solution was poured into a 150 

ml sterile glass bottle containing 40 ml of sterile hot molten agar (1.5 g Lab M agar in 

40 ml of distilled water) and plates were prepared as described (Materials 2.2).

The concentrations of nalidixic acid used followed a geometric progression 

increasing 25-50% for each increment. The concentration ratios used were 1, 1.5, 2, 3, 4, 

5, 7.5 and 10.

6.2. Preparation of inocula.

Static overnight cultures were prepared from isolated colonies grown on dmg-free 

nutrient agar, and were used to inoculate 4.5 ml of nutrient broth. Overnight cultures were 

serially diluted in nutrient broth and their viability determined on nutrient agar as 

described by Miles and Misra (1938).
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The series of dmg plates were inoculated with 1 pi of the neat, 10 ̂  and 10'"̂  

dilutions using a multi-point inoculator, starting with the control dmg-free medium 

followed by media of increasing dmg concentration. The multipoint inoculator allowed 

a total of twenty-one samples to be tested on each plate. After the inocula had totally 

absorbed into the medium, the plates were inverted and incubated at 37 ®C overnight. The 

MIC value was recorded as the lowest concentration of dmg to inhibit bacterial growth 

for all dilutions.

7. Post-UV Survival.

Post-UV survival was determined as described by Upton and Finney (1983).

Static overnight cultures grown in 4.5 ml nutrient broth at 37 °C were serially 

diluted in 4.5 and 9.9 ml of pre-warmed DM salts solution. 25 pi samples of appropriate 

dilutions were inoculated onto freshly overdried nutrient agar plates using sterile Pasteur 

pipettes, as described by Miles and Misra (1938). Plates were prepared in duplicate and 

each dilution was present twice on each plate. This provided a total of four counts for 

each dilution. As soon as the inocula had absorbed into the agar, the lids were removed 

and the plates irradiated under a low pressure mercury lamp which emitted light at 254 

nm. The lamp was set at a given height to provide a UV fluence of 1 J m  ̂s'̂  for E. coli 

strain AB1157 and 0.25 J m  ̂s'̂  for E. coli strain TK501. The dosimetry was determined 

using a UV meter. Immediately after irradiation, the lids were replaced and the plates 

were inverted and incubated in the dark at 37 °C overnight, together with unirradiated 

controls. During UV-irradiation blinds were drawn to limit exposure to ambient visible 

light and thus, minimise photoreactivation of UV-induced damage (Setlow, 1966) as 

recommended by Marsh and Smith (1969).

The surviving fraction was determined as a percentage:

Number of viable UV-irradiated cells per ml X 100% 
Number of viable cells per ml (control)
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8. Spontaneous mutator effect.

Two methods were used in this thesis to select nalidixic acid-resistant clones from 

nalidixic acid-sensitive populations. Initial experiments used the overlay method with a 

defined medium, whereas subsequent experiments used nutrient agar, since the results 

obtained with both media were in good agreement and the preparation of nutrient agar 

plates containing nalidixic acid was far simpler. Moreover, nalidixic acid-resistant clones 

were recovered sooner from nutrient agar containing nalidixic acid, than with defined 

media.

8.1. Overlay method.

Shaken overnight cultures were grown in 25 ml of fully-supplemented DM salts 

solution contained in a 100 ml capacity conical flasks. Cells were washed with DM salts 

solution by centrifugation at 4,000 rpm for 20 mins at room temperature, and resuspended 

in 2.5 ml of DM salts solution. The viability of the ION concentrated cell suspensions 

were determined on fully-supplemented DM agar as described by Miles and Misra (1938). 

Spontaneous mutation frequencies to nalidixic acid resistance were determined by adding 

0.1 ml of the ION concentrated suspensions to molten (46 °C) overlays, which were mixed 

by rolling between palms and immediately poured onto fully-supplemented DM agar bases 

containing 20 mg nalidixic acid. Plates were incubated at 37 °C and nalidixic acid- 

resistant clones were scored after 1,2, 3, 4 and 6  days incubation.

This procedure was also performed substituting fully-supplemented DM salts 

solution and DM agar with nutrient broth and nutrient agar.

8.2. Spread plate method.

In latter experiments spontaneous mutation frequencies were determined in parallel 

with UV-induced mutagenesis, and therefore required much larger culture volumes for 

these protocols.

Static overnight cultures were grown in 50 ml of nutrient broth contained in 500 

ml conical flasks at 37 °C. The cultures were shaken at 120 cycles per minute for 2 hrs 

at 37 ®C, and subsequently transferred to sterile centrifuge pots. The cells were washed
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in 50 ml DM salts solution by centrifugation at 6,000 rpm for 20 mins at 18 ®C, and then 

resuspended in 2.5 ml or 5 ml of DM salts solution, producing either 20N or ION 

concentrated cell suspensions as required. Viability of the concentrated suspensions were 

determined on nutrient agar and spontaneous mutation frequencies were determined by 

spreading 0 . 1  ml of washed concentrated cell suspensions onto four replicate nutrient agar 

plates containing 20 mg of nalidixic acid. Plates were incubated at 37 °C, and nalidixic 

acid-resistant clones were scored after 2 , 3 , 4  and 6  days incubation.

The frequency at which spontaneous mutants to nalidixic acid resistance were 

recovered was expressed as the ratio of the mean number of nalidixic acid-resistant clones 

recovered per plate to the number of viable cells plated.

9. Effect of cell concentration on the rate of spontaneous and UV-induced 

mutagenesis.

Three static overnight cultures grown in 50 ml nutrient broth contained in 500 ml 

flasks were shaken at 120 cycles per min for 2 hrs at 37 °C. The three identical cultures 

were pooled and the cells were washed in 150 ml DM salts solution by centrifugation at

6,000 rpm for 20 mins at 18 °C. The cells were then re suspended in 7.5 ml of DM salts 

solution. Aliquots of the washed 20N concentrated cell suspension were diluted in DM 

salts solution to produce a range of cell concentrations from 20N to O.IN (where N 

represents the cell concentration of the overnight culture). Spontaneous mutation 

frequencies were determined for each cell concentration suspended in DM salts solution 

by plating 0 . 1  ml of the cell suspensions onto four replicate nutrient agar plates containing 

2 0  mg of nalidixic acid.

UV-induced mutation frequencies were obtained by aseptically transferring 2.0 ml 

of each cell concentration suspended in DM salts solution to 5 cm diameter sterile glass 

Petri dishes and irradiating with stirring, with a UV dose estimated to produce 

approximately 50% survival. The UV dose supplied to each cell suspension was calculated 

from post-UV survival curves produced by the respective cell concentrations suspended 

in DM salts solution (Figure 16). 0.1 ml of irradiated suspensions were plated onto four 

replicate nutrient agar plates containing 20 mg of nalidixic acid. Post-UV survival of
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the irradiated cell suspensions and viability of non-irradiated suspensions were determined 

on nutrient agar. Plates were incubated at 37 °C and nalidixic acid-resistance clones were 

scored after 2 , 3 , 4  and 6  days incubation.

10. Calibration curves to standardise total cell counts.

Static overnight cultures of and R were grown in 50 ml of nutrient broth 

contained in 500 ml conical flasks at 37 ®C. The cultures were shaken for 2 hrs at 120 

cycles per min at 37 "C, and the cells were washed in 50 ml DM salts solution by 

centrifugation at 6,000 rpm for 20 mins at 18 ®C. The cells were then resuspended in 2.5 

ml DM salts solution. The 20N concentrated cell suspensions were serially diluted over 

a suitable concentration range with DM salts solution. The level of absorbance by these 

dilutions was read at 550 nm wavelength against a blank of DM salts solution. Viability 

of the 20N concentrated cell suspensions were determined on nutrient agar.

Calibration curves for total cell count were drawn by plotting absorbance at 500 

nm against viability (count ml"').

11. UV-induced mutagenesis.

Frequencies of UV-induced mutagenesis to nalidixic acid resistance were 

determined at various UV intensities using the following methods:

11.1. Cells suspended in DM salts solution.

Static overnight cultures were grown in 100 ml of nutrient broth in 1 L conical 

flasks at 37 °C and then shaken at 120 cycles per min for 3 hrs at 37 °C. The cells were 

washed in 100 ml DM salts solution by centrifugation at 6,000 rpm for 20 mins at 18 ®C. 

The cells were then resuspended in 10 ml of DM salts solution. Aliquots of the ION 

concentrated cell suspensions were suitably diluted in DM salts solution and the 

absorbance read at 550 nm wavelength using a spectrophotometer. Total cell counts of the 

concentrated suspensions were estimated using the previously-constructed calibration 

curves; the concentrated suspensions were subsequently diluted with DM salts solution, 

or concentrated by centrifugation as required in order to standardise the cell concentration 

of the suspensions.
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Viability of the ION concentrated cell suspensions were determined on nutrient 

agar together with spontaneous mutagenesis, by spreading 0.1 ml of ION suspensions onto 

nutrient agar containing 20 mg nalidixic acid. UV-induced mutagenesis was 

determined by aseptically transferring 2.0 ml of ION concentrated suspensions to 5 cm 

diameter sterile glass Petri dishes and irradiated with stirring and the lids removed. 0.1 

ml of irradiated suspension was spread onto four replicate nutrient agar plates containing 

20 mg nalidixic acid. Post-UV survival of irradiated suspensions were determined at 

each UV dose. Irradiated suspensions were serially diluted in DM salts solution and plated 

onto nutrient agar as described by Miles and Misra (1938). Plates were incubated at 37 

°C and nalidixic acid resistance clones were scored after 2, 3, 4 and 6 days incubation.

The UV doses used to induce mutagenesis to nalidixic acid resistance for E. coli 

strain ABl 157 were 20, 40 and 60 J m' .̂

11.2. Cells plated on solid media.

As the previous protocol was restricted to testing only three strains, an alternative 

method was used to investigate the qualitative dose-effect of low UV intensities on UV- 

mutagenesis to nalidixic acid resistance in E. coli strain ABl 157 and several of its 

plasmid-carrying derivatives.

Static overnight cultures grown in 100 ml of nutrient broth contained in a 1 L 

conical flasks at 37 °C were shaken at 120 cycles per min for 3 hrs at 37 °C. Cells were 

washed in 100 ml DM salts solution by centrifugation at 6,000 rpm for 20 mins at 18 °C, 

and then resuspended in 10 ml of DM salts solution. Total cell counts of the ION 

concentrated cell suspensions were estimated from the respective calibration curves using 

spectrophotometric techniques. Cell suspensions were either diluted or concentrated as 

required to standardise cell concentration. Viability was determined on nutrient agar, and 

mutagenesis to nalidixic acid resistance was determined by spreading 0.1 ml of 

concentrated suspensions onto four replicate nutrient agar plates containing 20 mg of 

nalidixic acid at each UV dose investigated. Spontaneous mutation plates were incubated 

together with viable counts at 37 °C. UV-induced mutation plates were irradiated with the 

lids removed, together with plates determining post-UV survival plates using a UV fluence
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of 1 J s '\ Plates were incubated in the dark at 37 immediately after irradiation. 

Nalidixic acid-resistant clones were scored after 2, 3, 4 and 6 days incubation.

Once again, blinds were drawn during UV-irradiation to limit exposure of plates 

to ambient visible light and thus minimise photoreactivation of UV-induced damage 

(Setlow, 1966) as recommended by Marsh and Smith (1969).

12. Reversion to histidine independence.

Reversion to amino acid independence was determined as described by Finney 

(1980). Cells from shaken overnight cultures grown in 25 ml of fully-supplemented DM 

salts solution were washed in 20 ml of DM salts solution by centrifugation at 4,000 rpm 

at room temperature and then resuspended in 2.5 ml of DM salts solution. Reversion 

frequencies to histidine independence were determined by inoculating molten (46 °C) 

overlays with 0.1 ml of ION concentrated cell suspensions, and the contents was quickly 

mixed by rolling between palms and finally poured over pre-warmed (37 ®C) base plates. 

These overlays contained all the vitamin and amino acid requirements in excess except 

histidine which was limited.

Plates determining spontaneous reversion frequencies were incubated immediately 

at 37 °C. Plates determining UV-induced reversion frequencies were irradiated with the 

lids removed using a UV influence of 1 J m'  ̂ s'̂  prior to incubation. Viability and post- 

UV survival at each UV dose tested was determined by diluting ION concentrated 

suspensions to 10 ̂  in DM salts solution and then adding 0.1 ml of dilute suspensions to 

molten (46 ®C) fully-supplemented overlays (containing excess histidine) which were 

mixed and poured onto base plates. Plates determining post-UV survival were irradiated 

prior to incubation in the dark at 37 °C. Histidine independent clones were scored after 

2, 4 and 6 days incubation. These were clearly visible against a background lawn of 

histidine-requiring cells which had grown in the limiting histidine concentration which 

was sufficient to allow approximately five generations of bacterial growth.
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13. Determination of sub-inhibitory and inhibitory concentrations of nalidixic acid 

in nutrient broth.

1.2 ml of a static overnight nutrient broth-grown culture was inoculated into seven 

separate 500 ml capacity conical flasks which contained nalidixic acid at various 

concentrations (ranging from 0.375 to 6.0 mg in 120 ml of nutrient broth and into a 

drug-free control. The cell suspensions were mixed well before 1 ml was aseptically 

withdrawn from each flask to determine cell viability. The flasks were immediately placed 

in static water baths held at 37 °C for 8 hrs. Cell viability was determined every 2 hrs 

with the removal of 1 ml of culture volume. This 1 ml sample was serially diluted in 

nutrient broth and plated onto nutrient agar as described by Miles and Misra (1938). Plates 

were incubated overnight at 37 ®C.

14. Dynamic mutagenesis to nalidixic acid resistance (15 mg L^).

Static overnight cultures of and R cells were grown in 4.5 ml of nutrient broth 

at 37 ®C. 1.2 ml of each culture was inoculated into 500 ml capacity conical flasks 

containing 6 mg of nalidixic acid in 120 ml of nutrient broth and also a drug-free 

controls. The suspensions were mixed thoroughly before the removal of 8.0 ml of culture 

volume. The flasks were maintained in static water baths held at 37 °C for 8 hrs. Every 

2 hrs, 8.0 ml of culture was aseptically removed from each flask to determine cell 

viability and mutagenesis.

Mutagenesis to 15 mg nalidixic acid resistance was determined every two hours 

by the following procedure. 0.6 ml was serially diluted to determine cell viability on 

nutrient agar. 0.1 ml was spread onto four replieate pre-warmed (37 °C) nutrient agar 

plates containing 15 mg of nalidixic acid. Finally, 6 ml of the remaining sample was 

concentrated by centrifugation at 4,000 rpm for 20 mins at room temperature and cells 

were resuspended in 0.6 ml of fresh nutrient broth. 0.1 ml of these ION eoncentrated 

suspensions were then spread onto four replicate pre-warmed (37 °C) nutrient agar plates 

containing 15 mg of nalidixic acid. Plates were incubated at 37 ®C and nalidixic acid- 

resistant clones scored after 2, 3, 4, and 6 days incubation.
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15. Measurement of DNA synthesis in whole cells.

15.1. Investigation of DNA replication in and R cells after exposure to various UV 

doses.

Static overnight cultures of and R strains were grown in 4.5 ml of fully- 

supplemented DM salts solution at 37 ®C. 0.5 ml of culture was inoculated into 5 separate 

9.5 ml of prewarmed (37 °C) fully-supplemented DM salts solution and shaken at 120 

cycles per minute for 2 hrs at 37 ®C. The five isogenic log phase cultures were pooled and 

cell viability determined on nutrient agar. 9 ml of this cell suspension was aseptically 

transferred to five separate 9 cm diameter sterile glass Petri dishes and irradiated with 

stirring and the lids removed. UV doses of 1.25, 2.5, 5.0, 7.5 and 10.0 J m  ̂were given.

Post-UV survival was determined after each UV dose. Irradiated suspensions were 

serially diluted in DM salts solution and plated on nutrient agar using the Miles and Misra 

(1938) drop-inoculum technique. These plates were incubated together with non-irradiated 

controls at 37 °C overnight.

0.25 ml of the irradiated suspensions were inoculated into 0.25 ml of pre-warmed 

(37 °C) fully-supplemented DM medium which contained 400 mg deoxyadenosine and 

5 pi methyl-^H thymidine 5'-triphosphate (1 mCi ml' ;̂ 50 Ci mmol^) in a sterile 

Eppendorf tube. The reaction mixture was vortexed before the removal of a 50 pi sample. 

The reaction mixture held in a water bath maintained at 37 for 6 hrs. 50 pi samples 

were removed at regular intervals.

These 50 pi samples were ‘spotted’ onto 2 x 2 cm squares of chromatography 

paper and as soon as they were dry were immersed into ice-cold 5% (w/v) TCA/0.1% 

(w/v) tetra-sodium pyrophosphate solution. After 6 hrs, the chromatography papers were 

soaked in fresh ice-cold 5% (w/v) TCA/0.1% (w/v) tetra-sodium pyrophosphate solution 

overnight and the rinsed twice in fresh cold TCA-pyrophosphate for 15 mins. The papers 

were then immersed for 5 mins in absolute alcohol, 5 mins in absolute alcohohdiethyl 

ether (1:1) and finally rinsed for 5 mins in ether. This procedure was performed in a fume 

cupboard. Finally, the papers were air dried and were then placed in a 5 ml scintillation 

vial containing 4 ml of Cocktail T ‘Scintran’ scintillation fluid. The level of radioactive
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thymidine in the samples determined using a liquid scintillation counter. The levels of 

incorporated into the sample was measured in units of disintegrations per min (dpm).

The thymidine incorporated into the newly synthesised DNA was precipitated 

onto the chromatography paper when the samples were placed into the ice-cold TCA 

solution. Subsequent washes removed the unincorporated thymidine and all traces of 

water. Thus, only the radio-labelled thymidine to be incorporated into acid insoluble, 

newly synthesised DNA is measured.

15.2. To compare the DNA repair mechanisms of cells carrying mutator plasmids 

following UV irradiation.

Static overnight cultures of and R strains were grown in 4.5 ml of fully- 

supplemented DM salts solution at 37 °C. 0.5 ml of culture was inoculated into 9.5 ml of 

prewarmed (37 °C) fully-supplemented DM salts solution and shaken at 120 cycles per 

min for 2 hrs at 37 °C. Cell viability of the cell suspensions was determined on nutrient 

agar using the Miles and Misra (1938) drop-inoculum technique. 9 ml of each suspension 

was then aseptically transferred to a 9 cm sterile glass Petri-dish and irradiated with 

stirring and the lids removed using a UV fluence of 7.5 J m^. The post-UV survival of 

the irradiated suspensions was determined as described above (Methods 15.1). Plates were 

incubated together with non-irradiated controls overnight at 37 ®C.

0.25 ml aliquots of the irradiated suspensions and non-irradiated control were 

inoculated to 0.25 ml of pre-warmed (37 ®C) fully-supplemented DM salts solution 

containing 400 mg deoxyadenosine and 5 pi methyl-^H thymidine 5 '-triphosphate (1 

mCi ml-% 50 Ci mmol-^) in a sterile Eppendorf tube and treated as previously described 

(Methods 15.1). The 50 pi samples were once again ‘spotted’ onto 2 x 2 cm squares of 

chromatography paper and rinsed using the same procedure described above. The air-dried 

samples were placed in 4 ml of Cocktail T ‘Scintran’ scintillation fluid and the level of 

radioactive thymidine incorporated into DNA during repair synthesis determined by liquid 

scintillation techniques.



RESULTS

Effect of R Plasmids on the Spontaneous Mutation Frequency of Escherichia coli to 

Nalidixic Acid Resistance.

1.1. Introduction.

The implications of acquired drug resistance to antibacterial chemotherapy are 

pronounced. 4-quinolones are unusual in that clinical resistance to these agents is 

determined by chromosomal mutation, rather than by the acquisition of R plasmids 

(Grüneberg, 1992). The ability of bacteria to develop quinolone resistance is crucial to the 

ultimate success of these antibacterial agents (Lewin et al., 1989). Many in vitro studies 

on mutational quinolone resistance have been made (reviewed by Smith, 1986). The 

common conclusion of these studies being that resistance to any one of these compounds 

results in cross-resistance to other agents within the class (Smith, 1986).

Smith (1986) investigated the frequency at which Escherichia coli KL16 mutated 

to resist ten quinolone antibacterials at concentrations five, ten, and twenty times their 

minimum inhibitory concentration (MIC) values. His results showed that while E. coli 

KL16 readily mutated to resist nalidixic acid, cinoxacin, pipemidic acid, flumequine, 

rosoxacin and oxolinic acid at frequencies between 10 ® and 10'̂ , resistance to modem 

fluorinated 4-quinolones, such as ofloxacin, ciprofloxacin and norfloxacin, occurred at 

much lower frequencies of less than 10'*̂ . Further data from this investigation implied that 

the frequency of mutations varied inversely with the drug concentration used to select 

resistant mutants (Smith, 1986). Thus, cells plated on high drug concentrations mutated 

at much lower frequencies than those selected on medium containing lower drug 

concentrations. Indeed, the rapid selection of quinolone-resistant mutants in Gram negative 

bacilli by passage on sub-inhibitory concentrations of nalidixic acid, cinoxacin or 

norfloxacin has been well documented (Lumish and Norden, 1975; Tenney et ^ ., 1983; 

Barry and Jones, 1984). High-level resistant mutants recovered from medium containing 

ten times MIC dmg levels are by contrast far more difficult to obtain (Cullman et d.,

1985).
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Plasmids that increase the frequencies of spontaneous and chemical- or radiation- 

induced mutation are widespread (Stokes and Krishnapillai, 1978; Molina et 1979; 

Finney, 1980; Upton and Finney, 1983; Mortelmans and Dousman, 1986; reviewed by 

Strike and Lodwick, 1987), and it has been postulated that the presence of such ‘mutator’ 

plasmids might increase the incidence of chromosomal nalidixic acid resistance (Crumplin, 

1987; Ambler and Finney, 1989), This hypothesis was tested using four known mutator 

plasmids, pKMlOl, R46, R124 and R16 that have been reported to, not only increase 

post-UV survival (Molina et 1979; Upton and Finney, 1983), but also, to increase both 

spontaneous and methylmethane sulphonate (MMS)-induced reversion to tryptophan 

independence in E. coli B strain WF (Molina et M., 1979), and spontaneous and UV- 

induced reversion to amino acid independence in E. coli strains 343/113 (Finney, 1980) 

and ABl 157 (Upton and Finney, 1983). Plasmid RF4 was used as a control, since RF4 

was reported to have no effect on either post-UV survival or mutagenesis of E. coli strains 

(Molina et 1979; Finney, 1980; Upton and Finney, 1983).

1.2. Plasmid Transfers.

Plasmids were introduced into the recipient, a lactose-negative E. coli strain 

ABl 157, from lactose-positive E. coli 343/113 donor strains by conjugation, using the 

broth mating technique. The nutritional requirements of the donor E. coli strain 343/113 

are quite different from those of the recipient ABl 157 strain (Figure 7). Transconjugants 

were therefore selected using Davis and Mingioli (1950) defined minimal medium (DM) 

supplemented with the complete nutritional requirements of the recipient strain (Figure 7), 

and the addition of a single antibiotic to which the transferred plasmid conferred 

resistance.

Thus, E. coli ABl 157 transconjugants harbouring plasmid R46 were selected on 

DM agar containing the amino acids: arginine (arg), histidine (his), leucine (leu), proline 

(pro) and threonine (thr), vitamin Bj, thiamine (thi), and glucose as a carbon source. The 

growth of the donor strain was thereby inhibited since it additionally requires nicotinic 

acid (nad), lysine (lys) and thymine (thy) supplements. Finally, the addition of tetracycline 

(10 mg L ') to the medium ensured that only recipient cells that had received plasmid R46 

grew. Controls demonstrated that washed donor and recipient cultures were incapable of
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DONOR STRAIN

E.OÎÜ 343/113(R46) 

arg Jys lad*' 

nadthitby

R46

(To Ap Sm Su)

RECIPIENT STRAIN

E.ÛÎ11AB1157

arghi&laciau

prothitbr

Figure 7. The transfer ofR  plasmid R46, which encodes tetracycline, ampicillin, streptomycin and 

sulphonamide resistance, from the lactose-positive donor E. coli strain 343/113 to a lactose- 

negative K  coli recipient strain A B l 157 by conjugation.

Isolated E. coli ABl 157 transconjugant colonies were purified by wiring onto DM 

agar supplemented with the strain’s nutritional requirements, plus the antibiotic used to 

select plasmid transfer. Isolated clones from these plates were wired onto various nutrient- 

supplemented DM plates, each contained one of the antibiotics to which the transferred 

plasmid conferred resistance, in order to confirm all the antibiotic-resistant traits of the 

transferred plasmid. Thus, transconjugants harbouring plasmid R46 were streaked onto 

DM medium containing arg, his, leu, pro, thi, thr, glucose, and tetracycline, and onto 

fully-supplemented DM agar containing ampicillin, and fully-supplemented DM agar 

containing streptomycin and fully-supplemented DM agar containing sulphadiazine (all 

at 10 mg L * final concentration) to confirm complete plasmid transfer. Recipient clones 

that conferred the expected antibiotic resistance profile were then wired onto MacConkey 

agar in order to check their lactose-fermenting phenotype. Two isolated colonies from 

these plates were allocated strain numbers and stored in both liquid nitrogen and on 

nutrient agar slopes.

The frequency of plasmid transfer was expressed as the frequency of recipient cells 

that received the incoming plasmid, per input donor cell, within the three hour mating 

period. Under these conditions, all the plasmids transferred at relatively high frequencies 

of between 10 ̂  to 10^ (Table 3).
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Plasmid

transferred

Resistance 

phenotype 

of plasmid

Selecting 

antibiotic 

in medium

Transfer frequency 

per input donor 

cell in 3 hr mating

R46 Ap Tc Sm Su Tc 10 mg L ' 2.3 X 10 ̂

pKMlOl Ap Ap 10 mg L ' 4.6 X 10 ̂

R124 Tc Tc 10 mg L ' 3.1 X W

R16 Ap Tc Sm Su Tc 10 mg L ' 1.8 X 10 ̂

RP4 Ap Tc Km Nm Tc 10 mg L ' 1.8 X W

Table 3. Summary o f plasmid transfers from K  coli strain 343/113 to K  coli strain A B l 157, 

during three hour matings in nutrient broth.

The post-UV survival characteristics of the plasmid-bearing derivatives of the E. 

coli ABl 157 strain were then checked to ensure that the ultraviolet protection (UV**) 

phenotype determined by respective plasmids (Pinney, 1980) were also exhibited in this 

particular E. coli host.

1.3. The effect of plasmids on post-UV survival.

Overnight cultures were serially diluted in nutrient broth and appropriate dilutions 

plated onto nutrient agar. Plates were exposed to varying doses of UV, using a constant 

UV fluence of 1 J m'  ̂ s '. The surviving fraction was expressed as a percentage of the 

viable cells initially plated. Figure 8 shows the plot of percent survival (logarithmic scale) 

against UV dose.

While the non-mutator plasmid RP4 had no effect on the survival of the host strain 

following UV irradiation, plasmids pKMlOl, R124, R46 and R16 all clearly increased the 

post-UV survival of the host strain at all UV intensities tested (Figure 8). The degree of 

protection mediated by the plasmids varied; the highest level of protection was observed 

by the strain harbouring plasmid pKMlOl, while the lowest level of protection was 

exhibited by the strain harbouring plasmid R16. Nevertheless, at a UV dose of 100 J m' ,̂ 

all the mutator plasmids tested increased survival more than twenty-fold. These results 

confirmed the expression of the UV** phenotype encoded by plasmids pKMlOl, R46, R124
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and R I6 in E. coli ABU57, and the absence of such expression by the isogenic strain 

harbouring RP4 (Pinney, 1980). These results compare well with the plasmid-determined 

effects on post-UV survival tested in E. coli B strain WP (Molina et 1979).

100

>
pKMIOI>

3(/)
0.1

R124

R46
0.01

R16
RP4

0.001

0.0001
0 20 40 60 80 100 120 140

UV Dose

Figure 8. The effect o f  plasmids on the post-UV survival o f  E. coli strain A B l 157.

1.4. The effect of plasmid-carriage on MIC values to nalidixic acid.

Before mutation frequencies to nalidixic acid resistance could be determined, it 

was necessary to establish MIC values of the drug for the parent E. coli ABl 157 strain 

and its plasmid-bearing derivatives. This would also show whether plasmid-carriage had 

any effect on MIC.

MIC is defined as the lowest concentration of an antimicrobial agent to inhibit the 

visible growth of a micro-organism after overnight incubation (BSAC Working Party, 

1991). On solid media these values are determined using a suitable dilution of the
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inoculum to produce isolated colonies. MIC values for nalidixic acid were determined for 

E. coli strain ABl 157, and each of the newly-constructed plasmid-bearing derivatives 

(Results 1.2), using the agar dilution method. 1 pi inocula of neat, la^ and 10^ dilutions 

of overnight cultures grown in fully-supplemented DM, which undiluted contained 

approximately 10* cells per ml, were plated onto both fully-supplemented DM and onto 

nutrient agar plates containing increasing concentrations of nalidixic acid according to the 

following scheme: 0, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 mg L \

No significant difference in MIC values was observed between the two media. 

Summaries of the results are presented in Tables 4 and 5. The MIC of the plasmid-ffee 

control ABl 157 strain was recorded at 3 mg L'* for both media, since no growth (-) was 

recorded by the strain at the most dilute (10 inoculum, which gave isolated colonies on 

drug-free control plates (Tables 4 and 5). Similarly, no growth was recorded on either 

medium containing 3 mg L * nalidixic acid by strains carrying plasmids pKMlOl, R46, 

R124, R16 or RP4 (Tables 4 and 5) at this dilute inoculum. Thus, plasmid-carriage 

appears to have no effect on the MIC values to nalidixic acid of E. coli strain ABl 157 

in either DM or nutrient agars.

However, MIC values obtained with undiluted inocula were greater than 3 mg 

for both media (Tables 4 and 5). No growth was recorded on either medium containing 

4 mg L * of nalidixic acid for any of the undiluted inocula tested. This difference in MIC 

values between diluted and non-diluted inocula is a recognised inoculum effect (Smith,

1986). As the MIC values obtained from undiluted inocula were greatest (4 mg L'*), and 

cell suspensions of 10* cells per ml, or more, were required to determine the frequency 

of mutation to nalidixic acid resistance, 4 mg L * in preference to 3 mg L ' was considered 

as the MIC value to nalidixic acid in such experiments.

Having shown that plasmid-carriage had no effect on MIC to nalidixic acid, it was 

then possible to investigate whether the mutator phenotype conferred by these plasmids 

affected the frequency of spontaneous mutation to nalidixic acid resistance.



Cone, of 

nalidixic 

acid

(mg L ')

Growth (+/-) of E. coli strain ABl 157 derivatives

R RP4 pKMlOl R46 R124 R16

N -2 -4 N -2 -4 N -2 -4 N -2 -4 N -2 -4 N -2 -4

0 + + 20 + + 17 + + 20 + + 21 + + 19 + + 22

2.0 + + 19 + + 19 + + 21 + + 22 + + 16 + + 19

3.0 T - - T - - + T - T - - + T - T - -

4.0 -

5.0 -

Where: + = confluent growth T = faint trace - = no growth

Table 4, The effect o f  plasmid-carriage on E. coli A B l 157 MIC values to nalidixic acid in fully-supplemented DM agar. Growth 

was recorded after two days incubation at 37 "C. Figures are the numbers o f isolated colonies recovered from a 1 pi inoculum.



Cone, of 

nalidixic Growth (+/-) of E. coli strain ABl 157 derivatives

acid

(mg L-')
R RP4 piECMIC11 R46 R124 R16

N -2 -4 N -2 -4 N -2 -4 N -2 -4 N -2 -4 N -2 -4

0 + 4- 20 + + 18 + + 22 + + 18 + 4- 19 4- 4- 20

2.0 + + 18 + + 19 + + 16 + + 21 + 4- 20 4- 4- 21

3.0 + T - T - - + T - T - - 4- T - T - -

4.0

5.0 - -

Where: + = confluent growth T = faint drace - = no growth

Table 5. The effect o f  plasmid-carriage on E. coli ABl 157 MIC values to nalidixic acid in nutrient agar. Growth was recorded 

after overnight incubation at 37 "C. Figures are the numbers o f isolated colonies recovered from a 1 pi inoculum.

s
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1.5. The effect of plasmids on the frequency of spontaneous mutation to nalidixic acid 

resistance.

Shaken overnight cultures of the plasmid-ffee, control strain AB1157 and its 

plasmid-bearing derivatives were grown in 25 ml of fully-supplemented DM salts solution 

contained in 100 ml conical flasks. Cells were spun down and resuspended in 2.5 ml of 

DM salts solution (one tenth of the original culture volume). Viable counts of the 

concentrated suspensions were determined on fully-supplemented DM agar. Spontaneous 

mutation frequencies to nalidixic acid resistance were determined by adding 0.1 ml (about 

10® cells) of the concentrated suspension to cooled (46 °C) molten DM overlays, which 

were mixed and then poured onto fully-supplemented DM agar base plates containing 20 

mg L * nalidixic acid (5 x MIC of nalidixic acid as determined from a neat inoculum, 

Table 4). Plates were incubated at 37 °C and nalidixic acid-resistant clones were scored 

after 1,2, 3, 4 and 6 days incubation. Analogous experiments were performed substituting 

nutrient broth and nutrient agar for DM medium and DM agar.

The frequency of spontaneous mutation to nalidixic acid resistance was expressed 

as the ratio of the mean number of nalidixic acid-resistant clones per plate to the number 

of viable cells plated. As predicted, resistant clones selected on minimal medium took 

longer to emerge than those selected on nutrient agar. Indeed, with the exception of the 

strain harbouring plasmid pKMlOl, which took three days for full expression of nalidixic 

acid resistance, there was no significant increase in the number of drug-resistant clones 

recovered from nutrient agar after two days incubation. By contrast, resistant clones 

selected on DM agar were recovered after three and four days of incubation. There was 

no significant increase in the numbers of resistant clones recovered on DM agar after this 

period. Mutation frequencies to nalidixic acid resistance determined with nutrient agar 

were therefore based upon clones recovered after two days incubation (Table 7), and those 

determined on DM agar were based upon clones recovered after four days incubation 

(Table 8). The results obtained with DM and nutrient agars are summarised in Tables 5 

and 6 respectively.

From Table 6, the spontaneous mutation frequency of the wild-type ABl 157 parent
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strain to resist five times the MIC of nalidixic acid in DM agar was 4.4 x 10 ̂ . As 

predicted, the non-mutator plasmid RP4 had little effect on mutation, producing a ratio 

of mutation fi*equencies close to unity (Table 6). These results are in good agreement with 

previous work that demonstrated RP4 did not affect the frequency of UV-induced 

reversion to amino acid independence in E. coli ABl 157 (Upton and Pinney, 1983).

Plasmid Mutation frequency 

to nalidixic acid 

resistance (F)

Increase in F 

produced by plasmid: 

[ F(R+)/F(R ) ]

R 4.4 X 10 ^ -

RP4 3.6 X 10'̂ 0 .8

R46 6 .1  X 1 0 " 13.9

pKMlOl 2 .6  X 1 0  " 59.1

R124 1.1 X 1 0 " 2.5

R16 2.0 X 10 " 4.5

Table 6. Effect o f  mutator plasmids on the frequency o f  spontaneous mutation by E. coli strain 

A B l 157 to resist (5 x MIC) nalidixic acid in DM agar. Mutation frequencies were based on 

resistant clones recovered after four days incubation at 37 "C (Mean o f three experiments).

The four mutator plasmids R46, pKMlOl, R124 and R16, increased the mutation 

frequency of the host strain to nalidixic acid resistance between 2.5-fold and nearly 60- 

fold (Table 6), which is analogous to their affects on reversion to amino acid 

independence (Upton and Pinney, 1983). The strains harbouring the IncN group, broad- 

host range plasmids R46 and its derivative pKMlOl, exhibited the greatest increases in 

spontaneous mutation frequency. Indeed, it was this superior mutation-enhancing property 

determined by pKMlOl over other plasmid-derivatives of R46 (Mortelmans and Stocker, 

1979) and R46 itself, that led to its introduction into the Salmonella tester strains used in 

the Ames Salmonella/microsome mutagenicity test (Ames et M., 1975).

Despite the difference in incubation period used to determine spontaneous mutation
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frequencies to nalidixic acid resistance on DM and nutrient agars, the same effect was 

observed with both media: a plasmid-facilitated increase in the frequency of spontaneous 

mutation to nalidixic acid resistance by strains harbouring mutator plasmids. It is 

noteworthy that while the strains harbouring the IncN plasmids, R46 and pKMlOl gave 

somewhat lower mutation frequencies on nutrient agar, compared to those determined 

with DM agar, the plasmid-mediated effects produced by the four plasmids are of the 

same order and comparable with those observed by other workers (Pinney, 1980; Upton 

and Pinney, 1983).

Plasmid Mutation frequency Increase in F

to nalidixic acid produced by plasmid:

resistance (F) [F(R+)/F(R-)]

R- 4.8 X 10 ̂ -

RP4 4.7 X 10 ̂ 0.98

R46 4.1 X 10^ 8.5

pKMlOl 1 .8  X 10-^ 38.2
(2.4 X 10 ")* (50.0)*

R124 1.2 X 10 ^ 2.5

R16 1.4 X 10'* 3.0

Table 7. Effect o f  mutator plasmids on the frequency o f  spontaneous mutation by E. coli strain 

A B l 157 to resist (5 x MIC) nalidixic acid in nutrient agar. Mutation frequencies were based on 

resistant clones recovered after two days incubation at 37 "C (* Mutation frequency was based 

data on resistant clones recovered after three days incubation). (Mean o f  two experiments).

The increased incubation time required by strain ABl 157 carrying pKMlOl to 

express its full mutator phenotype (Table 7), probably reflects the slow-growth 

characteristic determined by this plasmid (Langer et d., 1981).

These results confirmed the mutator phenotypes encoded by the plasmids present 

in strain ABl 157. Table 8 summarises the plasmid-specified phenotypes tested in this 

chapter.
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Plasmid Incompatibility

group

Antibiotic

resistance

phenotype

UV

resistance

phenotype

Mutator

phenotype

RP4 Inc P Ap Km Tc UV^ -

R46 Inc N Ap Sm Su Tc UV^ +

pKMlOl Inc N Ap uv^ +

R124 Inc FIV Tc uv^ +

R16 Inc B/0 Ap Sm Su Tc uv^ +

Table 8. Phenotypes determined by plasmids from various incompatibility groups.

As the mutation frequencies to nalidixic acid resistance of all the strains tested 

with DM and nutrient agars were comparable, further experiments determining 

mutagenesis to nalidixic acid resistance were performed with nutrient agar only, since its 

preparation was more convenient.

Thus, in summary, known mutator plasmids from different incompatibility groups 

(Pinney, 1980; Upton and Pinney, 1983) transferred at relatively high transfer frequencies 

into the laboratory strain E. coli ABl 157 (Table 3). Although carriage of these plasmids 

did not affect the MIC values to nalidixic acid of the host strain on either DM or nutrient 

agars (Tables 4 and 5), these plasmids did produce significant increases in post-UV 

survival and spontaneous mutagenesis to nalidixic acid resistance. Thus the earlier 

hypothesis that the carriage of mutator plasmids might increase the frequency of 

spontaneous mutation to nalidixic acid resistance (Crumplin, 1987; Ambler and Pinney, 

1989) was confirmed. Since the Muc phenotype (Mutation after UV or chemical induction; 

Shanabruch and Walker, 1980) is widespread amongst naturally-occurring plasmids 

(Stokes and Krishnapillai, 1978; Molina et d., 1979; Pinney, 1980; Upton and Pinney, 

1983; Mortelmans and Dousman, 1986; reviewed by Strike and Lodwick, 1987), it is quite 

plausible that such plasmids could contribute to the development of clinical 4-quinolone 

resistance, by increasing the prevalence of chromosomal mutation to nalidixic acid 

resistance (Crumplin, 1987; Ambler and Pinney, 1989).



The occurrence of a mutator plasmid in a clinically-isolated nalidixic acid- 

resistant strain of Shigella dvsenteriae type 1.

2.1. Introduction.

Accounts of transferable plasmid-mediated nalidixic acid resistance have been 

reported in clinical isolates of Shigella dvsenteriae from Kashmir, India (Panhotra et 

1985), and Teknaf, Bangladesh (Munshi et d., 1987). However, neither of these reports 

have been validated (Crumplin, 1987); it now appears that the nalidixic acid resistance of 

the Bangladeshi strain is determined chromosomally (Ashraf et d., 1991). Ashraf et al. 

(1991) suggested that an R plasmid, pICOl, harboured by the Bangladeshi strain, might 

have facilitated the emergence of nalidixic acid-resistant mutants by ‘offering a survival 

advantage, under conditions of nalidixic acid-induced stress’. However, plasmid pICOl 

does not appear to confer the mutator phenotype (Ashraf et M-, 1991).

The S. dvsenteriae type 1 strain isolated in Kashmir (Panhotra et al-» 1985) was 

kindly donated by Dr. Y. J. Drabu of the North Middlesex Hospital, London. Dr. Drabu 

and her colleague P. H. Blakemore (personal communication, 1989) found the strain to 

be resistant to nalidixic acid, ampicillin, chloramphenicol, streptomycin, sulphonamides, 

tetracycline and trimethoprim, and sensitive to rifampicin. They reported no transfer of 

ampicillin or ampicillin plus nalidixic acid resistance phenotypes to a rifampicin-resistant 

derivative of E. coli strain J53 (designated J53.2) in conjugation experiments using 

combinations of rifampicin, ampicillin, and nalidixic acid for the selection of R plasmid 

transfer.

However, E. coli J53.2 transconjugants resistant to both nalidixic acid, and a 

combination of both nalidixic acid and trimethoprim were recovered when conjugation 

mixtures were plated onto media containing combinations of rifampicin, nalidixic acid and 

trimethoprim. Apparent transfer frequencies of both nalidixic acid resistance, and nalidixic 

acid plus trimethoprim resistance were low, about 10'̂  to 10 ®. In contrast E. coli J53.2 

transconjugants resistant to trimethoprim, but sensitive to nalidixic acid were isolated at 

frequencies approaching 10'̂ . No other antibiotic resistance phenotype was transferred
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(Drabu and Blakemore, personal communication, 1989).

Drabu and Blakemore suggested that these findings demonstrated that nalidixic 

acid resistance might be transferable at low frequency, as postulated by Panhotra ^  al. 

(1985) and Munshi et (1987). Nevertheless, it is also possible to interpret their data as 

the result of intergeneric conjugal transfer of plasmid-determined trimethoprim resistance 

into a small, pre-existing sub-population of the E. coli J53.2 recipient strain that was 

already chromosomally resistant to nalidixic acid. This association of conjugally- 

transferable trimethoprim resistance with a nalidixic acid-resistant clinical isolate (Munshi 

et d., 1987; Ashraf et ^ ., 1991) raised the interesting possibility that if trimethoprim 

resistance was plasmid-determined, the plasmid might also confer the mutator phenotype. 

This interpretation would also explain ‘the propensity of plasmid-containing strains to 

readily mutate to nalidixic acid resistance’ (Ashraf et d., 1991). I therefore repeated the 

transfer experiments of Drabu and Blakemore.

2.2. Antibacterial resistance profiles of strains.

On receipt of the strains from Drabu and Blakemore, their antibacterial 

resistance phenotypes were checked by wiring onto nutrient, Iso-Sensitest and MacConkey 

agars containing appropriate antibiotics and also onto drug-free control plates (Table 9).

In agreement with Drabu and Blakemore the S. dvsenteriae type 1 strain was found 

to be resistant to: ampicillin, chloramphenicol, streptomycin, sulphadiazine, tetracycline 

and trimethoprim (all at 10 mg L^) and nalidixic acid (50 mg L^), but sensitive to 

rifampicin (50 mg L^). The E. coli J53.2 strain used as a recipient was only resistant to 

rifampicin, and the three E. coli J53.2 transconjugants selected by Drabu and Blakemore 

also exhibited their expected resistance phenotypes (Table 9).
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Strain Media

MAC NA ISO Ap Cm Nal Rif Su Sm Tc Tm

S. dvsenteriae 

type 1

+ + + + + + - + + + +

E. coli J53.2 + + + - - - + - - - -

E. coli J53.2 

(NaP Tm^)

+ + + - - + + - - - +

E. c ^  J53.2 

(Nal^Tm")

+ + + - - + + - - - -

E. coli J53.2 

(NaPXm*")

+ + + - - - + - - - +

Where: MAC = MacConkey agar 
ISO = Iso-Sensitest agar 
Ap = ampicillin 
Rif = rifampicin 
Sm = streptomycin 
Tc = tetracycline

NA = nutrient agar

Cm = chloramphenicol 
Nal = nalidixic acid 
Su = sulphadiazine 
Tm = trimethoprim

Table 9. Resistance profiles o f strains kindly donated by Drabu and Blakemore (personal 

communication, 1989).

2.3. Transfer of antibacterial resistances.

Independent conjugal transfer of each antibacterial resistance phenotype was 

attempted from the S. dvsenteriae type 1 strain, into previously-constructed rifampicin- 

resistant strains of Shigella flexneri and E. coli J53a (Methods 3). The rifan^icin-resistant 

strain E. coli strain was designated J53.2a in order to distinguish it from the original J53.2 

strain donated by Drabu and Blakemore. Transfers were initially performed using the 

broth mating technique, in which 0.1 ml of an overnight culture of donor cells were 

incubated together with 1.0 ml of overnight recipient culture in 4.5 ml of fresh nutrient 

broth for three hours. The washed conjugation mixture was then plated onto dmg-free
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MacConkey agar, and onto MacConkey agar containing 50 mg rifampicin, together 

with ampicillin, or chloramphenicol, or tetracycline (all at 10 mg L’̂ ). Conjugation 

mixtures were also plated onto drug-free nutrient agar and onto nutrient agar containing 

50 mg rifampicin and 10 mg nalidixic acid in combination, and finally onto drug- 

free Iso-Sensitest agar and onto Iso-Sensitest agar containing 50 mg rifampicin 

together with sulphadiazine, or streptomycin, or trimethoprim (all at 10 mg L' )̂. Control 

samples of washed donor and washed recipient cultures were also plated onto the same 

media.

Control cultures grew on drug-free media only. Trimethoprim-resistant E. coli 

J53.2a and S. flexneri Rit^ transconjugants were isolated at high frequency on medium 

containing rifampicin and trimethoprim (Table 10). However none of the other 

antibacterial resistance phenotypes, including nalidixic acid resistance, was transferred at 

a detectable frequency (Table 10).

Donor Recipient Transfer frequency per 

input donor cell

Tm^ Ap*" Cm'' S nf 
Su" Nal" Tc"

1 Shieella 

dvsenteriae 

type 1

Shieella 

flexneri Rif^ 2.5 X 10 " < 2.3 X 10 "

2 Shieella 

dvsenteriae 

type 1

Escherichia 

coli J53.2a 5.3 X 10 ' < 2.3 X 10-"

Table 10, Frequencies at which individual resistance phenotypes were transferred from  the 

multiple-resistant S. dvsenteriae type 1 strain, to rifampicin-resistant strains o f  S. flexneri and 

K  coli J53.2a recipients after three hours conjugation in nutrient broth.

It is difficult to prove negative transfer, nevertheless conjugation experiments 

were repeated using the filter membrane technique; this method generally achieves higher



I l l

transfer frequencies, since cell-to-cell contact, which is essential for conjugation, is 

increased (Willetts, 1984). Donor and recipient cultures were mixed in 4.5 ml of diluent 

(Methods 4.2), and the cells were recovered from this suspension by passing it through 

a nitrocellulose membrane. This membrane was then placed on nutrient-rich tryptone soya 

agar (TSA) and incubated at 37 °C for five hours. Cells were then resuspended from the 

membrane in DM salts solution, serially diluted DM salts solution and plated onto media 

selective for R plasmid transfer. Recipient and donor cultures were treated similarly as 

controls.

Once again, control cultures only grew on drug-free media, and trimethoprim 

resistance was the only resistance phenotype to be transferred at a detectable frequency 

to either recipient (Table 11). As predicted, transfer frequencies were higher using the 

filter membrane technique compared with those from simple broth matings (compare 

Tables 10 and 11). None of the remaining six drug resistance phenotypes were found to 

be transferable at detectable frequencies (Table 11).

Donor Recipient Transfer frequency per 
input donor cell

Tm^ Ap"" Cm^ Sm’̂ 
Su^ Nal*" Tc^

1 Shieella 

dvsenteriae 

type 1

Shieella 

flexneri Rif^ 3.3 X 10 ' < 2.0 X 10 "

2 Shieella 

dvsenteriae 

type 1

Escherichia 

coli J53.2a 3.6 < 2.0 X 10 "

Table 11. Frequencies at which individual drug-resistance phenotypes were transferred from  

the multiple-resistant S. dvsenteriae type 1 donor strain, to rifampicin-resistant S. flexneri and 

E. coli recipient strains, in three hours matings on nitrocellulose membranes.

In an analogous filter mating experiment, the lactose positive E. coli J53.2
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nalidixic acid and trimethoprim resistant ‘transconjugant’ strain supplied by Drabu and 

Blakemore (personal communication, 1989) was used as a donor in an attempt to transfer 

its nalidixic acid and trimethoprim resistance phenotypes independently to the lactose 

negative E. coli AB1157 recipient strain. Although trimethoprim resistance was transferred 

at the high frequency of 4.5 x 10 \  no transfer of nalidixic acid resistance was detected.

These results tended to confirm my initial reinterpretation of the North Middlesex 

Hospital data (Drabu and Blakemore, personal communication, 1989). This implied that 

Drabu and Blakemore had isolated pre-existing chromosomal nalidixic acid-resistant 

mutants of the recipient, when they plated out their conjugation mixtures onto selecting 

media containing trimethoprim and nalidixic acid, rather than authentic nalidixic acid- 

resistant transconjugants. Furthermore, the frequencies of apparent nalidixic acid resistance 

transfer reported by Drabu and Blakemore provide further support to my reinterpretation, 

since they approximate to the frequency at which E. coli strain ABl 157 mutates to resist 

nalidixic acid (Table 16).

2.4. Plasmid profiles of donor, recipient and transconjugant strains.

Agarose gel electrophoresis was performed on culture lysates to demonstrate the 

plasmid content of the donor, recipient and transconjugant strains from the conjugation 

of the â- dvsenteriae type 1 strain with the rifampicin-resistant E. coli strain J53.2a (Table 

11). The plasmid bands produced by gel electrophoresis of all the plasmid lysates were 

stained with ethidium bromide and photographed under UV illumination of 254 nm 

wavelength (Figure 9).

The two outside, lanes A and G, show plasmids extracted from the control E. coli 

K12 strain 39R861, which carried four plasmids of known molecular weights: plasmid 

RAl-1 of 98 mDa, plasmid X of 42 mDa, plasmid SA of 23.9 mDa and plasmid NTP168 

of 4.6 mDa (Figure 9). The plasmid bands are clearly visible and have been marked in 

Figure 9. The relative mobilities i.e. distance travelled by these plasmids was measured 

(mm) and these values were then plotted against the known molecular weights (mDa) of 

the plasmids to produce a calibration curve to determine the molecular weights of 

unknown plasmids (Figure 10).
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Figure 9. Plasmid profiles o f strains obtained by agarose gel! electrophoresis. Plasmid DNA was 

extracted as described by Kado and Liu (1981), and loaded onto an 0.8% agarose gel, which was 

run at 110 V, (approximately 0.5 mAmps), for six hours. The gel was then stained in 12.5 mg 

aqueous ethidium bromide solution and photographed under UV illumination.

m D a

- 4.6

23.9
4 2 . 0
98 .0

Molecular weights of 
plasmids in E. coli 

39R861 control strain 

(mDa).

A B C D  E F G

Lane A = E. çoH K12 39R861 CONTROL 

B = E. coli ABl 157(pYD01)

C = E. coli ABl 157 

D = E. coli J53.2a 

E = E. coli J53.2a(pYD01)

F = S. dvsenteriae type 1 

G = E. coli K12 39R861 CONTROL
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Figure 10. Calibration curve ta determine plasmid molecular weights (mDa).

Lane F (Figure 9) shows that four plasmids were extracted from the multiple- 

resistant S. dvsenteriae type 1 strain from Kashmir (Panhotra et d., 1985) using the 

alkaline extraction method (Kado and Liu, 1981). The molecular weights of these plasmids 

were estimated using the calibration curve (Figure 10), as 105, 40, 7.5 and 1 mDa 

respectively. Lane D (Figure 9) shows the results obtained with a lysate of the rifampicin- 

resistant E. coli J53.2a recipient prior to conjugation. As expected, no plasmid was 

extracted from this strain. Lane E (Figure 9) shows the result obtained with a lysate of 

the trimethoprim-resistant E. coli J53.2a transconjugant from the conjugation of E. coli 

J53.2a recipient with the multiple-resistant S. dvsenteriae. From Figure 9, it is clear that 

the E. coli J53.2a strain has acquired the 40 mDa plasmid concomitant with becoming 

trimethoprim-resistant. This plasmid was designated pYDOl (Ambler et d ., 1991; Ambler 

et d ., 1993).
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In a further experiment pYDOl was transferred from this lactose positive 

trimethoprim-resistant E. coli J53.2a transconjugant clone to a lactose negative E. coli 

ABl 157 strain using the filter membrane mating technique and plating onto Iso-Sensitest 

agar and Iso-Sensitest agar containing trimethoprim (10 mg L^) and streptomycin (100 

mg L' )̂ in combination, since strain ABl 157 carries chromosomal resistance to 

streptomycin. Trimethoprim-resistant E. coli ABl 157 transconjugants were purified by 

wiring out onto appropriate drug-free and drug-containing media. Once again, 

trimethoprim resistance was transferred at high frequency, 2.3 x 10  ̂ per input donor in 

five hours of conjugation. Lane C (Figure 9) shows the result obtained with a lysate of 

the plasmid-free E. coli ABl 157 recipient, prior to conjugation; as expected no plasmid 

was extracted. Lane B (Figure 9) is the result of a lysate from an E. coli ABl 157 

trimethoprim-resistant transconjugant clone of this mating. The E. coli ABl 157 

trimethoprim-resistant transconjugant has clearly acquired the 40 mDa plasmid pYDOl, 

concomitant with becoming trimethoprim-resistant (Figure 9).

From the results of these conjugation experiments and the plasmid profiles of the 

strains involved, it was concluded that the only resistance phenotype to be conjugally- 

transferable from the multiple-resistant S. dvsenteriae type 1 strain was trimethoprim 

resistance, which was encoded on plasmid pYDOl. This confirmed that the nalidixic acid 

resistance phenotype of this strain (Panhotra et d., 1985) was not encoded by a 

conjugative plasmid. No further attempt was made to mobilise the three apparently non- 

transferable plasmids also carried by the S. dvsenteriae type 1 strain (Figure 9). The 

largest of these, with an estimated molecular weight of approximately 105 mDa, is 

certainly large enough to be conjugally transferable, but, since it did not appear to 

determine any of the antibiotic resistance phenotypes of the strain (Table 9), it was not 

investigated further. The two remaining plasmids are small, with estimated molecular 

weights of approximately 7.5 and 1 mDa, and are therefore unlikely to be conjugative 

(Willetts, 1984).

One of the main objectives of this thesis was to determine if mutator plasmids 

could increase the incidence of nalidixic acid resistance. As pYDOl does not itself confer 

nalidixic acid resistance, this raised the exciting possibility that this clinically-isolated



116

plasmid might encode the mutator phenotype and thus have promoted the development 

of chromosomal nalidixic acid resistance in the S. dvsenteriae type 1 strain.

Nalidixic acid became first-line therapy for shigellosis in several temperate and 

tropical countries (Bose et d., 1978; McCormack, 1983; Panhotra and Desai, 1983; Parry, 

1983; Bennish et d., 1985) following the alarming increase in trimethoprim resistance 

found in Shigella isolates (Gross et d., 1984). In spite of an immediate drop in fatality 

rate following its introduction, a nalidixic acid-resistant Shigella spp. was soon isolated 

in Zaire (Malengreau, 1984; Frost et d., 1985). Several nalidixic acid-resistant Shigella 

strains have now been identified, in particular a massive emergence of multiple drug- 

resistant S. dvsenteriae type 1 strains have been isolated in Zaire, South India and 

Bangladesh (Malengreau, 1984; Frost et d., 1985; Panhotra et d., 1985; Rogerie et d., 

1986; Munshi et d., 1987). The literature surrounding these strains strongly suggests that 

frequent use of nalidixic acid in these areas has been contributory to their emergence, 

presumably by providing the selection pressure for chromosomal mutants to become 

established.

Most mutator plasmids commonly exhibit the UV  ̂phenotype (reviewed by Strike 

and Lodwick, 1987; Figure 8). The post-UV survival of strain AB1157(pYD01) was 

therefore investigated and compared with other plasmid-carrying derivatives of strain 

ABl 157 that confer the UV  ̂phenotype.

2.5. The effect of plasmid pYDOl on post-UV survival.

Overnight cultures were serially diluted in nutrient broth and appropriate dilutions 

plated onto nutrient agar. Post-UV survival was determined by exposing plates to various 

UV doses using a UV fluence of 1 J m'  ̂ s’\  Figure 11 shows the effect of pYDOl, 

together with control UV^ plasmids R46 and pKMlOl, and the non-mutator plasmid RP4, 

on post-UV survival.

In agreement with earlier workers (Molina et d., 1979; Pinney, 1980), plasmids 

pKMlOl and R46 clearly protected the host strain against the lethal effects of UV damage 

at all UV intensities studied, and plasmid RP4 produced no significant effect on post-UV
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survival (Figure 11). In contrast, pYDOl was unexpectedly found to sensitise its host to 

UV irradiation at all UV doses tested (Figure 11).
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Figure 11, The effect ofplasmid pYDOl on the post-UV survival ofE . coli strain A B U  57. (Mean 

results o f  three experiments).

This rather surprising result suggested that plasmid pYDOl may therefore be a 

representative of the much smaller group of mutator plasmids, that make their hosts 

hypersensitive to the lethal effects of UV irradiation (Marsh and Smith, 1969; Siccardi, 

1969; Molina et 1979; Pinney, 1980; Upton and Pinney, 1983; Mortelmans and 

Dousman, 1986; reviewed by Strike and Lodwick, 1987). Probably the best documented 

of these is the prototype IncJ plasmid R391, isolated in naturally-occurring strains of 

Proteus rettgeri in South Africa (Coetzee et d., 1972; Molina et d., 1979; Pinney, 1980;
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Nugent, 1981; Magadan, 1983; Pembroke and Stevens, 1984; Upton and Pinney, 1983). 

Figure 12 illustrates the UV-sensitising effect mediated by R391 on E. coli strain ABl 157.
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Figure 12. The effect o f  plasmid R391 on the post-UV survival o f  K  coli A B l 157. (Mean results 

o f  three experiments).

All the plasmids belonging to the IncJ group tested by Pembroke and Stevens 

(1984), which included R391, R997, R705, R706, R748 and R794, sensitised E. coli 

ABl 157 to UV irradiation. These authors therefore concluded that the UV-sensitising 

(UV^) phenotype was typical of all IncJ plasmids.

Thus, if plasmid pYDOl was indeed a mutator plasmid, it would presumably 

mediate its mutagenic effect in a manner analogous to that of other UV® plasmids, such 

as R391, in contrast to that associated with R46 and related plasmids, which display the 

more common UV^ phenotype. This is examined in more detail in a later section (Chapter
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4).

2.6. Effect of pYDOl on mutation frequency to nalidixic acid resistance.

Since mutator plasmids are known to facilitate, not only increases in spontaneous 

mutation, but also mediate increases in UV- and chemically-induced mutagenesis (Molina 

et d., 1979; Pinney, 1980; Upton and Pinney, 1983; Mortelmans and Dousman, 1986; 

reviewed by Strike and Lodwick, 1987; this thesis. Results 1.5), experiments to determine 

whether pYDOl increased UV-induced mutation to nahdixic acid resistance were 

performed in parallel with those determining spontaneous mutation frequencies.

Strains harbouring plasmids R46 and R391 were used as positive controls for 

mutator function, with RP4 being the negative non-mutator control (Upton and Pinney, 

1983). Although previous experiments (Tables 3 and 4) had shown plasmids pKMlOl, 

R124, R46, R16 and RP4 had no effect on MIC values to nalidixic acid, it was necessary 

to determine the MIC values for strains ABl 157(R391) and ABl 157(pYD01) to ascertain 

whether these plasmids affected MIC values. Similarly a suitable UV dose range for 

inducing mutagenesis had to be resolved.

2.6.1. Effect of plasmids pYDOl and R391 on the MIC of nalidixic acid.

MIC values to nalidixic acid for E. coli ABl 157(R391) and E. coli 

AB1157(pYD01) were determined using the agar dilution method. MIC values for both 

strains were found to be 3 mg L \  with 10 "̂ dilutions of overnight nutrient broth grown 

cultures, and 4 mg using inocula from undiluted (neat) overnight cultures. These 

values were identical to those previously determined (Table 4). Thus, it was concluded 

that none of the plasmids used in this thesis affected the MIC of nalidixic acid.

Since mutation frequencies to nalidixic acid resistance are low (Tables 6 and 7), 

protocols to determine them involve plating undiluted cultures, rather than single cell 

inocula. Thus, the MIC value obtained with undiluted inocula (4 mg L^), rather than 

dilute (lO’̂ ) inocula, was used to calculate the concentration of drug to be incorporated 

into media for determination of both spontaneous and UV-induced mutation frequencies 

to nalidixic acid resistance (5 x MIC). Similarly, although the post-UV survival of E. coli
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AB1157 and its plasmid-bearing derivatives had previously been determined (Figures 8, 

11 and 12), this had been achieved by irradiating appropriate dilutions of overnight 

cultures. Since UV-induced mutagenesis was to be determined with concentrated cell 

suspensions, the effect of UV on concentrated cell suspensions of E. coli ABl 157 in DM 

salts solution required investigation. This was essential as UV irradiation of wavelength 

254 nm has virtually no penetrating power. High concentrations of cells suspended in DM 

salts solution, or plated on nutrient agar, appear more UV-resistant, due to the shielding 

effect produced by the density of the cell suspension.

2.6.2. Post-UV survival of 20N concentrated cell suspensions of strain ABl 157 

suspended in DM salts solution.

Cultures of strain ABl 157 were grown overnight in 100 ml nutrient broth 

contained in 1 L conical flasks, and were then shaken for three hours at 37 °C. Cells were 

washed in 100 ml DM salts solution by centrifugation and then resuspended in 5 ml DM 

salts solution (one twentieth of their original volume). 2 ml of each 20N suspension was 

then transferred to a sterile 5 cm diameter glass Petri dish and irradiated, with stirring, at 

various UV fluences for up to 140 s. 0.1 ml of the irradiated culture was removed at 

20 s intervals to determine viability.

As predicted, the 20N concentrated cell suspensions of strain ABl 157 appeared 

much more UV resistant, than a dilute cell suspension of plsmid-free ABl 157 treated 

similarly (compare Figures 8 and 13 noting the difference in the scale of the X-axis). For 

example, only a 25% decrease in survival of the concentrated cell suspension was 

produced by a UV fluence of 1 J m'  ̂ s \  after 140 s irradiation, whereas appropriate 

dilutions of an isogenic overnight culture plated on nutrient agar and exposed to 1 J m'  ̂

s'̂  produced a level of 2% survival after 80 s (compare Figures 8 and 13). Higher UV 

fluences of 2, 4 and 6 J m ̂  s'̂  produced comparable levels of cell survival at the same 

UV dosage (Figure 13). For example, UV doses of 240 J m  ̂produced with a UV fluence 

of 2 J m̂  s'̂  for 120 s, or 4 J m  ̂s'̂  for 60 s, or 6 J m'  ̂s'̂  for 20 s all gave approximately 

70% survival (Figure 13).
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Figure 13. Post-UV survival o f washed 20N cell suspensions ofE. coli strain A B U  57 in DM  salts 

solution, tested at various UV fluences.

Since such high UV intensities were required to reduce the survival of washed 20N 

concentrated cell suspensions to levels comparable with those obtained in Figure 8, the 

post-UV survival of 15N concentrated cell suspensions was also investigated, using a 6 

J m'^ s'̂  UV fluence.

2.6.3. Post-UV survival of 15N cell concentrations ofE. coli strain ABl 157 suspended 

in DM salts solution.

As predicted, the 15N concentrated cell suspensions were less UV resistant than 

the more concentrated 20N cell suspensions under the same UV fluence (Figure 14). For 

example, a UV dose of 600 J m'  ̂ (6 J m'  ̂ s"̂  for 100 s) resulted in 13% survival of the
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20N cell suspension (Figure 13), whereas the same UV dose produced 3.2 % survival of 

the 15N cell suspension (Figure 14).
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Figure 14. Post-UV survival o f  washed 15N cell suspensions o f E. coli strain AB1157 and its 

plasmid-bearing derivatives suspended in DM  salts solution, using a UV fluence o f  6 J  m'^ s' .̂ 

(Mean o f  two experiments).

This apparent difference in post-UV survival between the two cell concentrations 

suspended in DM salts solution was due to the physical phenomenon known as shielding. 

Cells close to the surface of the suspensions are easily penetrated by UV, whilst the 

majority of cells within the suspension i.e. beneath the surface, are protected (shielded) 

from the lethal effects of UV irradiation. Dense bacterial populations suspended in DM 

salts solution will therefore appear to be much more UV resistant than dilute cell 

suspensions. It is important to note that the effects of shielding were minimised by a
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constant stirring of the medium during UV irradiation and a minimum sample volume was 

used. Figure 14 also shows the post-UV survival curves of plasmid-carrying derivatives 

of strain ABl 157. From Figure 14 it is evident that the physical effects of shielding 

generated by these concentrated suspensions reduce the effective UV** and UV® phenotypes 

of the respective plasmids (Compare Figure 14 with Figures 11 and 12). This conclusion 

was supported by results from an experiment in which the 15N concentrated suspensions 

were diluted back to N with DM salts solution. Post-UV survival was determined using 

a UV fluence of 1 J m'  ̂ s '\ As expected, the respective UV** and UV® phenotypes of the 

plasmids became far more prominent (compare Figure 15 with Figure 14).
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Figure 15. Post UV-survival o f  N cell concentrations ofE . coli AB l 157 and its plasmid-bearing 

derivatives suspended in DM  salts solution. Cell suspensions were prepared by diluting 15N cell 

concentrations back to N. A UV fluence o f  1 J  m'^ s'  ̂ was used. (Mean o f  three experiments).

These results clearly demonstrate the physical phenomenon of shielding caused by
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cell density. They may be summarised graphically by plotting the UV dose required to 

produce a survival level of 50% against the concentration of cells suspended in DM salts 

solution (Figure 16). This data was calculated from post-UV survival plots of O.IN (not 

shown), N (Figure 15), ION (not shown), 15N (Figure 14) and 20N (Figure 13) cell 

concentrations suspended in DM salts solution.
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Figure 16. Hie UV dose required to produce a 50% survival level in various cell concentrations 

ofE. coli ABl 157 suspended in DM salts solution.

Increasing the concentration of cells suspended in DM salts solution from O.IN to 

N made little difference to the UV dose required to produce 50% survival (Figure 16). 

However, when the concentration of the cells in suspension is increased above N, higher 

UV doses were required to achieve the same level of survival (Figure 16).



125

2.6.4. Investigation of an optimum combination of cell concentration and UV dose to 

determine the mutation frequency of strain ABl 157 to nalidixic acid resistance.

Static overnight cultures grown in 50 ml nutrient broth contained in 500 ml conical 

flasks were shaken for two hours at 37 °C. The cells were washed in 50 ml DM salts 

solution by centrifugation and then resuspended in 2.5 ml (one twentieth of the original 

culture volume) DM salts solution. This 20N concentrated cell suspension was then diluted 

in DM salts solution to produce a range of cell concentrations between 20N and 0.1 N. 

Spontaneous mutation frequencies to nalidixic acid resistance for each of the cell 

concentrations were determined by spreading 0.1 ml of suspension onto nutrient agar 

containing 20 mg nalidixic acid. 2.0 ml of the concentrated cell suspensions were also 

transferred to 5 cm diameter sterile glass Petri dishes, stirred and irradiated with the 

appropriate dose of UV to produce 50% survival (see Figure 16). Viable counts of the 

irradiated and non-irradiated suspensions were determined. UV-induced mutation 

frequencies were obtained by spreading 0.1 ml of irradiated suspension onto nutrient agar 

containing 20 mg nalidixic acid. Plates were incubated for up to 6 days and nalidixic 

acid-resistant clones scored after 1, 2, 3, 4, and 6 days incubation.

Since spontaneous mutation frequencies are calculated per cell plated, and UV- 

induced mutation frequencies determined per survivor, there should theoretically be no 

difference in the mutation frequencies obtained from the various cell concentrations 

suspended in DM salts solution. However, because the spontaneous mutation frequency 

of strain ABl 157 to resist nalidixic acid is low (Results 1.5), it was predicted that 

spontaneous and UV-induced mutation frequencies would not be detected with O.IN and 

N cell suspensions, using this method. Nalidixic acid-resistant clones were isolated on 

plates spread with 20N, 15N and ION concentrated cell suspensions. As predicted, the 

three concentrated cell suspensions produced similar results (Table 12), giving an average 

spontaneous mutation frequency of 4.7 x 10'\ As predicted, spontaneous mutation 

frequencies to nalidixic acid resistance could not be calculated for 0.1 and N cell 

suspensions, as no nalidixic acid-resistant clones were recovered from these suspensions 

(Table 12). This is hardly surprising because, based on the average mutation frequency, 

at least 2.1 x 10̂  cells should be plated to recover one resistant clone. While the CPU of 

the O.IN suspension plated did not exceed this, the CPU of the undiluted suspension was
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insufficient to obtain an accurate representation of pre-existing chromosomal resistance 

to nalidixic acid (Table 12).

Cell

concentration 

of suspension

CPU in 0.1 ml of 

suspension plated

Mutation frequency 

to Nalidixic acid 

resistance

20N 3.1 X 10" 3.3 X 10-*

15N 1.9 X 10" 5.5 X 10 *

ION 1.5 X 10" 5.3 X 10 *

N 1.3 X 10' -

O.IN 1.5 X 10" -

Table 12. The effect o f cell concentration on the frequency at which E. coli strain A B U 57 

spontaneously mutated to resist 5 x MIC nalidixic acid. Mutation frequencies are based on 

resistant clones recovered after three days incubation at 37 °C.

Table 13 shows the effect of cell concentration on UV-induced mutation 

frequencies of strain ABl 157 to nalidixic acid resistance. Each cell suspension was 

exposed to the appropriate UV dose to give approximately 50% survival. These doses 

were obtained from Figure 16. Mutation frequencies were calculated from the number of 

nalidixic acid resistant clones recovered after three days incubation, since there was no 

significant increase in the number of resistant clones recovered after further incubation.

UV irradiation clearly increased the frequencies at which all cell suspensions 

mutated to resist nalidixic acid (Table 13), when compared with the respective 

spontaneous mutation frequencies (Table 12). Once again, the mutation frequency per 

survivor proved independent of cell concentration providing sufficient cells were plated 

to give an accurate representation of the pre-existing chromosomal nalidixic acid clones 

within the population (Table 13). The neat cell suspension mutated at approximately the 

same frequency as the concentrated suspensions, giving an average UV-induced mutation 

frequency of 2.1 x 10'̂  (Table 13), which is 4.4-fold greater than the average spontaneous
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mutation frequency (Table 12). The apparently lower UV-induced mutation frequency 

obtained from the dilute 0. IN cell suspension can be explained by the low number of cells 

plated, which was insufficient to give an accurate result (Table 13).

Cell

concentration 

of suspension

UV-induced mutation 

frequency to Nal^ 

per survivor

UV dose 

(J m-2)

20N 1.6 X 10 " 294

15N 3.6 X 10 " 276

ION 1.8 X 10" 210

N 1.3 X 10 " 43

O.IN 3.8 X 10-' 37

Table 13. UV-induced mutation frequencies to nalidixic acid resistance (5 x MIC) o f  K  coli 

strain A B U 57 suspended in DM  salts solution. The UV doses applied gave approximately 50% 

survival fo r  each respective suspension. Mutation frequencies are based on resistant clones 

recovered after three days incubation at 37 °C.

The ION concentrated cell suspension probably produced the most accurate 

result, since the nalidixic acid-resistant clones recovered from these plates were not only 

obvious after three days incubation, but easier to count. In contrast, the nalidixic acid- 

resistant clones recovered from 15N and 20N concentrated cell suspensions were smaller 

and present in such large numbers that they were less obvious and more arduous to count 

against the slightly turbid background of the concentrated bacterial lawn of nalidixic acid 

sensitive cells. For these reasons, the ION concentrated cell suspensions were considered 

not only more accurate, but far more convenient to use. Thus, only ION concentrated cell 

suspensions were used to investigate the effect of plasmid-carriage on the spontaneous and 

UV-induced mutation frequencies of strain ABl 157 to resist nalidixic acid.
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2.7. The effect of plasmids on spontaneous and UV-induced mutation frequencies to 

nalidixic acid resistance.

Spontaneous and UV-induced mutation frequencies were determined ION 

concentrated cell suspensions. A UV dose of 210 J m^ was used to induce mutation to 

nalidixic acid resistance. In previous experiments this dose produced approximately 50% 

survival of the plasmid-free AB1157 strain. Although the plasmids would be expected to 

exert their respective UV  ̂ and UV® phenotypes, previous results indicated that the 

difference in cell survival would be minimal using concentrated suspensions (Figure 14), 

compared with the effect observed using undiluted washed cell suspensions (Figure 15). 

Furthermore since UV-induced mutation frequencies are calculated per survivor the 

difference in cell survival would be accounted for, thereby substantiating the use of a 

single UV dose for and R strains.

In previous experiments in which spontaneous mutation frequencies to nalidixic 

acid resistance were determined on nutrient agar (Results 1.4), incubation of plates 

containing nalidixic acid for longer than two days produced no significant increase in the 

number of resistant clones recovered. In contrast, nalidixic acid-resistant clones from these 

concentrated irradiated cell suspensions took longer to emerge, and significant increases 

in the number of nalidixic acid-resistant clones were detected up to four or six days 

incubation.

Furthermore, it was noteworthy that two distinct morphological types of nalidixic 

acid-resistant clone were recovered from these plates. Nalidixic acid-resistant clones that 

emerged between one and three days incubation. These were termed ‘early mutants’. They 

produced colonies of between 1.5-2.5 mm diameter. A further group of nalidixic acid- 

resistant clones became apparent after three days incubation, and were termed ‘extra 

mutants’. These produced tiny pinhead colonies, <0.8 mm diameter, and were present in 

large numbers on all plates. The ‘extra mutants’ showed no signs of apparent increase in 

colony size with further incubation. These results prompted a qualitative investigation of 

the two distinct mutant types to validate the stability of their nalidixic acid-resistance 

phenotypes.
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2.7.1. Investigation of the stability of nalidixic acid-resistance determined by clones 

recovered from nutrient agar containing 20 mg nalidixic acid.

Eight ‘early mutant’ clones of each strain were selected randomly, together with 

eight ‘extra mutant’ clones. Thus, a total of eighty clones were investigated. Each was 

streaked onto drug-free MacConkey and nutrient agars, and onto nutrient agar containing 

4 mg nalidixic acid and onto nutrient agar containing 20 mg nalidixic acid. The

results of these wire-outs are shown in Tables 14 and 15.

Strain Media

MAC

(Lac)

NA NA containing Nal

4 mg 20 mg

AB1157R- + + + +

AB1157 (RP4) 4- + + +

AB1157 (R46) + + + +

AB1157 (R391) + + + 4-

AB1157 (pYDOl) + + + 4-

Where: MAC = MacConkey agar
Nal = Nalidixic acid

NA = Nutrient agar

Table 14. Stability o f  the nalidixic acid resistance phenotype determined by ‘early mutants ‘ 

recovered from  nutrient agar containing 20 mg L'^ nalidixic acid. Where (+) represents the 

positive growth o f  all eight mutants wired out.

All the ‘early mutants’ tested grew on both drug-free MacConkey and nutrient 

agars (Table 14). They all exhibited similar colonial morphology and were all lactose 

negative (Table 14). All the ‘early mutants’ tested also grew on nutrient agar containing 

4 or 20 mg nalidixic acid (Table 14). This implied their nalidixic acid-resistant 

phenotype was stable. Indeed, the stability of their nalidixic acid-resistance phenotype was 

confirmed by sub-culturing isolated colonies of ‘early mutants’ from each of the 

MacConkey agar and nutrient agar plus nalidixic acid at both concentrations, onto nutrient 

agar and onto nutrient agar containing 20 mg nalidixic acid. Once again all the ‘early
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mutants’ tested grew on both the drug-free and drug-containing media.

Strain Media

MAC

(Lac)

NA NA containing Nal

4 mg 20 mg

AB1157R- + + 1 -

AB1157 (RP4) + + - -

AB1157 (R46) + + 1 1

AB1157 (R391) + + 2 -

AB1157 (pYDOl) + + 1 -

Where: MAC = MacConkey agar
Nal = Nalidixic acid

NA = Nutrient agar

Table 15. Stability o f the nalidixic acid-resistant phenotype determined by 'extra mutants’ 

recovered from nutrient agar containing 20 mg L'^ nalidixic acid. Where ( +) and (-) represent 

growth or absence o f growth, o f all the mutants tested (a total o f  eight fo r  each strain). Figures 

represent the number o f  ‘early mutants ’ that grew out o f  the eight clones tested.

All the ‘extra mutants’ tested grew on drug-free MacConkey and nutrient agars 

(Table 15). All were lactose negative (Table 15), and in general exhibited a smaller 

colonial morphology compared with the ‘early mutants’. Only 1 of the 40 ‘extra mutants’ 

tested grew on nutrient agar containing 20 mg nalidixic acid, and only a fraction 

(12.5%), grew on nutrient agar containing 4 mg nalidixic acid (Table 15). Further sub- 

culturing of these few ‘extra mutants’ that grew on nalidixic acid containing agar produced 

no growth on nutrient agar containing nalidixic acid, 4 mg L \  although they did grow on 

drug-free nutrient controls. This implied that the nalidixic acid-resistance phenotype 

determined by the ‘extra mutants’ was unstable. It is possible that such resistance could 

arise from a temporary alteration in gene regulation (Greenwood, 1985; Bryan, 1989). 

Mutation frequencies to nalidixic acid resistance were therefore calculated from the 

number of ‘early mutants’ scored after three days incubation.
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Plasmid CPU of

inoculum

plated

Mutation 

frequency to 

Nal"" (F)

Increase in F produced

by plasmid:
[F(R")/F(R-)]

R 1.3 X 10" 2.3 X 10 ' -

RP4 9.8 X 10' 1.9 X 10 ' 0.8

R46 1.6 X 10" 8.1 X 10' 3.5

R391 1.8 X 10" 9.2 X 10 ' 4.0

pYDOl 1.4 X 10" 9.5 X 10 ' 4.1

Table 16. Effect o f  plasmids on the spontaneous mutation ofE . coli AB1157 to resist (5 x  MIC) 

nalidixic acid. Mutation frequencies based on resistant clones recovered after three days 

incubation at 37 °C.

The spontaneous mutation frequency obtained from the ION concentration of 

the plasmid-less control strain was 2.3 x 10'̂  (Table 16). As predicted, the non-mutator 

plasmid RP4 had little effect on mutation (Table 16), whereas both known mutator 

plasmids, R46 and R391, significantly increased mutation frequency by 3.5-fold and 4-fold 

respectively, and the clinically-isolated plasmid pYDOl produced an increase in 

spontaneous mutation rate comparable with the known mutator plasmids (Table 16).

While this data is consistent with earlier results, in that mutator plasmids increase 

spontaneous mutation frequencies to nalidixic acid resistance (Table 7), the mutation 

frequencies quoted in Table 16 are much higher than those obtained previously. The 1.9- 

fold to 4.7-fold difference in mutation frequencies presented in Tables 7 and 16, is thought 

to be due to the different methodologies used for determining mutagenesis. Results in 

Table 7 were obtained using the overlay method, which has been commonly used to 

determine mutation frequencies to quinolone resistance (reviewed by Smith, 1986). 

However, from recent studies determining mutation frequencies to modem 4-quinolones 

it has become apparent that this method yields lower mutation frequencies, than those 

determined by the spread plate method (Parte, 1992).
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Plasmid % Survival 

after

2 1 0  Jm " 

UV dose

Mutation 

frequency 

to Nal^ 

(F)

Increase in F 

produced by 

plasmid 

[F(R")/F(R)]

R- 45 4.4 X 10 " -

RP4 43 4.3 X 10 " 0.98

R46 69 1 .6  X 1 0  " 3.6

R391 29 2 .1  X 1 0 " 4.8

pYDOl 31 1.9 X 10 " 4.3

Table 17. Effect o f  plasmids on post-UV survival and UV-induced mutation o f  K  coli AB U  57 

to nalidixic acid resistance following a UV dose o f 210 J  m' .̂ Mutation frequencies are based 

on resistant clones recovered after three days incubation at 37 °C.

A  UV dose of 210 J m'  ̂ reduced cell survival of all the strains tested (Table 

17), and produced approximately a 2-fold increase in mutation frequencies of all strains 

tested, compared with their respective spontaneous mutation frequencies (Tables 16 and

17). Thus, the increases in both spontaneous and UV-induced mutation frequencies 

produced by the plasmids were virtually the same (Tables 16 and 17), and independent of 

UV-irradiation. Since the increase in UV-induced mutagenesis determined by the mutator 

plasmids was no greater than the plasmid-mediated increase in spontaneous mutagenesis, 

it was possible that the expression of the plasmid-mediated mutation-enhancing systems 

was constitutive and not inducible under such conditions. Determination of UV-induced 

mutation frequencies to nalidixic acid resistance at various UV doses would provide a 

further insight into the possible non-inducibility of the plasmid-determined system. These 

results therefore prompted an investigation into the effect of plasmids on UV-induced 

mutagenesis to nalidixic acid resistance at various UV doses.

2.8. Effect of plasmids on spontaneous and UV-induced mutation frequencies of £. 

coli strain AB1157 to resist nalidixic acid over a range of UV doses.

Minimal volumes of washed ION concentrated cell suspensions of strain AB1157,
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AB1157(R46) and AB1157(pYD01) were irradiated, with stirring for various exposure 

times, using a UV fluence of 6 J m'  ̂ s '\ Viable counts of non-irradiated and irradiated 

suspensions were determined in parallel with spontaneous and UV-induced mutation 

frequencies at all UV intensities tested.

Figure 17 demonstrates the influence of plasmid-carriage on the dose-effect ofUV- 

mutagenesis to nalidixic acid resistance. Essentially, the three dose-effect plots share the 

same shape, in that following an initial increase, mutation frequencies decline giving a 

maximum mutation frequency at 180 J m ̂  (Figure 17). The influence of plasmid-carriage 

on UV-mutagenesis is reflected by the different gradients of the three plots. Plasmids R46 

and pYDOl clearly increased the rate at which strain AB1157 mutated to naUdixic acid 

resistance, at all UV doses tested (Figure 17). R46 expressed the greatest mutator-effect, 

whereas pYDOl produced UV-induced mutation frequencies intermediate between the 

R46-containing strain and the plasmid-free control (Figure 17).

The plasmid-free AB1157 strain had a spontaneous mutation frequency of 7.9 x 

10  ̂ (Figure 17). Plasmids R46 and pYDOl increased mutagenesis by 3.7- and 4.9-fold 

respectively (Table 18), producing frequencies of 3.9 x 10  ̂ and 2.9 x 10 ^ respectively 

(Figure 17). While these mutation frequencies (Figure 17) are somewhat lower than those 

appearing in Table 16, the scale of the mutator-effect conferred by R46 and pYDOl are 

consistent with previous results (compare Tables 16 and 18).
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Figure 17. The influence o f  plasmid-carriage on the dose-effect o f UV-induced mutagenesis to 

nalidixic acid resistance (5 x  MIC) in ION concentrated suspension o fK  coli strain A B U 57.

From Table 18, the mutator-effect encoded by plasmid R46 appeared to be 

effectively enhanced by increases in UV dose. For example, a UV dose of 90 J m'  ̂

resulted in an 8.1-fold increase in mutagenesis over the plasmid-free control strain, and 

this mutator-effect was further enhanced to 15-fold by a UV dose of 360 J m'  ̂(Table 18). 

Since expression of the mutator phenotype specified by R46 appeared to be dose- 

dependent, this raised the suggestion that mutator gene expression in R46 was dependent 

on UV intensity; i.e. was UV-inducible. However, since increases in UV doses of 90 

through to 270 J m'  ̂produced only nominal differences in the scale of the mutator effect 

(Table 18), further evidence would be required to substantiate the significance of this 

increase in mutator-effect observed between 90 and 360 J m'  ̂(Table 18), and validate the 

inducibility of this mutation-enhancing system. pYDOl exhibited a similar inducibility of
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mutator-effect, however to a much lesser extent than R46 (Table 18); there was only a 

small enhancement of mutagenesis produced by pYDOl with increasing UV intensity 

(Table 18). The inducibility of this plasmid-encoded phenotype therefore remained unclear.

UV dose 

(J m- )̂

Increase in 

F produced 

by R46*

% survival 

AB1157 

(R46)

Increase in 

F produced 

by pYDOr

% survival 

AB1157 

(pYDOl)

0 4.9 100 3.7 100

90 8.1 100 4.0 30

180 9.7 96 4.8 17

270 9.2 58 4.1 9.0

360 15.0 27 5.6 3.0

450 - 11 - 0.8

540 - 3.6 - 0.3

* Mutator-effect is expressed as the ratios of the mutation frequencies per 
survivor (F) in the and R strains respectively.

Table 18. Post-UV survival (%) o f  plasmid-carrying strains and the effect o f  plasmids on 

spontaneous and UV-induced mutagenesis in K  coli AB1157 to (5 x MIC) nalidixic acid resistance.

The difference in the scale of the mutator-effect produced by R46 and pYDOl 

could be due to the very different post-UV survival levels of their respective hosts. The 

low survival level that ensued from the UV^ phenotype determined by pYDOl, means that 

at higher intensities inocula from UV-irradiated suspensions of strain ABl 157(pYD01) will 

contain a lower proportion of viable cells capable of mutation to nalidixic acid resistance 

compared with strain AB1157(R46) at the same UV dose. Consequently, mutagenesis to 

nalidixic acid resistance by AB1157(pYD01) may go undetected at high UV intensity, 

since the viability of the irradiated inoculum is insufficient to demonstrate the full 

expression of nalidixic acid resistance by the strain, thus resulting in an inaccurate result. 

It can be argued that since mutation frequencies are calculated per survivor, these low
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survival levels have been accounted for. This phenomenon however closely resembles that 

found with the isolation of nalidixic acid-resistant clones from plates spread with dilute 

cell suspensions (Results 2.6.5, Tables 12 and 13). These dilute cell suspensions repeatedly 

produced lower UV-induced mutation frequencies than concentrated isogenic cell 

suspensions (Table 13). This would explain the absence of nalidixic acid-resistant clones 

from strains ABl 157(pYD01) and the plasmid-free control following UV doses of 450 and 

540 J m' .̂

In summary, consistent with earlier results (Results 2.7 and 2.8) these findings 

confirmed the mutator phenotype encoded by the clinically-isolated plasmid pYDOl: its 

presence in strain ABl 157 not only increased spontaneous mutagenesis, but also, increased 

UV-induced mutagenesis. These experiments verified the constitutive expression of the 

mutator-effect encoded by plasmids R46 and pYDOl (Results 2.8), since plasmids 

increased spontaneous mutagenesis. However, the inducibility of the plasmid-encoded 

systems remained unclear. Since UV-irradiation at high intensity induced mutagenesis at 

the expense of cell survival. The mutator-activities of these plasmids were next 

investigated by ascertaining their influence on UV-mutagenesis at low UV intensities.

2.9. The effect of plasmid-carriage on UV-induced mutagenesis to nalidixic acid 

resistance in E. coli ABl 157 using low UV doses

The technical requirements of the previous experiments limited the protocol to the 

testing of three strains. An alternative method was therefore selected to investigate UV- 

induced mutagenesis in strain ABl 157 and several of its plasmid-bearing derivatives at 

low UV intensities.

Mutation frequencies were determined by spreading 0.1 ml of washed ION 

concentrated cell suspensions onto nutrient agar containing 20 mg L'̂  nalidixic acid, with 

viability of the suspensions determined by the method of Miles and Misra (1938). Plates 

for the determination of spontaneous mutation were incubated immediately, together with 

viable count plates. Plates determining UV-induced mutagenesis and post-UV survival 

were irradiated for appropriate periods with a UV fluence of 1 J s '\  to give UV doses 

of 20, 40, 60 and 80 J m^.
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Before interpreting the data from these experiments it is essential to note that this 

method produces UV-induced mutation frequencies that are unduly high compared with 

other procedures. This artefact is caused primarily by the method of determining post-UV 

survival. Since appropriate dilutions of concentrated cell suspensions, rather than the 

concentrated suspension itself, were plated on nutrient agar before irradiation. Viability 

determined by this protocol is therefore lower than the actual viability of the concentrated 

inoculum spread on plates for the determination of mutagenesis because concentrated cell 

suspensions are more UV-resistant due to the shielding effect (Results 2.6.3). As UV- 

induced mutation frequencies are calculated per survivor, mutation frequencies determined 

by this method are higher than the rate observed by diluting and plating the irradiated 

suspensions. The results in this section cannot therefore be quantitatively compared with 

previous data. However, these experiments serve to reflect the qualitative effects of 

plasmid-carriage on mutagenesis induced by low UV intensities.

From Figure 18, the plasmid-free control strain had a spontaneous mutation 

frequency of 2.0 x 10 ̂  UV doses of increasing intensity (up to 80 J m'^), resulted in 

proportional increases in the frequency of mutation to nalidixic acid resistance, thus 

producing a linear plot of mutagenesis (logarithmic) against UV dose (arithmetic) (Figure

18).
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Figure 18. The effect o f  plasmid-carriage on the frequency o f  spontaneous and UV-induced 

mutation to resist (5 x  MIC) nalidixic acid at low UV intensities in E. coli AB1157. (Mean o f three 

experiments).

The non-mutator plasmid RP4 produced virtually undistinguishable results from the 

plasmid-free control at all UV intensities studied (Figure 18). Plasmids R46, R391 and 

pYDOl all increased not only the rate of spontaneous mutation, but also the rate of UV- 

induced mutagenesis, at all UV doses tested (Figure 18 and Table 19).

The scale of the mutator-effect exhibited by the three mutator plasmids varied: R46 

demonstrated the greatest effect, whereas plasmids R391 and pYDOl produced mutator- 

activities of similar magnitude (Table 19). The significance of this plasmid-facilitated 

mutator-effect is substantiated by the virtually undistinguishable results of the strain 

carrying the non-mutator plasmid RP4 with those of the plasmid-free control (Table 19).
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UV dose 

(J m :)

Plasmid-mediated increase in UV-induced 

mutagenesis [F(R^)/F(R')]

RP4 R46 R391 pYDOl

0 0.9 5.0 2.3 2.4

10 0.9 5.8 2.4 2.0

20 1.1 9.7 2.3 2.1

40 0.6 6.7 2.2 1.9

60 1.0 10.2 1.8 3.3

80 1.1 8.7 2.4 2.9

Mean 0.9 - 2.2 2.4

Table 19. Plasmid-mediated increase in UV-induced mutagenesis to nalidixic acid resistance in 

E. coli AB1157 at low UV intensities.

From Table 19, it was clear that the mutator-effect determined by plasmids 

R391 and pYDOl did not appear to be enhanced by an increase in UV intensity, but 

instead remained relatively constant at all UV intensities studied, thus allowing a mean 

plasmid-mediated increase to be calculated (Table 19). In contrast the mutator-activities 

determined by R46, as suggested by previous experiments (Results 2.8), did increase with 

increases in UV intensity, therefore a mean mutator-effect has not been calculated (Table 

19). These findings implied that the regulation of gene expression in the various plasmids 

was different, and suggested that the clinically-isolated plasmid pYDOl closely resembled 

R391: both exhibit mutator effects which are constitutively expressed, but which are not 

inducible by UV. In contrast, the mutator activity of R46 appeared to be both constitutive 

and UV-inducible. Furthermore, the inducibility of this mutator-activity appeared to be UV 

dose-related.

2.10. The influence of plasmids on the frequency of UV-induced reversion to histidine 

independence in E. coli ABl 157.

Having investigated the influence of plasmid-carriage on forward mutation to drug- 

resistance, the effects of plasmid-carriage on UV-induced mutation from histidine
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auxotrophy to histidine independence (back mutation) were investigated for conçarison 

with previous workers.

Shaken overnight cultures grown in 25 ml of fully-supplemented DM medium were 

washed in 25 ml of DM salts solution by centrifugation and resuspended in 2.5 ml of DM 

salts solution. Reversion frequencies to histidine independence were determined by 

inoculating 0.1 ml of the ION concentrated cell suspensions into molten (46 ®C) 0.6% agar 

overlays containing all the required vitamin and amino acid supplements in excess, except 

for histidine which was limited. The overlays were carefully mixed and then poured onto 

pre-warmed DM (1.5%) agar base plates containing 0.28% glucose. Viability and post-UV 

survival was determined by adding 0.1 ml of diluted (10"̂ ) cell suspensions to fully- 

supplemented overlays, which were also poured onto pre-warmed DM agar base plates. 

Plates determining viability were incubated immediately, together with those determining 

spontaneous reversion. Plates determining post-UV survival and UV-induced mutagenesis 

were irradiated before incubation at 37 ®C, using a UV fluence of 1 J m'  ̂ s '\ Histidine 

revertant clones were scored after 2, 4 and 6 days incubation.

The frequency of spontaneous reversion to histidine independence was expressed 

as the average number of histidine-independent revertant colonies per viable cell plated. 

UV-induced mutation frequencies were expressed as the average number of revertant 

colonies detected on irradiated plates per surviving fraction of cells plated.

The limiting histidine concentration allowed several cell divisions before its 

exhaustion. From this point onwards only mutants which had become histidine 

independent continued to grow and form colonies against a background lawn of histidine- 

requiring cells which had stopped multiplying. Mutation frequencies were based on 

resistant clones recovered after four days incubation, since there was no significant 

increase in the number of revertants recovered after that period.
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Figure 19. The influence o f plasmid-carriage on the frequency o f  reversion to histidine 

independence in E. coli AB l 157. (Mean o f  three experiments).

From Figure 19, four out of five plasmids tested increased UV-induced 

mutagenesis of strain ABl 157; two of these four plasmids, R46 and its derivative 

pKMlOl, also increased post-UV survival, whereas the remaining two plasmids, R391 and 

pYDOl, both increased the UV-sensitivity of strain ABl 157. In agreement with earlier 

workers (Molina et W-, 1979; Finney, 1980; Upton and Finney, 1983) plasmid RF4 

conferred neither significant mutator activity, nor effected the post-UV survival of strain 

ABl 157 (Figure 19). After none of the UV doses tested (Table 20) did the presence of 

RF4 increase mutation frequency to 1.5 times that of the control, plasmid-free strain, 

which was the cut off point used by Finney (1980) to determine mutator phenotype. The 

scale of the mutator-effect demonstrated by the four plasmids was varied: pKMlOl 

produced the greatest effect (Figure 19), whilst also offering the highest level of
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protection, whereas plasmids R391 and pYDOl, which both sensitised the host, produced 

the lowest mutator-effect (Figure 19). R46 which conferred lower levels of UV protection 

than pKMlOl (Figure 8), produced intermediate UV-induced mutation frequencies (Figure

19). Only three of the four mutator plasmids demonstrated a spontaneous mutator-effect. 

Plasmid R391 did not appear to demonstrate significant spontaneous mutator-activity 

(Figure 19, and Table 20). Whilst this conflicts with previous findings under conditions 

selective for the isolation of nalidixic acid-resistant clones (Table 19), these results are in 

agreement with the absence of spontaneous mutator-activity by R391 to reversion to 

tryptophan independence (Magadan, 1983). The scale of the mutator-effect determined by 

the different plasmids varied greatly (Table 20). Once again, as seen with UV-induced 

mutagenesis to nalidixic acid resistance, pKMlOl exhibited superior mutator-activity, 

whereas R391 and pYDOl demonstrated low mutator-activity, and R46 was intermediate 

(Figure 19). While the actual frequencies of mutation to nalidixic acid resistance and to 

histidine independence might differ, one would expect the plasmid-mediated mutation- 

enhancing effects of the two investigations to he similar. Indeed, the effects of plasmids 

RP4, R46, R391 and pYDOl on UV-induced histidine reversion compare well with those 

to UV-induced nalidixic acid resistance in the same strain (compare Tables 19 and 20). 

Despite the absence of any spontaneous mutator-activity by R391 to histidine reversion, 

the UV-induced reversion frequencies of this strain closely resemble those obtained with 

strain AB1157(pYD01). In parallel with earlier results (Figure 18 and Table 19) the 

unequivocal uniformity of this mutator-effect (Table 20), in spite of the decrease in post- 

UV survival of strains carrying R391 or pYDOl, supports the constitutive expression of 

the gene products responsible, and tends to argue against the inducibility of these plasmid- 

encoded systems by UV irradiation.

In contrast, the mutator-effect determined by plasmid R46 clearly increases with 

UV intensity and is therefore dose-dependent (Table 20). This confirms the earlier 

suggestion (Results 2.9) that gene expression in R46 is not only constitutive, but also 

inducible. Indeed, this inducible mutator-activity is magnified in pKMlOl, the deletion- 

derivative of R46, where the genes responsible for the negative regulation of muc gene 

expression in R46 are thought to have been deleted and thus, further supports these 

conclusions (Table 20).
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UV dose 

(J m-')

Increase in F produced by plasmids [F(R^)/(R')F]

RP4 pKMlOl R46 R391 pYDOl

0 1.0 16.0 4.2 1.1 1.7

10 1.3 17.9 5.0 3.0 1.5

20 0.9 19.8 5.2 2.3 1.6

40 0.9 24.3 7.1 1.4 1.2

60 0.9 25.4 8.1 2.0 1.4

80 1.1 32.2 13.6 1.8 1.8

Table 20. Increase in UV-induced mutagenesis to histidine independence produced by plasmids 

present in E. coli strain AB1157.

Thus, in summary a clinically-isolated nalidixic acid-resistant dvsenteriae 

type 1 strain from Kashmir (Panhotra et d., 1985), which was multiply drug resistant was 

shown to carry four plasmids. The 40 mDa R plasmid designated pYDOl conferred 

trimethoprim resistance and was transferred at relatively high frequency into an E. coli 

strain ABl 157. Transfer of the three remaining plasmids was undetected. Although pYDOl 

itself was proven not to confer nalidixic acid resistance, it was shown to determine the 

mutator phenotype. This plasmid increased the frequencies of both spontaneous and UV- 

induced mutation to both nalidixic acid resistance and reversion to histidine independence 

in strain ABl 157. UV sensitivity studies of strains carrying pYDOl revealed that the 

plasmid belonged to the much smaller group of mutator plasmids that sensitise rather than 

protect their host strain to the lethal effects of UV irradiation. The post-UV survival 

curves demonstrated by strain ABl 157(pYD01) closely resembled those of strain ABl 157 

carrying the clinically-isolated IncJ group plasmid R391. Furthermore, the UV-induced 

mutator-activities determined by pYDOl to both forward mutagenesis to nalidixic acid 

resistance and reversion to amino acid independence paralleled those determined by R391. 

The established mutator-activity of these plasmids appeared to be constitutive and 

apparently independent of UV dose. In contrast, the broad host-range plasmid R46, which 

confers the more common UV protection phenotype, facilitated higher mutator-activity that 

was both constitutive and UV dose-dependent.



The effect of plasmid-carriage on the selection of nalidixic acid-resistant mutants in 

bactericidal concentrations of nalidixic acid.

3.1. Introduction.

The selection of quinolone-resistant Gram negative organisms by passage in sub- 

inhibitory levels of nalidixic acid, cinoxacin or norfloxacin has been well documented 

(Lumish and Norden, 1975; Tenney et d., 1983). Tenney et (1983) concluded that the 

level of nalidixic acid resistance induced was only to concentrations of drug close to that 

used for the selection of mutants; selection was rapid and resistant clones were stable.

Cairns et d . (1988) proposed in a highly controversial paper that ‘directed 

mutations’ could occur as a specific response to an environmental challenge. This paper 

provoked a storm of criticism (Scientific Correspondence in Nature 336, 525-528; 1988) 

for two reasons. Firstly, it challenged the orthodox view that mutational events were 

separate from their selection; and secondly, it suggested an unknown mechanism by which 

the environment could influence bacteria to generate or retain mutations. More recently. 

Hall (1990) has presented evidence that specific mutations occur in E. coli more 

frequently when advantageous than when neutral. Stahl (1990) believes that this work 

(Hall, 1990) has not only strengthened, but also expanded the work of Caims et d . (1988).

Both Cairns et (1988) and Hall (1990) used strains of E. coli that were unable 

to metabolise a particular biochemical substrate, because of a genetic defect. Cairns et 

(1988) studied the accumulation of mutations conferring the ability to ferment lactose in 

an initially lactose negative population, in the absence or presence of lactose. Hall (1990) 

investigated the distribution of mutations conferring the ability to metabolise tryptophan. 

These authors found that when E. coli was exposed to either substrate, cells appeared to 

preferentially mutate the defective genes back to their functional state.

Hall (1990) proposed that in nature bacteria are commonly under nutritional stress, 

rather than growing exponentially with DNA replication as the predominant cellular 

metabolic activity. Thus, if the mechanism of mutation under natural conditions is to be
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understood, then experiments determining mutation frequencies should be performed using 

bacteria grown under conditions of nutritional stress (Hall, 1990), which is precisely what 

both Hall (1990) and Cairns et d . (1988) did.

In a non-dividing population, DNA synthesis is principally confined to DNA repair 

operations (Hall, 1990), which could induce the preferential mutation by a random 

mechanism involving error-prone DNA repair (Stahl, 1990). If such a mutation produces 

a protein that allows the cell to metabolise the limiting substrate, the cell would then be 

able to grow, shifting DNA synthesis towards DNA replication, which would fix the new 

mutation within the chromosome (Stahl, 1990). Thus, the environment would appear to 

be tailoring the mutations produced.

In the case of mutation to quinolone resistance, incubation in nutrient broth 

containing a bactericidal concentration of nalidixic acid will kill sensitive cells, but allow 

pre-existing mutants to grow through. Also, since nalidixic acid is a potent inducer of the 

SOS response (Phillips et ^ ., 1987), the proportion of mutants in the treated population 

might increase due to error-prone repair of nalidixic acid-damaged DNA. The presence 

of mutator plasmids in this system should increase both the frequency at which pre

existing resistant cells occur, and the cellular capacity for SOS repair, and thereby 

increase the proportion of resistant mutants even further.

In order to establish a suitable concentration of nalidixic acid to use in these 

experiments, the effect of increasing concentrations of nalidixic acid on the growth of E. 

coli ABl 157 in nutrient broth was investigated.

3.2. Determination of sub-inhibitory and inhibitory concentrations of nalidixic acid 

on £. coli strain ABl 157 growing in nutrient broth.

1.2 ml quantities of an overnight nutrient broth grown culture of strain ABl 157 

were inoculated into six separate 120 ml volumes of nutrient broth, held in 250 ml conical 

flasks, containing concentrations of nalidixic acid ranging from below MIC to four times 

the MIC value, and into a drug-free control. The cultures were incubated in a static water 

bath at 37 °C for eight hours. Viable counts were estimated at 0, 2, 4, 6, and 8 hours.
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Figure 20. Growth ofE. coli strain AB l 157 in nutrient broth containing increasing concentrations 

o f nalidixic acid. (Mean o f three experiments).

Concentrations of 1.5 mg L * nalidixic acid and below, had little effect on the 

growth rate of strain ABl 157 in nutrient broth (Figure 20). Reduced growth was observed 

at 3 mg L'% which was the MIC value determined with a single cell inoculum on solid 

media (Table 5), and 6 and 12 mg L ' were bactericidal (Figure 20). However, these latter 

cultures also became turbid during the full incubation period, which reflects the potent 

induction of the SOS response by nalidixic acid, resulting in cell filamentation prior to 

cell death (Phillips et d., 1987). 6 mg L ’ was selected as the bactericidal concentration 

of nalidixic acid to use in dynamic mutagenesis experiments. Incubation in nutrient broth 

containing this concentration should have two effects: (i) allow the growth of pre-existing 

nalidixic acid-resistant cells present in the nalidixic acid-sensitive population, and (ii) 

allow, or even induce nalidixic acid sensitive cells to ‘actively’ mutate (‘directed
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mutagenesis’) to drug resistance by the SOS error-prone repair pathway. These cells 

would then ‘switch off the SOS response and divide together with pre-existing resistant 

cells.

This experiment would therefore reflect the clinical situation that has arisen in 

some temperate and tropical countries, where the frequent use of nalidixic acid in the 

treatment of Shigellosis has resulted in a massive emergence of nalidixic acid resistant S. 

dvsenteriae type 1 strains (Gross et d., 1984; Rogerie et d., 1986). By assessing the 

influence of the error-prone DNA repair pathway, of which nalidixic acid is a potent 

inducer, on frequency of mutation to nalidixic acid resistance under conditions of nalidixic 

acid-induced stress, the significance of plasmid-specified mutator-effects, which also 

increase the frequency of this mutation, could be evaluated under such conditions. This 

would indicate whether plasmid-mediated mutation systems have contributed to the 

development of nalidixic acid resistance.

3.3. The effect of mutator plasmids on dynamic mutagenesis to nalidixic acid 

resistance.

1.2 ml of overnight nutrient broth grown cultures of strain ABl 157 and its 

plasmid-bearing derivatives were inoculated into 120 ml volumes of nutrient broth 

containing 6 mg L’* nalidixic acid in 250 ml conical flasks, and also into drug-free 

nutrient broth as controls. The cultures were incubated in a static water bath at 37 °C, for 

8 hours. 8.0 ml samples were removed at 0, 2, 4, 6, and 8 hrs and the cells washed and 

resuspended in 8 ml of fresh DM salts solution. Mutation frequencies to nalidixic acid 

resistance were determined by spreading 0.1 ml of the washed undiluted cell suspensions 

onto nutrient agar containing 15 mg L \  This nalidixic acid concentration was five times 

the MIC value determined using inocula that produced isolated colonies. Viable counts 

were also estimated on nutrient agar. Nalidixic acid-resistant clones were scored after 2, 

3, 4, and 6 days incubation at 37 °C.
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Figure 21, The survival (%) o f  E. coli strain A B U 57 and its plasmid-carrying derivatives in 

nutrient broth containing 6 mg L'^ nalidixic acid and drug-free controls held at 37 °C fo r  eight 

hours. (Mean o f  three experiments).

Figure 21 shows the growth of the plasmid-free control strain and its plasmid- 

carrying derivatives in drug-free nutrient broth, and the lethal effects of nutrient broth 

containing 6 mg L ’ nalidixic acid on these strains. Despite the increased cellular 

metabolic demand caused by plasmid-carriage, their presence did not affect the growth 

rate of strain ABl 157 in drug-free nutrient broth (Figure 21). Both the non-mutator 

plasmid RP4 and the UV^ plasmid R46 had no effect on the death rate of strain ABl 157 

in nutrient broth containing 6 mg L ' nalidixic acid (Figure 21). In contrast, both UV^ 

plasmids, R391 and pYDOl, appeared to increase the sensitivity of the strain to nalidixic 

acid. For example, after four hours incubation in nutrient broth containing 6 mg L ’ 

nalidixic acid, the survival levels of these strains were respectively 5.4-fold and 4.5-fold 

less than the plasmid-free control under the same conditions (Figure 21). Therefore, 

although expression of the UV^ phenotype by plasmid R46 did not confer nalidixic acid 

resistance, it appeared that the UV^ phenotype determined by pYDOl and R391 conferred
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sensitivity to nalidixic acid.
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Figure 22, The effect o f  plasmids on spontaneous mutagenesis to nalidixic acid resistance (15 mg 

L ')  in E, coli strain AB1157 cultures growing in drug-free nutrient broth. (Mean o f two 

experiments).

Figure 22 illustrates the control experiment where cells were incubated in drug-free 

nutrient broth prior to plating onto nutrient agar containing 15 mg L ’ nalidixic acid. 

Figure 23 shows the effect of incubating cells in nutrient broth containing 6 mg 

nalidixic acid prior to the selection of cells resistant to 15 mg L ' nalidixic acid on 

nalidixic acid-containing nutrient agar. Mutation frequencies were calculated from data 

recorded after three days incubation, since there was no increase in the number of 

nalidixic acid-resistant clones recovered after this period.

In the control experiment, mutagenesis to nalidixic acid resistance was below the
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level of detection at zero hours for all strains except ABl 157(R46) (Figure 22). Similarly, 

no mutagenesis was detected for the plasmid-free ABl 157 strain and its plasmid-carrying 

derivative strain ABl 157(RP4) after two hours incubation (Figure 22). This was because 

the number of cells plated (10^) was too low for nalidixic acid-resistant cells to be present 

in significant numbers. However, mutation to nalidixic acid resistance was detected in 

AB1157(R46) at zero hours and in strains ABl 157 harbouring plasmids R46, R391 or 

pYDOl (Figure 22) after two hours exponential growth in nutrient broth (Figure 21). After 

four hours incubation in nutrient broth, the cell concentrations of all cultures had increased 

sufficiently (Figure 21) to allow mutants to be detected in all strains (Figure 22). Further 

incubation in nutrient broth increased the viable counts of the cultures, and thus increased 

the number of nalidixic acid resistant cells within the sample. As the frequency of 

mutation to nalidixic acid resistance is determined per cell plated, theoretically no increase 

in mutation frequency should be expected with further incubation. However, the mutation 

frequencies obtained at the initial sampling times were, in all cases, slightly lower than 

those obtained later from more dense samples. This is considered to be an artefact, due 

to the low proportion of viable cells plated at the earlier sampling times (Figure 22). As 

expected, strains carrying mutator plasmids exhibit higher rates of spontaneous 

mutagenesis (Figure 22). Once again, plasmid R46 demonstrates superior mutator-activity, 

producing mutation frequencies approximately twelve-fold greater than the plasmid-free 

control (Figure 22). Plasmids R391 and pYDOl exhibited similar mutator-activities, giving 

mutation frequencies approximately two-fold greater than the plasmid-free control (Figure 

22).

When cells were incubated in nutrient broth containing 6 mg L ‘ nalidixic acid 

prior to plating on nutrient agar containing 15 mg L * nalidixic acid, much higher mutation 

frequencies were obtained compared with the drug-free control (compare Figures 22 and 

23, noting the difference in the scale of the Y axis).
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Figure 23. Enrichment o f  nalidixic acid-resistant cells by pre-incubation in nutrient broth 

containing 6 mg L'' nalidixic acid. (Mean o f two experiments).

No nalidixic acid-resistant clones were recovered from strains harbouring plasmids 

R391, pYDOl and RP4 and from the plasmid-free control strain at zero hours incubation 

(Figure 23). This was due to the low number of cells plated (10^), which proved 

insufficient to detect mutagenesis. However, an apparent spontaneous mutation frequency 

of 1.2 X 10'̂  was obtained from the culture of cells harbouring plasmid R46 (Figure 23). 

This was high for a spontaneous mutation frequency, but, since the numbers of resistant 

clones recovered from these mutation plates were low (on average less than five per 

plate), the authenticity of this data may be debated. After two hours incubation in the 6 

mg L ’ nalidixic acid pre-treatment, the survival of the plasmid-free control strain was 

reduced to 72% (Figure 21), a sample of this culture obtained at this time gave a mutation 

frequency of 7.4 x 10  ̂ (Figure 23). Four hours incubation, under the same conditions, 

reduced the survival level to 20% (Figure 21), a sample taken at this time produced a 

mutation frequency of 1.9 x 10'̂  (Figure 23). Although no further decrease in cell survival 

was apparent with continued incubation for up to six and eight hours in the pre-treatment.
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the frequency of mutation to nalidixic acid resistance increased even further to 1.6 x 10  ̂

and 4.6 x 10  ̂ at these sampling times respectively.

Contrary to the findings of Tenney et d . (1983), it appeared that the apparent 

frequency at which E. coli ABl 157 cells mutated to resist 15 mg nalidixic acid could 

be enhanced considerably, by prior incubation in 6 mg of nalidixic acid. These 

mutation frequencies are termed ‘apparent’, since they represent an enhancement of the 

cell population resistant to nalidixic acid, both as a result of the death of drug-sensitive 

cells and through the growth of pre-existing resistant cells in the low concentration (6 mg 

L ') of nalidixic acid.

Time of 

incubation 

in 6 mg L * 

nalidixic 

acid (hrs)

Plasmid-mediated increase in mutagenesis 
[F(RO/F(R-)]

RP4 R46 R391 pYDOl

2 0.7 155.1 8.5 12.2

4 1.2 447.1 52.6 37.9

6 0.9 106.2 26.9 25.0

8 1.1 84.8 17.2 13.0

Mean 1.0 198.3 26.3 17.6

Table 21. Plasmid effects on increase in mutation frequency to resist 15 mg L ‘ nalidixic acid 

following incubation in nutrient broth containing 6 mg nalidixic acid. Increases expressed as 

the ratio o f the mutation frequencies ofR* cells [F(R*)J over those o fR  cells [F(R)]. (Mean o f  

two experiments).

As predicted, the strain of ABl 157 which harboured the non-mutator plasmid RP4 

produced results virtually indistinguishable from the plasmid-free control strain (Figure 

23), giving a mean ratio of unity when mutation frequencies of the RP4-containing strain 

and plasmid-free strain were compared (Table 21). Whereas strains harbouring the mutator



153

plasmids R46, or R391 or pYDOl gave greatly elevated ‘apparent’ mutation frequencies 

with mean increases of 198.3-fold, 26.3-fold and 17.6-fold respectively when compared 

with the plasmid-less control strain (Table 21). pYDOl, which mediates a small increase 

in spontaneous mutation frequency, can contribute significantly to the development of 

nalidixic acid resistance.



Studies on plasmids that sensitise E. coh AB1157 to UV irradiation.

4.1. Introduction.

From previous chapters, it is clear that a variety of effects are associated 

with plasmid genes encoding mutator functions. These are expressed at various levels by 

both related and unrelated plasmids. Differences in activity may reflect a variation in the 

level of gene expression and/or regulation, or may even provide evidence to support the 

existence of more than one mechanism that determines the mutator phenotype. Results of 

experiments described in previous chapters have already divided mutator plasmids into 

two distinct classes: those which sensitise to, and those which protect their host against 

UV irradiation. The experiments performed in this and the next chapter were designed to 

investigate the former group of plasmids in order to provide an insight into mechanism(s) 

that paradoxically enhance mutagenesis while sensitising E. coli AB1157 to UV.

Investigations into the mechanism(s) of the plasmid-encoded mutator-activities are 

complicated by their dependence upon host genotype (Mortelmans and Dousman, 1986). 

While most reports investigating plasmid-mediated effects on post-UV survival and 

mutagenesis have been performed in E. coli (Tweats et d., 1976; Molina et d., 1979; 

Pinney, 1980; Upton and Finney, 1983), Brunner et (1986) and Mortelmans and 

Dousman (1986) have observed both species-dependent and strain-dependent differences 

from investigations with S_. tvphimurium. Noteworthy to this chapter, was the reported 

increase in UV resistance of S. tvphimurium LT2 produced by the carriage of plasmid 

R391 (Brunner et d., 1986), a direct contrast to the UV sensitisation phenotype R391 

exhibits when resident in E. coli spp. (Molina ^  d., 1979; Pinney, 1980; Upton and 

Pinney, 1983; Pembroke and Stevens, 1984; Ambler et 1991; Figure 12). This 

variation in post-UV activity is thought to be due to differences in specific genetic make

up.

Moreover, these investigations are complicated further by the differential 

expression or regulation of mutator genes. MucAB gene expression is repressed by LexA 

(Elledge and Walker, 1983), thus, if mutations that encode slight variations in LexA
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protein, or in LexA binding sites evolve, muc gene expression might be increased or 

decreased. Muc gene activity may also be regulated by the expression of other plasmid- 

associated genes, as described for plasmid R46 (Dowden and Strike, 1982). These 

regulatory genes coded on R46 are thought to have been lost in the deletion-derivative 

pKMlOl, which exhibits superior mutator activity over its parent plasmid.

Several deletion-derivatives of pKMlOl have been isolated (Walker, 1978b; 

Walker and Dobson, 1979; Langer et d., 1985). Plasmid pGW16, was selected on the 

basis of its increased mutator activity (Walker, 1978a). This plasmid demonstrates superior 

mutator activity over its parent pKMlOl with MMS-induced histidine reversion in the 

excision-repair deficient E. coli strain TK610 (uvrA umuQ, while sensitising the strain 

to UV irradiation (McNally et ̂ ., 1990). The pGW16 phenotype did not appear to be due 

to a mutation independent of mucAB activity and was reminscent of that demonstrated 

by strains carrying the high copy number mucAB recombinant plasmid pGW1700 (Perry 

and Walker, 1982). The similarity between pGW1700-mediated and pGW16-mediated 

post-UV and mutator effects, suggested that pGW16 carries a mutation that increases 

mucAB expression. A single-base-pair substitution in the 5 ' non-coding region of mucAB 

has been implicated (McNally et 1990): this alters the LexA binding site and the -10 

region of the putative mucAB promoter (McNally et 1990).

The mutation-enhancing operon of plasmid R391 has yet to be cloned and 

sequenced. However, preliminary investigations have suggested that it resembles the E. 

coli umuDC genes (Ho and Woodgate, in preparation, quoted in Woodgate and Sedgwick, 

1992). Since both R391-mediated and pGW16-mediated post-UV effects are host- 

dependent, the effects of plasmid-carriage on UV sensitivity in various genetic 

backgrounds was investigated. This work was particularly relevant to pYDOl since it was 

originally isolated from a clinical isolate of S. dvsenteriae type 1. As it was not possible 

to work with S. dvsenteriae in this laboratory, the plasmid-mediated effects on UV 

sensitivity were determined in Shigella sonnei.

4.2. Plasmid transfers to S. sonnei.

Rifampicin-resistant derivatives of S. sonnei were isolated by spreading 0.1 ml of
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a ION concentrated cell suspension onto nutrient agar containing 50 mg of rifampicin. 

Rifampicin-resistant colonies of sonnei were recovered after forty-eight hours 

incubation, and two isolated colonies were purified by wiring out onto MacConkey agar 

containing 50 mg L ‘ rifampicin.

No transfer of plasmids R46, RP4, R391 or pYDOl could be detected from the 

rifampicin-sensitive E. coli ABl 157 donor strains into the newly-constructed rifampicin- 

resistant sonnei recipient after five hours mating in nutrient broth. Conjugation 

experiments were therefore repeated, with the mating mixtures being incubated for forty- 

eight hours prior to plating onto selective media (Table 29). S. sonnei transconjugants 

were recovered from forty-eight hour matings, however, the inter-specific transfer 

frequencies of all plasmids were low (Table 29). The plasmid-mediated drug-resistance 

phenotypes of two transconjugants from each mating were checked, and the strains also 

wired onto MacConkey and nutrient agars and also onto Iso-Sensitest and deoxycholate 

citrate agar. The latter is selective for Shigella spp..

Plasmid

Transferred

Selective

Media

Transfer frequency of 

plasmid per donor cell 

in 48 hr mating

RP4 NA Rif/Tc 5.4 X 10 "

R46 NA Rif/Tc 3.2 X 10-"

R391 NA Rif/Km 7.4 X 10 "

pYDOl ISO Rif/Tm 8.3 X 10 "

Where: NA = Nutrient agar
To = Tetracycline 
Tm = Trimethoprim 
Rif = Rifampicin

ISO = Iso-Sensitest agar 
(10 mg L'̂ )

(10 mg L-’)
(50 mg L-’)

Table 22. The frequencies at which plasmids transferred from E. coli strain AB l 157 to B sonnei 

(Rifampicin-resistant) in a forty-eight hour mating in nutrient broth.
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4.3. Effect of plasmid-carriage on the post-UV survival of S. sonnei

The plasmid-free S. sonnei strain was more sensitive to UV irradiation than E. coli 

ABl 157. The effect of plasmid-carriage on post-UV survival was therefore investigated 

using a lower range of UV intensities than had been employed previously with E. coli.

As expected, plasmid R46 clearly protected S. sonnei against UV, analogous to the 

UV^ phenotype it demonstrated in an E. coli host (compare Figures 8 and 24). The UV 

sensitivity of the strain harbouring the non-mutator plasmid RP4 was virtually no different 

from the plasmid-free control strain (Figure 24). However, plasmids R391 and pYDOl, 

which both demonstrated the UV® phenotype when present in an E. coli ABl 157 (Figures 

11 and 12), both protected the S. sonnei host against UV (Figure 24). Thus, the effects 

mediated by pYDOl appeared to be species-dependent, with the activity of pYDOl once 

again resembling that of plasmid R391.

100
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R46

1.0

0.1
pYDOl

R391
RP4

0.01

0.001
0 10 20 30 40 50 60

UV d o s e

Figure 24. Effect o f  plasmid-carriage on the post-UV survival o f  S. sonnei. (Mean o f  three
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experiments).

Table 28, quite clearly shows that the carriage of plasmids R46, R391 and pYDOl 

increased the UV resistance of S. sonnei. Furthermore, while the shapes of the post-UV 

survival curves of strains harbouring plasmid pYDOl or R391 are similar, they are quite 

distinct from that of ABl 157(R46). Since the extent of UV protection mediated by R391 

and pYDOl was virtually the same for all UV doses tested, mean values have been 

calculated to express this plasmid-mediated increase (Table 28). Both plasmids facilitated 

a 3-fold (mean) increase in post-UV survival (Table 28). In contrast, the level of UV 

protection mediated by R46 increased with each increase in UV intensity (Table 28), thus, 

producing a ‘shoulder effect’ (Figure 24). A mean value therefore could not be calculated 

under such conditions (Table 28).

UV 

dose 

(J m-̂ )

Plasmid-mediated increase in survival (%) 

[R  ̂ survival(%)/R‘ survival(%)]

RP4 R391 pYDOl R46

10 1.1 1.7 1.6 2.3

20 1.5 1.9 1.8 4.9

30 0.8 1.9 2.4 13.3

40 1.3 4.3 3.4 45.6

50 1.1 6.3 8.4 132.8

60 1.1 2.3 2.4 311.1

Mean 1.2 3.0 3.0 -

Table 23. The plasmid-facilitated increase in survival (%) o f  S. sonnei with increasing doses o f  

UV irradiation.

In E. coli. the U V  phenotype specified by R46 is most apparent in strain 

TK501 uvrB umuC , where levels of protection approach 1,000-fold at high UV doses 

(Upton and Pinney, 1983). This strain is deficient in both excision-repair and SOS-repair 

and therefore hypersensitive to UV. Upton and Pinney (1983) found that when R46 was
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introduced into TK501, its level of UV resistance increased to become comparable with 

that of the uvrB^ umuC^ parent. Plasmids were therefore transferred to TK501 in order 

to ascertain their effect on UV sensitivity.

4.4. Transfer of plasmids into £. coli strain TK501 uvrB umuC.

Plasmids were transferred in three hour nutrient broth matings from lactose- 

positive E. coli 343/113 or E. coli J53.2 donor strains to the lactose-negative TK501 strain 

(Methods 4). With the exception of R391, all plasmids transferred at relatively high 

frequencies (Table 29). Two transconjugant clones from each mating were purified by 

wiring out onto drug-free media to check for colonial morphology, and onto media 

containing appropriate antibiotics to confirm complete plasmid transfer.

Plasmid Antibiotic

resistance

phenotype

Transfer frequency of 

plasmid per donor cell 

in 3 hr mating

RP4 Ap Tc Km Nm 5.5 X 10"

R46 Ap Tc Sm Su 6.3 X 10 "

R391 Km Nm 1.4 X 10'̂

pYDOl Tm 5.3 X 10 '

where: Ap = Ampicillin
Nm = Neomycin 
Sm = Streptomycin

Km = Kanamycin 
Tm = Trimethoprim 
Su = Sulphadiazine

All at 10 mg L ’

Table 24. The frequencies at which plasmids transferred from E. coli AB l 157 to E  coli TK501 

in three hour nutrient broth matings.

4.5. The effect of plasmid-carriage on post-UV survival of E. coli strain TK501.

Appropriate dilutions of an overnight culture of E. coli TK501 and its plasmid- 

bearing derivatives were plated onto nutrient agar according to the method of Miles and
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Misra (1938). TK501 strains are highly UV sensitive due to their uvrB umuC genotype, 

and plates were therefore subjected to low UV intensities, using a UV fluence of 

0.4 J m'  ̂ s '\

As expected, the strain harbouring R46 demonstrated high levels of UV resistance 

relative to its isogenic plasmid-less host at all UV doses tested, and RP4 had no effect on 

the post-UV survival of TK501 (Figure 25). Rather surprisingly, the carriage of plasmids 

R391 or pYDOl, neither protected, nor sensitised TK501 to UV irradiation at any of the 

UV doses tested (Figure 25). It would therefore appear that the UV® phenotype of these 

plasmids in E. coli (Figures 11 and 12) is dependent on host-encoded umuCT and/or uvrB^ 

genotypes.
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Figure 25. The effect o f  plasmid-carriage on the post-UV survival o f  E. coli TK501, using a UV 

fluence o f  0.4 J  m'^ s '\  (Mean o f three experiments).
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The plasmid profiles of the donors, recipient and transconjugant strains from the 

previous conjugation experiments (Results 4.4) were determined to confirm that the 

absence of expression of the UV® phenotype by TK501 strains carrying plasmids R391 

or pYDOl was authentic, and that the plasmids were indeed present in these strains.

4.6. Plasmid profiles of donors, recipient and transconjugants.

Plasmid DNA was extracted using the method of Kado and Liu (1981) from strain 

TK501(R391), TK501(pYD01), TK501(R46) and TK501(RP4) together with the donor and 

recipient strains used in their construction.

The electrophoretic plasmid profiles of the strains are shown in Figure 26. The two 

outside lanes of the gel, A and L, show plasmids extracted from the control E. coli K12 

strain 39R861, which carried four plasmids of known molecular weight: plasmid RAl-1 

of 98 mDa, plasmid X of 42 mDa, plasmid SA of 23.9 mDa and plasmid NTP168 of 4.6 

mDa. These plasmid bands are clearly visible and are labelled in Figure 26. Lane B shows 

the result obtained with a lysate of the plasmid-free E. coli 343/113 strain which clearly 

contained no plasmid. Lane C shows the result obtained with a lysate of strain 343/113 

containing plasmid R391. No plasmid is visible, since R391 remains associated with 

chromosomal DNA (Hedges et M , 1975; Nugent, 1981; Pembroke et d., 1986). Lane D 

is the result obtained with the lysate of the kanamycin-resistant TK501 transconjugant, 

produced from the conjugation of E. coli 343/113 (R391) with E. coli TK501, once again 

no plasmid band was visible, for the same reason. Lane E shows the lysate of E. coli 

strain J53.2 containing plasmid pYDOl, the 40 mDa plasmid is clearly visible. Lane F 

shows the result from a lysate of a trimethoprim-resistant TK501 transconjugant clone 

produced from the conjugation of E. coli J53.2(pYD01) with strain TK501, the plasmid 

band proves that pYDOl has certainly been transferred from E. coli J53.2 to the TK501 

strain. Lane G shows the result of the lysate of strain 343/113 containing RP4, which is 

evident from the plasmid band. Lane H shows the cell lysate of the ampicillin-, 

tetracycline-, kanamycin- and neomycin-resistant TK501 transconjugant produced from 

the conjugation of E. coli 343/113(RP4) with E. coli TK501. RP4 has clearly been 

transferred into the TK501 recipient. Lane I shows the result of the lysate of strain 

343/113 containing plasmid R46, which is evident from the plasmid band.
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Figure 26. Plasmid profiles o f  strains obtained by agarose gel electrophoresis. Plasmid DNA was 

extracted as described by Kado and Liu (1981), and cell lysates loaded onto a 0.8% agarose gel, 

which was run at 110 V, (approximately 0.5 mAmps) for six hours. The gel was then stained in 

1.25 m g l'‘ aqueous ethidium bromide solution and photographed under UV (wavelength 254 nm).
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Lane J shows the result of the lysate of the ampicillin-, tetracycline-, sulphadiazine- and 

streptomycin-resistant transconjugant produced from the conjugation of strain 

343/113(R46) with strain TK501. Plasmid R46 has been clearly been transferred into the 

E. coli TK501 recipient. Finally, lane K shows the result produced from a lysate of the 

recipient strain TK501 prior to conjugation; no plasmid band is visible.

Agarose gel electrophoresis studies do not contradict previous data, and thus 

support the transfers of RP4, R46, and pYDOl into the E. coli TK501 strain. This verified 

the authenticity of the UV sensitivity results obtained with these strains (Figure 25). 

Unfortunately, the presence of R391 in either the E. coli 343/113(R391) donor or the 

TK501(R391) transconjugant could not he proven by electrophoresis of cell lysates 

obtained by alkaline extraction, since, as reported earlier, the plasmid appears to remain 

integrated within chromosomal DNA and therefore remains undetectable (Pembroke et ̂ . ,

1986).

Indeed, several workers have been unsuccessful in their attempts to isolate 

extrachromosomal DNA from cells containing R391, despite using various techniques 

(Hedges et al., 1975; Nugent, 1981; Pembroke et al-, 1986). Recent attempts to isolate 

R391 have involved the formation of a co-integrate (Results to be published, Murphy,

1991, personal communication). As the UV sensitivities of strains harbouring R391 have 

closely resembled those carrying pYDOl in all the UV sensitivity tests conducted in this 

thesis, and transconjugant clones demonstrated the expected antibiotic resistance profile; 

this inferred that R391 had been successfully transferred. Furthermore, the relatively high 

transfer frequency of kanamycin resistance into the TK501 strain certainly supported the 

acquisition of R391 (Table 29).

The unusual post-UV sensitisation characteristics determined by R391 and pYDOl j  

appeared to be strain-dependent, and therefore reminiscent of the deletion plasmid 

pGW16. If the UV® phenotypes demonstrated by plasmids R391 and pYDOl in strain 

ABl 157 were, like pGW16, due to the absence of regulatory genes controlling this 

phenotypic expression, then additive sensitisation effects would be expected in strains 

carrying double or triple combinations of these plasmids. If, however, the UV® phenotypes
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exhibited by R391 and pYDOl were determined by a different mechanism than pGW16, 

then an antagonistic effect might be apparent. Derivatives of strain AB1157 harbouring 

single, double and triple combinations of R391, pYDOl, pGW16 and pKMlOl were 

constructed and their UV sensitivities investigated.

4.7. Construction of double and triple plasmid-containing E. coli ABl 157 strains.

Double and triple plasmid-containing E. coli ABl 157 strains were constructed by 

transferring plasmid R391 or pYDOl from lactose-positive E. coli 343/113 donor strains 

into lactose-negative E. coli ABl 157 recipient strains, which already harboured one, or 

more resident plasmid(s). 1 ml of an overnight donor culture grown in nutrient-rich 

tryptone soya broth (TSB) was mixed with 1 ml of overnight TSB-grown recipient culture 

in 4.5 ml of pre-warmed (37 °C) TSB. These conjugation mixtures were passed through 

nitrocellulose membranes and the membranes placed aseptically onto prewarmed (37 °C) 

TSA, with cells uppermost, and incubated at 37 °C for five hours. Recipient and donor 

cultures were treated similarly as controls.

After five hours, the filters were aseptically removed and the cells resuspended in 

1.0 ml of DM salts solution by vortexing for 1 min. 0.1 ml of the conjugation mixture and 

its serial dilutions were spread onto DM agar supplemented with glucose, together with 

each of the amino acid and vitamin requirements of the recipient ABl 157 strain (Figure 

7), plus an antibiotic (10 mg L^) to which resident plasmid(s) of the recipient strain 

conferred resistance, plus 10 mg of kanamycin for the transfer of R391, or 10 mg 

of trimethoprim for the transfer of pYDOl. 0.1 ml of washed donor and recipient cultures 

were also spread onto selection plates to confirm they were selective for the growth of 

transconjugants. Viable counts of the recipient strain were conducted on drug-free nutrient 

and MacConkey agars, and supplemented DM agar, plus antibiotics (10 mg L'^) to which 

resident plasmid(s) conferred resistance. Viable counts of the donor strain were performed 

on drug-free nutrient and MacConkey agars, and DM agar supplemented with glucose and 

the amino acid and vitamin requirements of the donor strain (Figure 7), plus 10 mg 

of kanamycin or trimethoprim respectively. Transconjugants were checked for colonial 

morphology and complete plasmid transfer, and two suitable clones were purified for 

storage as described previously (Chapter 1).
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In agreement with earlier results (Results 2.3), pYDOl was transferred at high 

frequencies into E. coli AB1157(pKM101) and AB1157(pYD01) recipient strains, while 

R391 was transferred into recipient strains at lower frequencies (Table 29). The lower 

rates of transfer obtained with R391 compare well with those demonstrated by Coetzee 

e tg .  (1972).

The newly-acquired conjugant plasmids were stably maintained, and compatible 

with the pre-existing resident plasmid(s). This implied that the plasmids resident in these 

strains belong to different incompatibility groups; which made it unlikely that pYDOl 

should be assigned to either the IncJ or the IncN groups. Detailed incompatibility studies 

would be required to substantiate this observation.

Plasmid

transferred

Recipient

strain

Selecting 

antibiotic 

in medium

Transfer frequency 

per input donor 

cell in 5hr mating

R391 AB1157(pKM101) Km 10 mgL^ 4.3 X 10-"

pYDOl AB1157(pKM101) Tm 10 mgL^ 4.3

R391 AB1157(pYD01) Km 10 mgL^ 3.8 X 10-"

pYDOl AB1157(pGW16) Tm 10 mgL^ 8.9 X 10 '

R391 AB1157(pGW16) Km 10 mgL'^ 2.1 X 10"

Table 25. The frequency at which plasmids transferred from E. coli 343/113 donor strain to E  

coli A B l 157 (R plasmid-containing) recipient strains in five hours, on nitrocellulose membranes 

plated on TSA plates.

4.8. Plasmid profiles of double and triple plasmid-containing strains.

A purified clone from each conjugation experiment was examined by agarose gel 

electrophoresis, to determine the plasmid profiles of these newly-constructed strains. 

Plasmid DNA was extracted from recipient, donor and transconjugant strains, and their 

plasmid profiles determined as described by Kado and Liu (1981).
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Figure 27. Plasmid profiles o f single, double and triple plasmid-containing strains obtained by 

agarose gel electrophoresis. Plasmid DNA was extracted as d'escribed by Kado and Liu (1981 ), 

and were loaded onto a 0.8% agarose gel, which was run at 110 V, (approximately 0.5 mAmps) 

for six hours. The gel was then stained in 1.25 mg aqueous ethidium bromide solution and 

photographed under UV (wavelength 254 nm).
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The two outside lanes, A and J, of the gel in Figure 27 clearly show the four 

plasmids extracted from the control K12 strain which carried: plasmid RAl-1 of 98 mDa, 

plasmid X of 42 mDa, plasmid SA of 23.9 mDa, and plasmid NTP168 of 4.6 mDa. Lane 

I shows the recipient ABl 157 strain which clearly contained no plasmid, and Lane H 

shows the result obtained with a lysate of strain ABl 157 carrying pGW16, which is 

evident from Figure 27. Lane G shows the result from a lysate of strain ABl 157 

containing plasmid R391 (Figure 27); no plasmid band was evident. This agrees with 

Pembroke (1986) who used various methods, including that described by Kado and 

Liu (1981), to isolate extrachromosomal DNA from strains carrying R391, but could not 

demonstrate the plasmid. Lane F shows the result obtained from a lysate of strain ABl 157 

carrying pYDOl, the 40 mDa plasmid is clearly visible. Lane E shows the result derived 

from a lysate of the kanamycin- and ampicillin-resi stant transconjugant produced from the 

conjugation of strain AB1157(pGW16) with AB1157(R391): as predicted, only the 

presence of pYDOl was detected. Lane D shows the result obtained from a lysate of the 

ampicillin- and trimethoprim-resistant transconjugant produced from the conjugation of 

strain AB1157(pGW16) and AB1157(pYD01): the presence of both pGW16 and pYDOl 

is evident. Lane C shows the result produced from a lysate of the ampicillin-, kanamycin- 

and trimethoprim-resistant transconjugant resulting from the successive conjugation of 

strains ABl 157(pGW16) with ABl 157(pYD01), and then ABl 157(pGW16/pYD01) with 

AB1157(R391). As predicted, there was no visible difference between lanes D and C, 

since the extrachromosomal DNA of R391 cannot be demonstrated using alkaline 

extraction. Finally, lane B shows the result obtained from a lysate of the trimethoprim- 

and kanamycin-resistant transconjugant produced from the conjugation of strains 

AB1157(R391) and AB1157(pYD01); only the plasmid band of pYDOl is visible.

4.9. Comparison of the UV sensitisation produced by plasmid pYDOl with that 

mediated by plasmids R391 and pGW16.

The post-UV survival characteristics of E. coli ABl 157 strains harbouring plasmids 

pKMlOl, pYDOl, R391 and pGW16 singly, and in double, and triple combinations, were 

investigated. Appropriate dilutions of overnight nutrient broth-grown cultures were plated 

onto nutrient agar, as described by Miles and Misra (1938). Once these had been absorbed 

into the agar, the plates were irradiated with a UV fluence of 1 J m'  ̂ s'̂  for varying
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exposure times, before being incubated overnight at 37 ®C.
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Figure 28. The post-UV survival o f  E. coli strain ABl 157 harbouring solitary plasmids. (Mean 

o f  three experiments).

Figure 28 illustrates the UV sensitivities of ABl 157 strains harbouring solitary 

plasmids. While plasmid pKMlOl increased UV resistance at all UV intensities tested, its 

deletion derivative pGW16 sensitised at low (< 80 J m'^), and protected at high (> 80 J 

m'^) UV doses (Figure 28). Thus, the post-UV survival curve of the AB1157(pGW16) 

strain was quite distinct from that of AB1157(pKM101). Plasmids R391 and pYDOl 

sensitised the ABl 157 strain to all UV doses tested (Figure 28).
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Figure 29. Protecting effect o f  plasmidpKMlOl on E. coli strains AB l 157 harbouring plasmids 

pYDOl or R391. (Mean o f three experiments).

Since pGW16 is a deletion-derivative of pKMlOl, it was not possible to construct 

a strain in which both plasmids were co-resident. The effect of the introduction of UV® 

plasmids, pYDOl and R391, into strain ABl 157(pKM101) was next investigated. Plasmid 

R391 reduced the level of UV protection conferred by pKMlOl at all UV doses studied 

(Figure 29). Similarly, introduction of pYDOl into strain ABl 157(pKM101) also reduced 

post-UV survival, however, to a lesser extent than that produced by the introduction of 

R391 (Figure 29). As the UV-sensitising ability of plasmid R391 was superior to pYDOl, 

the overall effect of double plasmid-carriage in strain AB1157(R391/pKM101) was to 

make the strain more sensitive to UV than the plasmid-ffee control strain (Figure 29). 

Whereas the overall effect of double plasmid-carriage in strain ABl 157(pKM101/pYD01)
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was of UV protection compared with the plasmid-free control strain at all doses tested 

(Figure 29). Finally, it is noteworthy that the shapes of the post-UV survival curves of the 

double plasmid-containing strains resembled that of AB1157(pKM101), rather than 

ABl 157 carrying either R391 or pYDOl alone i.e. demonstrated a shoulder effect (Figure 

29). In agreement with these findings, Magadan (1983) has also reported that R391 

reduces post-UV survival when introduced into an E. coli strain already harbouring 

pKMlOl.

Although, pGW16 is incompatible with pKMlOl, it was possible to construct 

derivatives of ABl 157 containing combinations of the three UV® plasmids R391, pYDOl 

and pGW16. Introduction of plasmid R391, or pYDOl, into strain AB1157(pGW16) 

increased its UV sensitivity all UV doses tested (Figure 30). The shape of the post-UV 

survival curves of the double plasmid-carrying strains closely resembled that of strain 

ABl 157(pGW16), rather than those of ABl 157 harbouring R391, or pYDOl alone. Thus, 

at UV doses of <40 J m' ,̂ the post-UV survival of the double plasmid-containing strain, 

ABl 157(R391/pGW16), was lower than that of strain ABl 157(R391). However, at higher 

UV doses, the post-UV survival of this double plasmid-containing strain was intermediate 

between that of strains AB1157(pGW16) and AB1157(R391) (Figure 30). Nevertheless, 

the overall effect of plasmid-carriage was to increase UV sensitivity at all UV doses tested 

(Figure 30). Similarly, at UV doses of <60 J m' ,̂ the post-UV survival of the double 

plasmid-containing strain, AB1157(pYD01/pGW16), was lower than that of 

AB1157(pYD01), whereas at UV doses of >60 J m' ,̂ the post-UV survival of this double 

plasmid-containing strain was intermediate between strains AB1157(pYD01) and 

AB1157(pGW16) (Figure 30). Thus, the overall effect of plasmid-carriage in strain 

AB1157(pYD01/pGW16) was to increase UV sensitivity at low, but, to mediate UV 

protection at high UV doses (Figure 30).
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Figure 30. The effect o f  the UV^ plasmid, pGW16, on E. coli ABl 157 strains harbouring plasmids 

pYDOl or R391. (Mean o f three experiments).

Having demonstrated that the UV^ plasmids, pYDOl and R391, both increased the 

UV sensitising effect of pGW16 at low UV doses, and reduced its UV protecting ability 

at higher UV doses, the effects of pYDOl and R391 in combination on the UV sensitivity 

of strain ABl 157 were next investigated.
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Figure 31. The additive effect ofUV^ plasmids, pYDOl and R391, on the post-UV survival o fK  

coli A B U 57. (Mean o f three experiments).

From the results in Figure 31, it appeared that the UV sensitising abilities of 

pYDOl and R391 were additive. The double plasmid-containing strain

AB1157(R391/pYD01) was more sensitive to UV than the strains harbouring either 

plasmid alone (Figure 31). However, when R391 was introduced into strain

AB1157(pGW16/pYD01), the triple plasmid-containing strain was more resistant to UV 

than strain AB1157(R391/pYD01). In a way, plasmid pGW16 was mimicking the effect 

observed when R391 was introduced into strain AB1157(pKM101/pYD01), since both 

pGW16 and pKMlOl increased the post-UV resistance of strain AB1157(R391/pYD01), 

but, not to the level of the plasmid-less control strain (Figure 32). The overall effect of 

triple plasmid-carriage in both strains tested was of UV sensitisation (Figure 32), with
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strain AB1157(pGW16/pYD01/R391) being more sensitive than strain 

AB1157(pKM101/pYD01/R391) at UV doses <80 J m ̂  but more resistant at higher UV 

doses (Figure 32). The shapes of the post-UV survival curves differed, retaining the 

concavity or convexity determined by strains harbouring pGW16 or pKMlOl alone.
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Figure 32. The protecting effects o f plasmids pKMlOl and pGW16 on the UV sensitivity o f  the 

double plasmid-containing strain E. coli ABl 157(RS91/pYD01). (Mean o f three experiments).

The co-existence of plasmid pYDOl and R391 in the same strain therefore gave 

an increased (additive) UV sensitising effect, whereas the presence of the UV^ plasmid, 

pKMlOl, into strain AB1157(pYD01/pGW16) reduced this UV sensitisation. Similarly, 

presence of pKMlOl’s plasmid derivative, pGW16, which sensitised strain ABl 157 to low 

UV doses, also decreased the UV sensitising effects of R391 and pYDOl, whether alone 

or together in the same host. These results suggest that R391 and pYDOl may share a 

similar mechanism of action for UV sensitisation, which differs from that of pGW16.
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To summarise, when pKMlOl is present with the UV^ plasmids R391 and pYDOl, 

either singly or together, the UV sensitising abilities of both these plasmids are reduced. 

Conversely, the UV protection mediated by pKMlOl is reduced by the co-presence of 

R391 or pYDOl. These results might imply that the UV  ̂and UV® phenotypes determined 

by these plasmids are expressed, and exert their effects independently. Furthermore, 

although the shape of the post-UV survival plot of the triple plasmid-containing strain 

ABl 157 (pGW16/pYD01/R391) resembled that of strain AB1157(pGW16), the triple 

plasmid-containing strain was more UV resistant than strain AB1157(pYD01/R391), and 

more UV sensitive than strain ABl 157(pGW16). It would therefore appear that the three 

plasmids exert their post-UV effects independently of each other.

In sununary, it may be concluded that the UV sensitising characteristics of plasmid 

pYDOl closely resembled those mediated by R391. This UV® phenotype appeared to be 

species-dependent, since both plasmids conferred UV protection when carried in a S. 

sonnei host. The species-dependent UV** phenotype expressed by R391 and pYDOl 

appeared to be distinct from R46. Strains harbouring R391 and pYDOl also produced 

similar post-UV survival curves to the plasmid-less control strain, whereas introduction 

of R46 into a strain produced a shoulder in its post-UV survival curve. The highest 

increase in post-UV survival conferred by R46 was seen in E. coli TK501 uvrB umuC. 

which is deficient in both excision and mutagenic SOS repair (Upton and Pinney, 1983). 

Astonishingly, plasmids R391 and pYDOl appeared to have no effect on the post-UV 

survival of this strain. This implied that the UV sensitising phenotype determined by these 

plasmids was dependent on uvrB^ and/or umuC^ gene activity. Thus, it appeared that 

plasmids R391 and pYDOl conferred similar post-UV effects, which are distinct from 

those of the well-documented plasmid R46, and its deletion derivatives pKMlOl and 

pGW16. These findings therefore tend to favour the existence of more than one 

mechanism for plasmid-mediated mutator function.



The effect of mutator plasmids on post-UV DNA synthesis.

5.1. Introduction.

UmuDC mutants of E. coli are deficient in error-prone (SOS) DNA repair and are 

hypersensitive to, and virtually immutable by, UV compared with the wild-type umuDC^ 

parent (Kato and Shinoura, 1977, Steinbom, 1978). The mutation-enhancing and UV 

protection effects determined by plasmid R46 and its derivatives are encoded by mucAB 

genes (Mortelmans and Stocker, 1976), the gene products of which are structurally and 

functionally homologous to UmuDC proteins.

Studies investigating the expression of eight non-related muc^ plasmids in eleven 

different DNA repair-deficient E. coli strains showed that all eight plasmids were 

dependent upon host recA and lexA phenotypes, but, independent of uvrA. uvrB. umuC. 

recF. polA. uvrD and recL for plasmid-facilitated mutator functions (Upton and Pinney, 

1983). However, the precise molecular details of the processes of mutagenic DNA repair 

are unclear.

In addition to UmuDC proteins or plasmid-analogues, mutagenesis requires the 

main DNA replicative enzyme Pol III, RecA, and the heat-shock proteins GroEL and 

GroES (reviewed by Woodgate and Sedgwick, 1992). The mechanism of trans-lesion 

synthesis is probably the most elusive mechanism involved in DNA repair. It has been 

suggested that bases are inserted opposite non-coding lesions (misincorporation) in a two 

step process, in which UmuDC proteins are essential to the latter, bypass stage. UmuDC 

are thought to transiently inhibit the exonucleolytic processing (proofreading function) of 

Pol in, enabling it to bypass otherwise blocking lesions (reviewed by Woodgate and 

Sedgwick, 1992). Consistent with the requirement for umu or umu-like gene products for 

chain elongation after base insertion (Bridges, 1988), Little et d- (1991) reported that 

DNA synthesis was inhibited to a greater extent in E. coli TK702 umuC strains than in 

a umuC  ̂background following UV irradiation. The introduction of the muc^ plasmids 

pKMlOl or pGW16 increased post-UV DNA synthesis in both umuC and umuCT strains
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(Little et d., 1991), whereas pGW12 a mue deletion derivative of pKMlOl had no effect 

on post-UV survival or DNA synthesis (Little et 1991). These authors also 

investigated the effects of various wild-type plasmids from different incompatibility 

groups on post-UV DNA synthesis in E. coli TK501 uvrB umuC. Three of these plasmids 

R46, R124 and R446b, which determine UV protection (Upton and Pinney, 1983), 

produced a significant increase in post-UV DNA synthesis (Little et 1991), whereas 

three unrelated plasmids Rl, RP4, and R6K, which do not affect post-UV survival (Upton 

and Pinney, 1983), had no significant effect on post-UV DNA synthesis (Little et d., 

1991).

Although, R391 did not protect, or sensitise TK501 to UV (Figure 21), it does 

increase UV-induced reversion frequencies to amino acid independence in this strain 

relative to the plasmid-less control strain (Upton and Pinney, 1983). Furthermore, it is 

noteworthy that while the levels of UV-induced mutagenesis were significantly higher in 

TK501(R46) than in TK501(R391), mutagenesis in the double plasmid-containing strain 

TK501 (R46/R391 ) was intermediate between those of TK501 strains carrying R391 or 

R46 alone (Upton and Pinney, 1983). Thus, the presence of both plasmids in combination 

lessens the mutagenic effect determined by both of these plasmids.

The effects of plasmid pYDOl on post-UV DNA synthesis in E. coli TK501 were 

therefore investigated to compare with the results obtained by Little et d. (1991) with 

R391. Post-UV DNA synthesis in E. coli strain TK501 uvrB umuC was initially 

determined at various UV doses, to establish a suitable UV dose for demonstrating any 

plasmid-mediated effects.

5.2. The effect of UV dose on post-UV DNA synthesis in E. coli strain TK501.

A culture of strain TK501 was grown overnight in 4.5 ml of fully-supplemented 

DM medium. 0.5 ml of this culture was inoculated into five separate 9.5 ml volumes of 

fresh fully-supplemented DM medium and the suspensions were shaken for two hours at 

37 °C. These five separate log phase cultures were then pooled and the viable count of 

the pooled suspension determined on nutrient agar. 9 ml aliquots of the log phase cell 

suspension were then aseptically transferred to 9 cm diameter sterile glass Petri dishes and
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irradiated with stirring for a given time, using a UV fluence of 0.25 J

Viable counts of the irradiated cell suspensions were determined on nutrient agar. 

0.25 ml of each irradiated suspension and 0.25 ml of non-irradiated suspension as a 

control were added to 0.25 ml of prewarmed fully-supplemented DM medium containing 

400 pg ml ' deoxyadenosine and 5 pi methyPH thymidine 5 '-triphosphate (1 mCi ml '; 

50 Ci mmol '). The reaction mixtures were vortexed and a 50 pi sample was removed 

immediately. These reaction mixtures were then incubated in a water bath held at 37 °C 

for six hours, with a 50 pi sample being removed every hour.

The 50 pi samples were spotted onto 2 x 2 cm squares of chromatography paper 

and dried. These sample papers were then soaked in ice-cold aqueous 5% TCA solution 

containing 0.1% tetra-sodium pyrophosphate for eight hours, to precipitate 

macromolecules, including the tritiated thymidine incorporated into the newly synthesised 

DNA onto the chromatography papers. The TCA solution was then removed and the 

papers subjected to two further fifteen minute washes in fresh cold TCA-pyrophosphate 

solution to remove unincorporated tritiated thymidine. The chromatography papers were 

then rinsed for fifteen minutes in absolute ethanol, followed by fifteen minutes in absolute 

ethanol: diethyl ether (1:1), and finally for fifteen minutes in diethyl ether to remove all 

traces of water. The chromatography papers were then dried at room temperature and 

placed in scintillation vials containing 4 ml of scintillant. The level of tritiated thymidine 

incorporation was determined using a liquid scintillation counter.

Figure 33, shows the amount of tritiated thymidine incorporated into DNA by 

plasmid-less TK501 cell suspensions following UV irradiation at various UV doses. As 

expected, the non-irradiated control demonstrated the greatest incorporation of 

thymidine (Figure 33), reflecting the level of cellular DNA synthesis during normal 

logarithmic growth.

UV doses of 1.25 and 2.5 J m'  ̂reduced the survival of TK501 to 6.5 and 1.65 % 

respectively (Table 26). In spite of these large reductions in survival, the incorporation of 

thymidine into acid-insoluble material in the irradiated cell suspensions was reduced by
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only 38%, from approximately 54,000 to 41,000 dpm after five hours growth following 

a UV dose of 1.25 J m' ,̂ and by 24% from approximately 54,000 to 34,000 dpm after five 

hours post-exposure growth using a UV dose of 2.5 J m'  ̂ (Figure 33). High levels of 

DNA synthesis was therefore occurring in cells that were ultimately non-viable; a 

reflection of the attempted DNA repair activity.

mO UV d o s e  ( Jm -2,
60

N o n e

1.2540

2.5
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5.0

7.5
10.0

0o
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T i m e  a f t e r  UV i r r a d i a t i o n  (hr)

Figure 33. The post-UV DNA synthesis in E. coli strain TK501 uvrB umuC after various UV 

doses. (Mean o f  three experiments).

Higher UV doses of 5.0, 7.5 and 10.0 J m'  ̂reduced TK501 survival to below 1% 

survival (Table 26), and resulted in much lower levels of ^H incorporation. These plots 

consisted of two parts: an initial lag phase, where there was little or no DNA synthesis; 

followed by a relatively large increase in post-UV DNA synthesis (Table 26). The length 

of the lag phase was UV dose-dependent (Figure 33), and therefore reflects the action of 

DNA photolesions, such as pyrimidine dimers, which block the DNA replication fork. At
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low UV doses, DNA synthesis is primarily concerned with DNA replication, however at 

higher UV doses the equilibrium shifts towards DNA repair functions. E. coli strain 

TK501 is uvrB umuC and is therefore deficient in both error-free excision repair and 

error-prone mutagenic repair. The only DNA repair mechanisms in operation in TK501 

strains are presumably photoreactivation, in the presence of light, and post-replication 

recombinational repair. Therefore, pyrimidine dimers blocking DNA replication would be 

by passed by post-replicative recombinational repair processes. Nevertheless, it is 

noteworthy that excision repair would be required for the actual removal of DNA lesions.

UV dose 
(J m-2)

Post-UV survival 
(%)

0 100

1.25 6.5

2.5 1.65

5.0 0.05

7.5 3.0 X 10 "

10.0 2.6 X 10 "

Table 26. The post-UV survival o f  E. coli strain TK501 after various UV doses.

(Mean o f  three experiments).

5.3. The effect of plasmid-carriage on post-UV DNA synthesis.

The effect of plasmid-carriage on post-UV DNA synthesis was investigated in 

plasmid-bearing derivatives of strain TK501 using a UV dose of 7.5 J m' ,̂ since this UV 

dose limited the amount of label incorporation in plasmid-free cells. If plasmids did 

increase post-UV DNA synthesis as demonstrated by Little et d . (1991), then the 

difference in label uptake between plasmid-free and plasmid-containing strains would be 

visible at this UV intensity.

Logarithmic phase cell suspensions of TK501 and its plasmid-bearing derivatives 

were irradiated with a UV dose of 7.5 J m' .̂ These irradiated cell suspensions and non

irradiated controls were used to inoculate fully-supplemented DM salts solution containing
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5 îl methyl-^H thymidine 5 '-triphosphate (1 mCi ml' ;̂ 50 Ci mmol ’) and 400 pg ml ’ 

deoxyadenosine. This reaction mixture was incubated and samples removed, and treated 

as described previously.

A UV dose of 12 J m'  ̂reduced cell survival to approximately 0.35% in all strains 

except TK501 carrying R46 which mediated UV protection (Table 27). Thus, consistent 

with earlier results (Results 4.7), plasmids R391, RP4 and pYDOl exerted no effect on 

post-UV survival of TK501.

Plasmid Survival (%)

R 0.05

RP4 0.03

R46 8.2

R391 0.03

pYDOl 0.03

Table 21, The effect o f  plasmid-carriage on the post-UV survival o f  E. coli TK501 after a UV 

dose o f 12 J  m' .̂

The uptake of radioactive label following UV exposure, reflects the level of 

post-UV DNA repair and replication activity in TK501 and its plasmid-containing 

derivatives; this has been expressed as a percentage of the label uptake in respective 

control (non-irradiated) cultures (Figure 34). This method of data presentation was 

employed by Little et d. (1991) in order to emphasise the effect of plasmid-carriage on 

DNA synthesis in umuC deficient strains. Consistent with Little et d  (1991), R46 did 

indeed increase post-UV DNA synthesis, while RP4 did not appear to increase label 

uptake significantly (Figure 34). Plasmids R391 and pYDOl, however, reduced label 

uptake by TK501 relative to the plasmid-free control.

It is also noteworthy that label uptake immediately following UV irradiation in the 

plasmid-free and RP4-, R391- and pYDOl-containing strains was relatively low (lag 

phase), but, then increased with continued incubation (Figure 34). In contrast, label uptake
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in strain TK501 harbouring R46 was rapid during the first two hours of incubation, and 

then returned to a more gradual increase (Figure 34). This trend in results is consistent 

with those described by Little (1991).

100
R46
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T i m e  a f t e r  UV I r r a d i a t i o n  (hr)

Figure 34. The influence o f plasmid-carriage on label uptake following a UV dose o f  7.5 J  m '\ 

Data expressed as a percentage uptake o f  the respective non-irradiated control culture. (Mean o f  

two experiments).

These rather surprising results appeared to support earlier conjecture that the 

mutator-effects determined by plasmids R391 and pYDOl are indeed similar and quite 

distinct from those of R46 and its related plasmids.
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DISCUSSION

Nearly thirty years after the introduction of nalidixic acid, there have been two 

unsubstantiated (Crumplin, 1987; 1990; this thesis) accounts of plasmid-mediated nalidixic 

acid resistance (Panhotra et 1985; Munshi et al., 1987). In parallel with studies 

characterising plasmids isolated from nalidixic acid-resistant shigella isolates of the 

Central Afiican epidemic (Frost et ai., 1985), it appears that the nalidixic acid-resistance 

phenotype determined by the Bangladeshi strain (Munshi et M., 1987) does not co-transfer 

with any of the plasmids it carries (Crumplin, 1987; 1990). It was therefore postulated 

(Crumplin, 1987; this thesis) that the presence of plasmid-determined genes encoding a 

mutator phenotype might have contributed to the massive emergence of chromosomal 

nalidixic acid resistance seen in Zaire (Rogerie et d., 1986), India (Panhotra et al., 1985) 

and Bangladesh (Munshi et d., 1987). Indeed, work presented in this thesis has 

demonstrated that the carriage of known mutator plasmids by a laboratory strain of E. 

coli. designated ABl 157, can increase the frequency of chromosomal mutation to nalidixic 

acid resistance (Ambler and Pinney, 1989). Furthermore, experiments have proven that an 

R plasmid (pYDOl) isolated from the multiple drug-resistant Shigella dvsenteriae type 1 

from Kashmir (Panhotra et d., 1985) does indeed encode a mutator function (Ambler et 

d., 1993). The mutator-activities of pYDOl have been compared with those of other R 

plasmids from various incompatibility groups encoding a mutator phenotype. Thus, 

experiments in this thesis have shown:

• The effect of mutator plasmids on the rate of mutation to chromosomal nalidixic acid 

resistance and the frequency of reversion from histidine auxotrophy to histidine 

independence in E. coli strain ABl 157 in the presence and absence of UV irradiation.

• The presence of a mutator plasmid (pYDOl) in a clinically-isolated nalidixic acid- 

resistant strain of Shigella dvsenteriae type 1 from Kashmir (Panhotra et d ., 1985).

• The influence of mutator plasmids on mutagenesis to nalidixic acid resistance following 

incubation in nutrient broth containing bactericidal concentrations of nalidixic acid.

• The mutation-enhancing and UV^ phenotypes determined by pYDOl, closely resemble



183

those of the clinically-isolated IncJ group plasmid R391, even though pYDOl does not 

appear to be an IncJ plasmid.

• Dependence of R3 91-mediated and pYDOl-mediated post-UV effects on the host 

genotype.

• The effect of mutator plasmids on post-UV DNA synthesis, which revealed a distinction 

between UV^ and UV^ mutator plasmids.

The effect of mutator plasmids on the rate of mutation to chromosomal nalidixic acid 

resistance in E. coli strain ABl 157 in the presence and absence of UV irradiation.

Known mutator plasmids, together with a control non-mutator plasmid RP4 

(Pinney, 1980; Upton and Pinney, 1983), transferred at relatively high frequencies (Table 

3) into E. coli strain ABl 157 in conjugation experiments. UV sensitivity testing of strain 

ABl 157 and its newly-constructed plasmid-carrying derivatives confirmed the UV^ 

phenotypes of plasmids R46, pKMlOl, R124 and R16, whereas RP4 had no effect on 

post-UV survival (Piimey, 1980; Upton and Pirmey, 1983; Figure 8). The extent of 

protection affected by these plasmids varied: the highest level of protection was observed 

with pKMlOl, whilst the lowest level was exhibited by R16 (Figure 8). The variation in 

the level of UV protection exhibited by different plasmids has been well documented 

(Siccardi, 1969; Mortelmans, 1975; Molina et d., 1979; Pirmey, 1980; Upton and Pirmey, 

1983; Mortelmans and Dousman, 1986), and is thought to reflect the different levels of 

gene expression determined by the plasmids.

The frequency at which quinolone-resistant mutants are isolated decreases with 

increase in quinolone concentration on which cells are plated (Cullman 1985; Smith, 

1986). The influence of plasmids on the frequency of spontaneous mutagenesis in E. coli 

strain ABl 157 to nalidixic acid-resistance was therefore investigated using five times the 

minimum inhibitory concentration value (MIC) of nalidixic acid, a concentration 

commonly used for isolating quinolone-resistant mutants (Smith, 1986). The MIC of 

nalidixic acid obtained with a single cell inoculum on nutrient and DM agars was 3.0 mg 

L ‘ for strain ABl 157 and all its plasmid-harbouring derivatives (Tables 4 and 5).
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Plasmid-carriage therefore had no effect on the MIC value of nalidixic acid against E. coli 

strain ABl 157. By definition (BSAC Working Party, 1991), MIC values are determined 

using a dilution of overnight culture that produces isolated colonies. However, since 

undiluted inocula gave the higher MIC value of 4 mg L * for all strains tested (Tables 4 

and 5), and mutagenesis was determined by plating concentrated cell suspensions onto 

nalidixic acid-containing media, the MIC of nalidixic acid was taken to be 4 mg in this 

instance. Thus, 20 mg L'̂  of nalidixic acid was incorporated into media used to determine 

the frequency of mutation to five times the MIC value of nalidixic acid. Virtually identical 

MIC values and mutator-effects were obtained on DM and nutrient agars. Plasmid 

pKMlOl carries the ^  gene, which confers a slow growth phenotype on host strains 

(Langer et d., 1981). The ABl 157 strain that carried pKMlOl therefore was incubated 

longer than the other plasmid-containing strains tested to allow it to demonstrate its full 

expression to nalidixic acid resistance.

The frequency of spontaneous mutation to nalidixic acid resistance was low in 

strain ABl 157 at approximately 10'̂  per cell plated (Tables 6 and 7). Carriage of the 

control non-mutator plasmid RP4 did not affect this rate (Tables 6 and 7), confirming the 

absence of mutator genes on this plasmid (Pinney, 1980; and Upton and Pirmey, 1983). 

The increase in mutation frequencies to nalidixic acid seen in strains harbouring the 

mutator plasmids R46, pKMlOl, R124 and R16 (Tables 6 and 7) confirmed the initial 

hypothesis that the carriage of such plasmids could increase the frequency of spontaneous 

mutation to nalidixic acid resistance (Crumplin, 1987; Ambler and Pirmey, 1989).

In parallel with the varying levels of UV** expression, the scale of the mutator- 

effect demonstrated by the different plasmids also varied: pKMlOl produced the greatest 

increase in spontaneous mutation, whilst plasmid R124 facilitated the smallest mutator- 

effect (Tables 6 and 7). Once again, this variation in mutator-activity probably reflected 

the different levels of gene expression determined by the various plasmids.

pKMlOl is a deletion-derivative of the naturally-occurring plasmid R46, created 

by a series of consecutive transductions and conjugation experiments (Mortelmans and 

Stocker, 1979). The deletion extends over a 13.8 kb region of plasmid R46, which carries
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the antibiotic resistance marker encoding sulphonamide, streptomycin and tetracycline 

resistance, with only approximately two thirds of the R46 genome being retained 

(Mortelmans and Stocker, 1979). The superior mutagenic ability of pKMlOl over it’s 

parent R46 and other mutator plasmids has been reported by several workers (McCann 

et al., 1975, Mortelmans, 1975; Mortelmans and Stocker, 1979; Pinney, 1980; Upton and 

Pinney, 1983), and is thought to be due to the deletion of a gene function that acts in 

trans in R46 to reduce plasmid-encoded error-prone repair by negative regulation of muc 

gene expression (Dowden and Strike, 1982; Langer et d., 1985). Since R124 and R16 

offered not only lower levels of UV protection, but also demonstrated lower mutator 

activities than both IncN plasmids, this suggests their gene expression is more tightly 

regulated than those of pKMlOl and R46.

From these experiments it was apparent that possession of conjugative R plasmids 

encoding the mutator phenotype could increase the rate of chromosomal mutation to 

nalidixic acid-resistance in E. coli (Ambler and Pinney, 1989). Since the distribution of 

mutation-enhancing plasmids is widespread, both in terms of incompatibility grouping 

(Pinney, 1980; Upton and Pinney 1983) and geography (Mortelmans, 1975), it is possible 

that they could have contributed to the massive emergence of nalidixic acid-resistant 

isolates in Zaire (Rogerie et d., 1986) and Southern Asia (Panhotra et al., 1985; Munshi 

et al., 1987). Plasmid profiles of many of these strains reveals the presence of several 

plasmids (Frost et d., 1981; 1985). Thus, although R plasmids may not be significant in 

terms of plasmid-mediated resistance per se, those encoding mutator function could 

contribute to the development of significant clinical quinolone resistance; since resistance 

to nalidixic acid frequently leads to cross-resistance to other quinolones (Inoue et d., 

1978; Smith, 1984a; Traub, 1985). A survey of clinically-isolated quinolone-resistant 

strains, screened for plasmid-determined mutator function, would be indicative of the 

frequency of such a plasmid-facilitated chromosomal mutation in clinical strains.

The influence of mutator plasmids on UV-induced mutation frequencies to 

nalidixic acid resistance and spontaneous and UV-induced reversion frequencies to 

histidine reversion were also investigated, and are discussed below.
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The occurrence of a mutator plasmid in a clinically isolated nalidixic acid-resistant 

strain of Shigella dvsenteriae type 1 from Kashmir.

The multiple drug-resistant S. dvsenteriae type 1 strain from Kashmir, in which 

Panhotra et (1985) reported a transferable plasmid conferring nalidixic acid-resistance, 

was kindly donated by Dr. Panhotra to Dr. Drabu of the North Middlesex Hospital, 

London, who in turn made it available for the work presented in this thesis. Drabu and 

Blakemore (personal communication, 1989) believed that they too had observed the 

apparent transfer of nalidixic acid resistance from the S. dvsenteriae type 1 strain to E. 

coli strain J53.2 at low frequencies, of between 10 ̂  to 10 ® per donor cell in three hour 

nutrient broth matings. Transfer of the nalidixic acid resistance phenotype was also 

associated with the acquisition of trimethoprim resistance by the recipient, with the 

trimethoprim-resistance phenotype transferring alone at a high frequency of about 10'̂  

(Drabu and Blakemore, personal communication, 1989).

Antibacterial sensitivity testing on receipt of the S. dvsenteriae type 1 strain 

confirmed it to be resistant to ampicillin, chloramphenicol, streptomycin, sulphonamides, 

tetracycline, trimethoprim and nalidixic acid, and sensitive to rifampicin (Table 9) (Drabu 

and Blakemore, personal communication, 1989). However, the attempted conjugal transfer 

of the individual antibacterial resistance phenotypes from the S. dvsenteriae to a 

rifampicin-resistant Shigella flexneri and to the rifampicin-resistant E. coli strain J53.2, 

revealed that trimethoprim resistance was the only drug resistance phenotype to be 

transferred at a detectable frequency (Tables 10 and 11) to both recipients in nutrient 

broth or filter mating experiments. None of the other antibacterial resistance phenotypes 

of the multiple-resistant strain were transferred (Tables 10 and 11).

Agarose gel electrophoresis performed on lysates of recipient, donor and 

transconjugant cultures from these conjugation experiments demonstrated the plasmid 

profiles of the strains. The multiple resistant S. dvsenteriae type 1 donor strain contained 

four plasmids, with estimated molecular weights of 105, 40, 7.5 and 1 mDa, and the 

recipient E. coli J53.2 strain contained no plasmid prior to conjugation (Figure 9). The 

lysate of the trimethoprim-resistant E. coli J53.2 transconjugant showed that only the 40 

mDa plasmid had been acquired, concomitant with it becoming trimethoprim-resistant
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(Figure 9). This plasmid was designated pYDOl (Ambler et al., 1991; Ambler et al., 

1993). The 105 mDa plasmid is certainly large enough to be conjugative (Willetts, 1984), 

and is likely to be present at low copy number (Timmis et ^ ., 1986), however, since no 

other resistance phenotype was transferable at a detectable frequency, it is unlikely that 

this plasmid determines any of the other resistance traits of the host strain. The two 

remaining plasmids are certainly too small to be conjugally transferable (Willetts, 1984), 

and even though it is possible that they could be mobilised by either of the two larger 

plasmids, they were not shown to co-transfer with pYDOl and therefore not investigated 

further.

In an analogous experiment, pYDOl was transferred on, from the lactose positive 

E. coli strain J53.2(pYD01) transconjugant clone to the lactose negative E. coli strain 

ABl 157, using trimethoprim as the selecting agent for plasmid transfer. Once again, 

trimethoprim resistance was transferred at the high frequency of 2.3 x 10 ’ per input donor 

in a five hour mating (Results 2.4), and agarose gel electrophoresis of a lysate of the 

trimethoprim-resistant ABl 157 transconjugant clearly demonstrated the presence of 

pYDOl (Figure 9).

These conjugation experiments and the plasmid profiles of the strains involved, 

confirmed that the only drug-resistance phenotype to be conjugally transferable from the 

multiple resistant S. dvsenteriae type 1 strain was trimethoprim resistance, which was 

encoded by plasmid pYDOl. It was therefore concluded that the nalidixic acid-resistance 

phenotype of the multiple resistant Shigella strain (Panhotra et d., 1985) was not 

determined by a transferable plasmid (Ambler et d., 1991). This confirmed my 

reinterpretation of the results of Drabu and Blakemore (personal communication, 1989), 

which suggested they had observed the growth of pre-existing nalidixic acid-resistant 

chromosomal mutants of the recipient, which had become trimethoprim-resistant by 

acquisition of pYDOl. Further support was given to this hypothesis was by the rate 

reported by Drabu and Blakemore (personal communication, 1989) at which nalidixic acid 

resistance transferred. This reported transfer approximated to the spontaneous mutation 

frequency of E. coli strain ABl 157 to nalidixic acid resistance (Table 16).
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Since these transfer experiments confirmed that pYDOl did not carry genes 

encoding resistance to nalidixic acid, the plasmid was next investigated to see if it 

increased the spontaneous mutation frequency of strain ABl 157 and thus, could have 

facilitated an increase in the frequency at which the S. dvsenteriae type 1 strain mutated 

to chromosomal nalidixic acid resistance. The frequent use of nalidixic acid in tropical and 

temperate countries following the Central African epidemic of shigellosis, could have 

provided the selection pressure for such plasmid-facilitated chromosomal mutations to 

become established in clinical strains.

Most mutator plasmids exhibit the UV** phenotype (Upton and Pinney, 1983; 

reviewed by Strike and Lodwick, 1987; Figure 8). The UV sensitivity of strain 

ABl 157(pYD01) was therefore tested and compared with the plasmid-less parent and 

other plasmid-carrying derivatives of ABl 157 (Figure 11). The result was surprising, in 

that pYDOl actually sensitised its host to UV at all intensities tested (Figure 11), unlike 

the control mutator plasmids R46, pKMlOl, R124 and R16, which all conferred the 

common UV** phenotype. Although, this plasmid-encoded UV sensitisation ability is 

unusual, it is certainly not unique. Pembroke and Stevens (1984) reported that the carriage 

of IncJ plasmids R391, R997, R705, R706, R748 or R794 by E. coli strain ABl 157 

resulted in the hypersensitivity of the parent strain to UV irradiation, and concluded that 

this UV-sensitising (UV^) phenotype was typical of all IncJ plasmids. Probably the best 

documented of these plasmids is R391 (Coetzee et d., 1972; Molina et d., 1979; Pinney, 

1980; Magadan, 1983; Pembroke and Stevens, 1984; Upton and Pinney, 1983), which was 

clinically-isolated from a Proteus regetteri strain in South Africa (Coetzee et d ., 1972). 

Figure 12 shows the UV^ effect produced by R391 in strain ABl 157. It compares well 

with the post-UV survival curve of strain AB1157(pYD01) (Figure 11). These findings 

suggested that pYDOl could indeed be a mutator plasmid belonging to the category that 

confers the UV^ phenotype, in contrast to the typical UV** phenotype associated with the 

majority of mutator plasmids.

The effects of pYDOl on spontaneous and UV-inducible forward mutagenesis to 

nalidixic acid resistance were next investigated, and compared with the mutator-activities 

of the UV^ plasmid R391, the UV** plasmid R46 and the non-mutator plasmid RP4. As
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neither R391 nor pYDOl affected the MIC of nalidixic acid against strain ABl 157, 20 mg 

L‘* nalidixic acid (five times the MIC value) was used as the selecting concentration to 

recover nalidixic acid-resistant clones.

Mutation frequencies to nalidixic acid resistance were low (Tables 6 and 7). A 

high concentration of cells had therefore to be plated in order to produce quantitatively 

reliable results. Initially, mutation frequencies were determined by plating irradiated and 

non-irradiated 20N concentrated cell suspensions onto nalidixic acid-containing medium. 

However, viable counts revealed that ABl 157 cells suspended at high concentration in 

DM salts solution were more resistant to UV than ABl 157 cells plated at low 

concentrations, to give isolated colonies on nutrient agar (compare Figure 14 with Figure 

15). This was due to the physical phenomenon known as shielding. The effects of 

shielding were therefore reduced by irradiating a less concentrated cell suspension in DM 

salts solution, of minimal volume, and employing a stirring mechanism during irradiation.

Various combinations of UV intensity and cell concentrations in DM salts solution 

were investigated to find an optimum combination for determining UV-induced mutation 

frequencies to nalidixic acid resistance. UV doses were used that produced approximately 

50% survival in each of the cell concentrations (Figure 16, Table 13) to induce 

mutagenesis. As mutation frequencies are expressed per viable cell plated, theoretically 

there should be no difference in the mutation frequencies obtained with the various cell 

concentrations. Indeed, the 20N, 15N and ION concentrated cell suspensions produced 

similar results (Table 12), giving an average spontaneous mutation frequency of 4.7 x 10 ^ 

Mutagenesis was undetected with 0.1 and N cell suspensions, since the numbers of cells 

plated were too low to recover nalidixic acid-resistant clones (Table 12). UV doses 

estimated to produce approximately 50% cell survival clearly increased mutagenesis 

(Table 12), and analogous to spontaneous mutagenesis, the concentrated suspensions 

produced similar UV-induced mutation frequencies (Table 13), giving an average UV- 

induced mutation frequency of 2.1 x 10 ̂  (Table 13).

As ION concentrated cell suspensions produced the clearest and most accurate 

result, further experiments investigating spontaneous and UV-induced mutation frequencies
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to nalidixic acid resistance were conducted with this cell concentration. A UV dose of 210 

J m'  ̂ produced approximately 50% survival in this concentrated suspension. This 

combination was therefore used to investigate the effect of plasmid-carriage on 

spontaneous and UV-induced mutation frequencies to nalidixic acid resistance, and thus 

to determine whether pYDOl conferred the mutator phenotype.

In agreement with earlier results (Table 7), the control plasmid RP4 had no effect 

on spontaneous mutagenesis (Table 16), whereas both of the known mutator plasmids, 

R46 and R391, increased mutagenesis between 3.5-fold and 4-fold (Table 16). pYDOl 

facilitated a similar mutator-effect (Table 16) increasing spontaneous mutation frequency 

by 4.1-fold. These results indicated that pYDOl was undoubtedly a mutator plasmid, since 

its presence increased the rate of spontaneous mutagenesis by the same magnitude as 

known mutator plasmids. While this data shows internal consistency, the actual mutation 

frequencies determined by this method (Table 16) are much higher than those determined 

previously (Table 7). This discrepancy in mutation frequencies, is due to the different 

methods used to recover resistant-clones. The overlay method was employed in earlier 

experiments, since it had been used by various workers (reviewed by Smith, 1986). 

However, more recent studies on mutation to 4-quinolone resistance have favoured the 

spread plate method, since this provides apparently higher frequencies of quinolone- 

resistant clones, which can therefore be demonstrated at lower cell concentrations (Smith, 

1986; Parte, 1992).

A UV dose of 210 J m'  ̂ reduced cell survival of all strains tested (Table 17), 

although, the protective effect mediated by plasmid R46 and the sensitising effect of R391 

and pYDOl were still apparent. This UV dose induced increased mutagenesis in all strains 

tested, giving mutation frequencies that were approximately two-fold higher than the 

respective spontaneous mutation frequencies (compare Tables 16 with 17). Thus, the 

mutator effects determined by plasmids were similar whether obtained with, or without, 

UV induction (compare Tables 16 with 17) and, rather surprisingly, therefore appeared 

to be independent of UV induction. This suggested that either plasmid-encoded gene 

expression was constitutive, or that any inducible function was not expressed in the 

particular mutation system (quinolone resistance) being studied. However, UV-induced
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mutagenesis had so far only been determined at a single UV dose. Therefore, the effect 

of plasmid-carriage on UV-induced mutagenesis at various UV doses was next 

investigated.

Mutation frequencies induced by UV irradiation increased to a maximum at a dose 

of 180 J m^ s'̂  and then declined with further increases in UV dosage (Figure 17). 

Plasmid-carriage magnified this UV dose-effect (Figure 17), with R46 and pYDOl clearly 

increasing the frequencies of both spontaneous and UV-induced mutation in strain 

ABl 157 at all UV doses tested. The mutator-activity of R46 was clearly superior to that 

of pYDOl (Figure 17).

Although the increase in UV-mutagenesis with increasing UV intensity would be 

virtually urmoticeable when plotted on an arithmetic scale, implying there was no dose- 

effect with the plasmid-free strain, a semi-logarithmic plot did infer a possible UV dose- 

effect (Figure 17). Furthermore, plasmid-carriage certainly appeared to magnify this 

apparent dose-effect seen with the semi-logarithmic plot (Figure 17). Once again, R46 

mediated superior mutator-ability over pYDOl (Figure 17). The mutator-activity encoded 

by R46 appeared to be effectively enhanced by increases in UV intensity and was 

therefore dose-dependent (Figure 17 and Table 18)). This inferred that expression of genes 

encoding mutator function in R46 might be UV-inducible. However, further evidence 

would be required to substantiate the ‘apparent’ increase in mutator-effect observed 

between 90 and 360 J m' ,̂ and thereby validate the inducibility of this mutation-enhancing 

system.

In contrast, the mutator-effect determined by pYDOl was hardly enhanced by 

increasing UV intensity (Table 18). Although these experiments confirmed pYDOl 

encoded a mutator phenotype, no substantial evidence was obtained to support the UV 

inducibility of the pYDOl plasmid-encoded system. It is interesting that all three semi- 

logarithmic plots of mutation frequency against UV intensity peak at a maximum UV dose 

and then decline (Figure 17). This decline presumably represents the low number of viable 

cells plated onto selection plates and may reflect an increase in lethal events produced by 

error-prone repair in its attempt to overcome the increasing number of blocks to DNA
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replication. Certainly the very different levels of cell survival mediated by R46 and 

pYDOl, as a result of their respective UV^ and UV^ phenotypes, will be significant to the 

frequency of mutation at high UV intensities. The apparently low mutation frequencies 

obtained with strain ABl 157(pYD01) at high UV intensities, are likely to be an artefact, 

due to the low number of viable cells plated, which are insufficient to represent or even 

detect the complete expression of pre-existing nalidixic acid-resistance. Although UV- 

mutagenesis is calculated per survivor and should therefore take into account differences 

in cell survival, mutation frequencies can only be as accurate as the sample size permits. 

When a sample size is too small to allow the full expression of the drug-resistance 

phenotype to be detected, apparently low (inaccurate) or no UV-induced mutation 

frequencies will be obtained (Results 2.6.5). This also explains the absence of resistant 

clones recovered from concentrated cell suspensions of strains ABl 157(pYD01) and the 

plasmid-free control which have been irradiated with UV doses of 450 and 540 J m' .̂

A simplified method in which cells were plated before irradiation was next 

employed to assess the effects of several different plasmids on mutation to nalidixic acid 

resistance. However, mutation frequencies produced by this protocol could not be 

quantitatively compared with results from the previous method. It can be seen in Figure 

18, that no peak mutation frequency was apparent in any of the strains tested, even though 

mutation frequencies obtained were much higher than cells irradiated in liquid suspension 

(Figure 17). The plasmid-free ABl 157 control strain had a spontaneous mutation 

frequency of 2.0 x 10'̂  (Figure 18). A UV dose of 10 J m'  ̂ induced a 1.9-fold increase 

in this frequency (Figure 18), with further increases in UV dose up to 80 J m' ,̂ inducing 

proportional increases in the rate of mutagenesis to nalidixic acid resistance (Figure 18). 

Thus, confirming the UV dose-effect inferred in Figure 17.

Plasmids R46, R391 and pYDOl all increased not only the rate of spontaneous 

mutation, but also the rate of UV-induced mutation at all UV doses tested (Figure 18 and 

Table 19). Once again the scale of the mutator-effect exhibited by these different plasmids 

varied: the UV** plasmid R46 demonstrated superior mutator-activity, whereas the UV^ 

plasmids R391 and pYDOl produced closely related mutator-effects, which were more 

than a third lower than that of R46 (Table 19). These plasmid-facilitated increases in
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chromosomal mutagenesis to nalidixic acid resistance were authenticated by the absence 

of any plasmid-mediated effect in the ABl 157 strain carrying the non-mutator plasmid 

RP4 (Table 19).

Table 19, shows that the presence of R391 or pYDOl had no greater effect on UV- 

induced mutation frequencies compared with their effects on spontaneous mutation. These 

findings confirm the constitutive expression of these plasmid-encoded genes, and argue 

against their inducibility under such conditions. In contrast, the mutator-activity of R46 

was enhanced by increases in UV intensity (Table 19). This was consistent with earlier 

results and therefore suggested that mutator gene expression in R46 was both constitutive 

and inducible by UV irradiation.

Having investigated the influence of plasmid-carriage on forward mutation to 

nalidixic acid resistance, the effects of plasmid-carriage on spontaneous and UV-induced 

reversion from histidine auxotrophy to histidine independence (prototrophy) were checked 

in order to compare the two mutation systems. Although mutation frequencies would 

differ, the mutator effect mediated by the plasmids should be expressed in both systems. 

This was predicted as both mutations involve single-point mutations. The spontaneous 

mutator-activities of plasmids R46, pKMlOl, R124 and R16, as determined in the forward 

assay to nalidixic acid resistance (Table 6) compare well with their previously-determined 

effects on reversion frequencies to amino acid independence (Molina et d ., 1979; Pinney, 

1980; Upton and Pinney, 1983).

Plasmids, R46, pKMlOl, R391 and pYDOl all increased UV-induced reversion to 

histidine independence in strain ABl 157 (Figure 19). In agreement with previous work 

(Molina et d., 1979; Pinney, 1980; Upton and Pinney, 1983), the scale of the mutator- 

effect determined by the different plasmids varied: pKMlOl demonstrated superior 

mutator-activity, whereas R391 and pYDOl produced the lowest mutator-effects, and R46 

was intermediate in activity (Figure 19). The control plasmid RP4 conferred neither 

spontaneous nor UV-induced mutator-activity (Figure 19). However, contrary to data 

obtained on mutation to nalidixic acid resistance (Table 19), only three of the four mutator 

plasmids demonstrated a spontaneous mutator-effect on reversion to histidine
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independence (Table 20). Plasmid R391 had no apparent effect (Figure 19, and Table 20). 

This result is in good agreement with the apparent absence of spontaneous mutator- 

activity shown by R391 when tested in a system that quantified reversion frequencies to 

tryptophan independence (Magadan, 1983).

The results of these experiments substantiated the UV-inducibility of R46-encoded 

mutator activity, and the difference in mutator gene expression between R46 and the two 

UV^ plasmids R391 and pYDOl imply the latter plasmids facilitate enhanced-mutagenesis 

by a mechanism quite distinct from R46. This certainly warrants further investigation.

The influence of mutator plasmids on mutagenesis to nalidixic acid-resistance 

following incubation in nutrient broth containing bactericidal concentrations of 

nalidixic acid.

Previous experiments had revealed that plasmid-mediated mutator functions were 

greater in cultures which had been exposed to UV-induced DNA damage. Treatment with 

nalidixic acid interferes with DNA replication (Goss et al., 1965; Cook et d ., 1966, 

Bourguignon et d., 1973) by inhibiting DNA gyrase. The precise mechanism of this 

action remains to be elucidated, but it results in potent induction of the SOS response in 

E. coli (Gudas and Pardee, 1976; Piddock and Wise, 1987; Hooper et ^ ., 1988; Hooper 

and Wolfson, 1989; Lewin et d., 1989; Walters et d ., 1989; Ysem et al., 1990). 

Therefore, it was postulated that incubation in bactericidal concentrations of nalidixic acid 

should, not only select nalidixic acid-resistant mutants, but also, might increase their 

incidence by the induction of a hypermutable state resulting from SOS DNA repair. In 

lethal concentrations of the drug, resistant mutants should grow to predominant levels, as 

nalidixic acid-sensitive cells die due to quinolone-induced DNA damage. This selection 

procedure for resistant mutants would mimic the exposure and selection pressure that 

occurs during clinical treatment with nalidixic acid. It was further postulated that mutator 

plasmids might enhance the rate at which this increase in resistance to nalidixic acid 

developed under such conditions.

Concentrations of nalidixic acid up to 1.5 mg L'̂  had little effect on the growth 

rate of E. coli ABl 157 in nutrient broth (Figure 20). 3 mg L'* nalidixic acid reduced the
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rate of cell division, and 6 and 12 mg L'* were lethal (Figure 20). 6 mg was therefore 

chosen as a suitable concentration. Although, plasmids RP4 and R46 did not affect the 

sensitivity of ABl 157 to this concentration of nalidixic acid, R391 and pYDOl increased 

the sensitivity of the strain (Figure 21). These findings are interesting, since they agree 

with those of Masterson (unpublished), who found that R391 sensitised E. coli to a broad 

range of physical mutagens (personal communication, Murphy, 1991).

When cells were incubated in nutrient broth containing bactericidal concentrations 

(6 mg L *) of nalidixic acid prior to plating on nutrient agar containing 15 mg L '\ the 

frequency of occurrence of mutants that were resistant to the higher concentration of drug 

was greater in all strains compared with frequencies obtained from drug-free control 

cultures. These findings tend to conflict with those of Tenney et al. (1983) who concluded 

that selection of nalidixic acid-resistant clones by passage in sub-inhibitory levels of the 

drug only induce levels of drug-resistance close to that employed for selection. These 

results are interesting, since the experiments mimic the clinical situation in which drug 

treatment provides a strong selection pressure for drug-resistant mutants. While plasmids 

mediate only a small increase in spontaneous mutagenesis to nalidixic acid resistance of 

between 2-fold and 12-fold (Figure 22), prior exposure to bactericidal concentrations of 

nalidixic acid induced plasmid-mediated mutator systems to effect between 17.6-fold and 

198-fold increases in the proportion of drug-resistant cells (Table 21). These experiments 

demonstrate how the apparent mutator-activity of these plasmid-encoded systems is 

significantly increased when a positive selection pressure is applied. This clearly illustrates 

how mutator plasmids could contribute significantly to the development of nalidixic acid- 

resistance. The results could also provide further support to the hypothesis of ‘directed 

mutation’ (Cairns et al., 1988), since nalidixic acid is a potent inducer of the mutagenic 

SOS repair pathway (Phillips et ̂ . ,  1987) and mutator plasmids increase the effectiveness 

of this process (Upton and Pinney, 1983; Blanco et M., 1986).

Thus, it was clear that a variety of effects are associated with mutagenic DNA- 

repair genes carried on natural plasmids. Their differential expression might be indicative 

of more than one mechanism being responsible for the determination of such effects. 

Results in section 2.9 suggested that plasmids pYDOl and R391 mediated their mutator
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effect by a similar mechanism, which was different from the more common mechanism 

specified by plasmid R46. This led to an investigation of the interactions of the 

mechanism(s) determining these plasmid-mediated effects.

Dependence of R391-mediated and pYDOl-mediated post-UV effects on host 

genotype.

As R3 91-mediated mutation-enhancing and post-UV effects are both species- 

dependent and strain-dependent (Brunner ^  M., 1986; Mortelmans and Dousman, 1986), 

the post-UV characteristics of the plasmids were investigated in various genetic 

backgrounds. This was of special interest since pYDOl had been isolated in Shigella 

dvsenteriae. Plasmids were transferred into a safer shigella species. Shigella sonnei. and 

their influence on post-UV survival determined.

Plasmids transferred at relatively low frequencies from E. coli to S. sonnei (Table 

22), despite the employment of nitrocellulose membranes in conjugation experiments. 

Analogous to the UV-effects observed in E. coli strain ABl 157 (Figure 13), R46 clearly 

protected sonnei from UV irradiation, and the post-UV survival curve of S. 

sonnei(RP4) was undistinguishable from the plasmid-free control at all UV intensities 

studied (Figure 24). Rather surprisingly, plasmids pYDOl and R391, which sensitised E. 

coli strain ABl 157 (Figures 11 and 12 respectively), protected the S. sonnei host against 

UV at all intensities studied (Figure 24). These findings confirmed that post-UV survival 

effects exerted by the plasmids are indeed dependent on the host genotype. The difference 

in UV-effects mediated by these plasmids may also reflect the difference in DNA repair 

capacity of the two hosts.

A survey that screened sixteen species of enterobacteria for mutagenic DNA repair 

activity revealed it was more widespread than previously speculated (Sedgwick et ^ ., 

1991). This survey also disclosed that umu loci might be more complex in species other 

than E. coli. since differences in UV-induced mutagenesis of more than two hundred-fold 

were observed between different enterobacteria. Significant strain-dependent differences 

were even observed within the genus Escherichia (Sedgwick et d., 1991). Despite the 

striking homology of the umuDC region of E. coli with umu-like regions present in
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Shigella spp., S. sonnei demonstrated lower levels of mutagenesis relative to E. coli 

(Sedgwick et d., 1991), and inducible mutagenesis remained undetected in S. bovdii 

(Sedgwick et d., 1991).

The reduced level of mutagenesis observed in S. sonnei relative to E. coli, implies 

that its umu loci might be less efficient, or more stringently regulated than the E. coli 

counterparts (Sedgwick et d., 1991). One would therefore expect the introduction of muc^ 

plasmids into S. sonnei to increase the cellular capacity for mutagenic DNA repair, and 

reduce UV-sensitivity, which was indeed seen with the S. sonnei strain carrying plasmid 

R46 (Figure 24).

The variable UV-effects mediated by plasmids R391 and pYDOl are much harder 

to explain. They do however, appear to be reminiscent of the post-UV and mutator effects 

observed with several deletion-derivatives of pKMlOl that carry point mutations in the 

muc region. These mutant plasmids have altered induction capabilities, and as a result 

mediate various responses to chemical and radiation mutagens (Walker, 1978b; Walker 

and Dobson, 1979). Most noteworthy of these are the deletion plasmids, pGW1975 

(Langer et ^ ., 1985) and pGW16 (Walker, 1978a). While pGW1975 retains pKMlOl’s 

ability to increase susceptibility to MMS-mutagenesis, it paradoxically increases the 

sensitivity of E. coli to UV irradiation (Langer et d., 1985). Moreover, pGW1975 

demonstrates superior mutator activity over pKMlOl in an excision-repair deficient uvrA 

mutant, but lower mutator activity than pKMlOl in a uvrA^ parent strain (Langer et ^ .,

1985). However, when muc' point and insertion mutants of pKMlOl are co-resident in the 

same host as pGW1975, the UV^ phenotype is restored to the same level as pKMlOl, as 

is mutagenesis and the ability to reactivate UV-irradiated phage (Langer et d ., 1985). It 

was concluded that these unusual pGW1975 phenotypes result from increased muc 

expression, due to deletion of the muc operon regulatory regions, believed to be a 2.0 kb 

region upstream from mucAB (Langer et d., 1985).

pGW1700, the high copy number recombinant plasmid derived from pKMlOl 

(Perry and Walker, 1982), paridoxically elevates MMS-induced mutagenesis in E. coli 

strain TK610 to a greater extent than pKMlOl, even though it is less proficient than
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pKMlOl at conferring UV protection (Perry and Walker, 1982). Moreover, the combined 

presence of both of these plasmids in strain TK610 decreases the UV resistance of the 

strain even further, to levels approaching that of the plasmid-free control strain (Perry and 

Walker, 1982). It concluded that this reduction in UV protection was due to elevated 

mucAB gene dosage (Perry and Walker, 1982).

The similarity between pGW1700-mediated and pGW 16-mediated mutator and 

post-UV effects inferred that the mutation coded by pGW16 increased muc gene 

expression. Indeed, a single-base-pair substitution in the 5 ' non-coding region of mucAB 

has been implicated (McNally et d., 1990). This alters the LexA binding site and the -10 

region of the putative mucAB promoter (McNally et d., 1990). The mutation is therefore 

of particular interest since it appears to alter both the operator and promoter activities of 

mucAB (McNally et ^ ., 1990).

As R3 91-mediated and pYDOl-mediated post-UV effects share similarities with 

these deletion plasmids, it is possible the unusual phenotypes mediated by R391 and 

pYDOl might also be attributed to over-expression of plasmid-encoded muc genes.

If the UV** phenotype determined by R391 and pYDOl in S. sonnei was due to the 

low mutagenic DNA-repair capacity of the host strain, then these plasmids might also be 

expected to mediate UV protection in E. coli strains deficient in mutagenic repair, for 

example in umuDC mutants. As plasmid-mediated UV protection is best demonstrated in 

E. coli strain TK501 uvrB umuC (Upton and Pinney, 1983); plasmids were therefore 

transferred into this strain by broth matings; all plasmids transferred at relatively high 

frequencies (Table 24). The UV-sensitivities of the plasmid-less TK501 parent and its 

plasmid-carrying derivatives were then investigated. While R46 clearly protected the host 

strain from UV, neither R391 nor pYDOl had any effect on the UV sensitivity of the host 

at all UV intensities investigated (Figure 25). Plasmid profiles of the donor, recipient and 

transconjugant strains from the conjugation experiments inferred that plasmids had 

transferred successfully (Figure 26), and thus provided further evidence in support the 

post-UV survival data (Figure 25). Although the presence of R391 in the donor ABl 157 

strain or in transconjugant TK501 clones could not be demonstrated by agarose gel
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electrophoresis, the rate at which the kanamycin resistance phenotype transferred, together 

with the antibiotic resistance profile of transconjugant clones strongly inferred the 

acquisition of R391 by the recipient strain as a result of conjugation.

These findings suggested that plasmids R391 and pYDOl requires uvrB^ and/or 

umuC^ host genotype in order to express their post-UV effects in an E. coli host. pGW16 

is unusual in that it confers UV sensitivity on strain ABl 157 at low UV doses, but, 

protects at higher doses (Little et d., 1991). It also appears to have no significant effect 

on post-UV survival in strain TK501 at low UV doses, but protects at high UV intensities 

(Little et d., 1991). Therefore, while the UV-effects of plasmids R391 and pYDOl are not 

the same as pGWlTOO in strains deficient in DNA repair, they are similar to those 

demonstrated by pGW16 at low UV intensities. While the UV characteristics of pGW16 

at high UV doses can be explained by the over-expression of mucAB genes, the UV- 

effects mediated by this plasmid at low UV intensities have yet to be elucidated.

The mutation-enchancing and UV  ̂ phenotypes determined by pYDOl closely 

resemble those of the clinically-isolated IncJ plasmid R391, even though pYDOl does 

not appear to be an IncJ plasmid.

As the UV sensitising effects determined by pGW16, at least at low UV intensity, 

resembled those of plasmids R391 and pYDOl, the UV-sensitivities of E. coli strain 

ABl 157 carrying R391, pYDOl, pGW16 and its parent plasmid pKMlOl in single, double 

and triple combinations were investigated. Plasmids R391 and pYDOl were transferred 

into ABl 157 strains already harbouring resident plasmid(s). While plasmid pYDOl 

transferred at relatively high frequencies, R391 transferred at somewhat lower frequencies 

(Table 25). However, the rates of plasmid transfer were unaffected by resident plasmid(s) 

present in the recipient strain (Table 25).

Plasmids R391 and pYDOl were maintained stably together with either pKMlOl 

or pGW16 in ABl 157 cells. The stability of these plasmids inferred that the clinically- 

isolated plasmid pYDOl was compatible with R391, pKMlOl and pGW16 and therefore 

did not belong to the IncJ group of R391, or the IncN group of pKMlOl and pGW16. 

Detailed incompatibility studies however, would be required to assign pYDOl to an
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incompatibility group.

Plasmid profiles derived from agarose gel electrophoresis of culture lysates 

confirmed, with the exception of R391, that all plasmid transfers, had been successful 

(Figure 27). Introduction of either pYDOl or R391 into E. coli strain ABl 157(pKM101), 

reduced UV protection significantly (Figure 27). Plasmid R391 appeared more effective 

at reducing the pKMl01-encoded UV** phenotype than pYDOl. Therefore, while the 

overall effect of plasmid-carriage in strain ABl 157(pYD01/pKM101) was UV protection, 

the overall effect in ABl 157(R391/pKM101) was UV sensitivity, relative to the plasmid- 

free control (Figure 27). Magadan (1983) also found that R391 reduced post-UV survival 

when introduced into E. coli already harbouring pKMlOl. Post-UV survival curves of the 

E. coli (R391/pKM101) double plasmid-carrying strain were intermediate between that of 

the strain harbouring R391 alone and that of the plasmid-free control strain. Thus, the 

overall effect of plasmid-carriage was one of UV sensitivity (Magadan, 1983). These 

results are also consistent with another study (Upton and Pinney, 1983), in which R391 

decreased the UV^ phenotype of R46 when both plasmids were resident in a TK501 strain.

Magadan (1983) concluded from her observations that R391 mediated its UV- 

effects independently of pKMlOl, and possibly by a different mechanism. Indeed, the UV 

sensitising effects of both plasmids R391 and pYDOl in strain ABl 157 appear to be 

independent of the UV protection facilitated by pKMlOl. While the UV sensitivities of 

the double plasmid-containing strains were increased relative to strain ABl 157(pKM101), 

they were decreased relative to AB1157(R391) and AB1157(pYD01) strains. If the UV 

sensitising charactedstics associated with R391 and pYDOl were determined as a result 

of muc gene over-expression, one would expect the presence of either R391 or pYDOl 

together with pKMlOl in the same cell, to increase UV sensitisation even further, due to 

amplification of gene expression.

Plasmids R391 and pYDOl were also introduced into AB1157(pGW16). Plasmid 

pGW16 confers UV sensitivity at low, and UV protection at higher doses on the repair- 

proficient ABl 157 strain (Figure 28). The results compare well with those of Little et al. 

(1991). These authors also demonstrated the vadable UV-effects of pGW16 on various
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DNA repair-deficient E. coli mutants. The plasmid conferred UV-sensitivity at all 

intensities tested on the excision repair-deficient strain JC3890 uvrB. and UV protection 

on the mutagenic repair-deficient strain TK702 umuC. In the double mutant strain TK501 

uvrB umuC. pGW16 exerted no effect at low, and UV protection at higher UV doses 

(Little et M., 1991). Little et d . (1991) concluded that the variable effects of pGW16 in 

the different genetic backgrounds was attributed to the variation in mucAB gene 

regulation. Indeed, McNally et al. (1990) revealed that pGW16 carries a single base-pair 

substitution mutation that both decreases LexA binding and increases transcription of the 

mucAB operon.

If the R3 91-mediated and pYDOl-mediated UV-sensitising characteristics were 

determined by the same mechanism as that responsible for the UV-sensitising effects 

encoded by pGW16, one might expect the UV-sensitivities of the double plasmid- 

containing strains AB1157(R391/pGW16) and AB1157(pYD01/pGW16) to be additive. 

When plasmids R391 or pYDOl were introduced into strain AB1157(pGW16) the UV- 

sensitising effect of pGW16 was indeed increased at low UV doses, such that the UV 

resistance of the double plasmid-carrying strains was less than the strains carrying R391, 

pYDOl or pGW16 alone (Figure 30). However, at UV doses of 60 J m'  ̂and greater, the 

UV-sensitising effect of double plasmid-carriage was reduced (Figure 30). Although, at 

lower UV doses, it appeared that these three unrelated plasmids might mediate their UV- 

effects in a similar manner (Figure 30), at higher UV intensities it was evident that these 

plasmids in fact expressed their post-UV survival characteristics independently (Figure 

30). The post-UV survival curves of the double plasmid-containing strains 

ABl 157(R391/pGW16) and ABl 157(pYD01/pGW16) closely resembled the distinct shape 

of ABl 157 strains carrying pGW16 alone (Figure 30).

Since R391 and pYDOl exerted similar effects in trans in strains ABl 157 carrying 

pKMlOl or pGW16, this implied that the pYDOl- and R391-encoded gene products 

and/or their control might be closely related. If this were the case, the co-existence of 

pYDOl and R391 should have an additive effect on post-UV survival. Indeed, when R391 

was introduced into strain AB1157(pYD01), the UV sensitivity of the strain was 

increased, producing an additive UV-sensitising effect (Figure 30). This supported the
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hypothesis that these two plasmids might share a common mechanism for facilitating their 

mutation-enhancing and UV-effects. This additive effect of the two UV^ plasmids was 

also evident in the triple plasmid-containing strains AB1157(R391/pYD01/pGW16) and 

ABl 157(R391/pYD01/pKM101), which were more UV sensitive at all UV intensities, 

than the plasmid-free control strain (Figure 32). Thus, accumulating evidence suggests that 

plasmids R391 and pYDOl exert their UV-sensitising and mutagenic-effects in a similar 

manner, which appeared to be distinct from that of R46 and its deletion-derivatives 

pKMlOl and pGW16.

Plasmid R46 and other related plasmids restore mutability to virtually non-mutable 

umuD and umuC mutants (Walker, 1979; Walker and Dobson, 1979), by encoding muc 

gene products which are not only structurally but also functionally analogous to 

chromosomal umuDC gene products (Perry et d., 1985). Although, the precise role of the 

plasmid-specified proteins is unclear, they certainly appear to function as well as, if not 

more efficiently than UmuDC proteins (Blanco et d., 1986) in mediating trans-lesion 

DNA synthesis (Echols and Goodman, 1991). Since mucAB. like umuDC. are under 

recA/lexA regulation, their gene products are may be induced by mutagenic treatments, 

such as UV (Perry et d., 1985). The difference in umuDC and mucAB efficiency in 

mutagenesis is thought to reflect the different rates at which RecA processes their gene 

products (McNally et d., 1990). This post-translational process is thought to represent the 

rate limiting step in mutagenesis (McNally et d., 1990). In vitro data has shown that 

RecA-mediated cleavage of UmuD to active UmuD' is much slower than RecA-mediated 

cleavage of LexA (Burckhardt et d., 1988). The slow kinetics of UmuD cleavage allows 

the majority of DNA damage to be repaired by error-free DNA repair pathways before 

being committed to the error-prone repair pathway (reviewed by Woodgate and Ennis, 

1991). Error-prone DNA repair therefore represents a last resort (SOS) repair option.

McNally et d . (1990) reported that the physiological effects of mucAB and 

umuDC gene products were strongly influenced by their level of expression. Tanooka et 

d . (1991) demonstrated that the 17 kDa Muc A protein is also processed by activated 

RecA into a 14 kDa fragment and an undetectable 3 kDa fragment; it has only recently 

been established that MucA is cleaved significantly faster than UmuD (Hauser et d . to
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be published, reviewed in Woodgate and Sedgwick, 1992). This might explain why 

MucAB proteins are more potent than UmuDC in mutagenesis functions (Blanco et d.,

1986).

Blanco et d . (1986) demonstrated that while over-production of mucAB gene 

products greatly increases UV-induced mutagenesis in excision repair-deficient bacteria, 

over-production of umuDC products in such cells increases UV sensitivity and reduces 

mutagenesis. Three new umu-like opérons have recently been cloned; these include that 

of the IncJ plasmid R391 (Ho and Woodgate, to be published, reviewed in Woodgate and 

Sedgwick, 1992). Preliminary studies suggest that genes from R391 resemble the E. coli 

umuDC operon, whereas genes of the IncM group plasmid R446b are more closely related 

to mucAB (Woodgate and Sedgwick, 1992). If the genes encoding mutator function in 

R391 share greater homology with chromosomal umuDC genes, rather than the mucAB 

plasmid analogues, one would expect excision repair-deficient strains carrying R391 to 

have increased UV sensitivity and reduced mutagenesis. R391 did not appear to have any 

significant effect on the post-UV survival of strain TK501, which is deficient in excision 

repair. Strain TK501 is also umuC. and therefore is also deficient in mutagenic DNA 

repair. The absence of any plasmid-mediated post-UV effect might therefore be a result 

of gene over-dosage, or the umu-like genes of R391 might be mediating two independent 

effects to compensate for the DNA repair deficiencies in TK501 strains. An investigation 

into the mutagenic and UV-effects of R391 in various DNA repair deficient strains 

warrants further investigation, since this would shed further light on the genes responsible 

for the unusual post-UV characteristics of R391.

The effect of mutator plasmids on post-UV DNA synthesis, ivhich revealed a 

distinction between UV  ̂and UV  ̂mutator plasmids.

Little et d . (1991) demonstrated that UV irradiation inhibited DNA synthesis to 

a greater extent in E. coli strain TK702 umuC than in strain ABl 157 umuC .̂ Carriage of 

the UV^ plasmids pKMlOl and pGW16, not only increased post-UV survival, but also 

increased post-UV DNA synthesis in both umuC  ̂and urnuC' host strains. The effect of 

R46 and two other UV protection plasmids, R446b and R124, on post-UV DNA synthesis



204

in E. coli TK501 uvrB umuC was also determined. R46, R446b and R124 conferred 

significant UV protection to the host and produced significant increases in post-UV DNA 

synthesis (Little et d., 1991), whereas three non-mutator plasmids Rl, RP4, and R6K, 

which did not effect post-UV survival (Upton and Pinney, 1983), did not significantly 

increase post-UV DNA synthesis in E. coli strain TK501.

The effects of plasmids R391 and pYDOl on post-UV DNA synthesis were 

therefore investigated in E. coli TK501 to determine whether these plasmids affected post- 

UV DNA synthesis like the other wild-type plasmids, which confer the mutator function 

(Little et d., 1991). DNA synthesis in plasmid-ffee and plasmid-containing non-irradiated 

TK501 strains was compared with synthesis in irradiated cultures, which has been exposed 

to a UV dose of 7.5 J m' .̂ Post-UV DNA synthesis was expressed as a percentage of the 

label uptake in the respective non-irradiated control cultures (Figure 34). This method of 

data presentation emphasised the plasmid-mediated effects on DNA synthesis in TK501 

strains. Consistent with earlier reports (Upton and Pinney, 1983; Little et d., 1991) R46, 

which protected the strain against UV irradiation (Table 27), also increased post-UV DNA 

synthesis (Figure 34), and RP4 which exerted no effect on post-UV survival (Table 27), 

did not significantly increase label uptake (Figure 34). However, plasmids R391 and 

pYDOl which conferred neither UV sensitivity nor UV protection on strain TK501 (Table 

27), reduced the level of label uptake to below that of the plasmid-ffee control (Figure 

34).

While the increase in post-UV DNA synthesis in the strain harbouring plasmid R46 

can be explained in terms of mucAB expression, and the participation of their gene 

products in mutagenic DNA repair and trans lesion DNA synthesis, the apparent reduced 

level of DNA synthesis in strains harbouring plasmids R391 or pYDOl is much harder to 

explain. The large increase in DNA synthesis observed in the strain harbouring R46 

reflects the inducibility of the mucAB operon and the efficient RecA-mediated processing 

of mucA (Tanooka et ^ ., 1991; reviewed by Woodgate and Sedgwick, 1992). In the 

absence of umuC, mucAB gene products together with RecA, Pol III and possibly GroEL 

proteins, facilitate trans-lesion DNA synthesis by a ‘complex multi-protein affair’ (Echols 

and Goodman, 1991). Despite the extensive regions of homology shared by the umuDC
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and mucAB opérons and their gene products, MucA cannot be substituted for UmuD and 

interact with UmuC protein in mutagenesis, and vice versa (Blanco et d., 1986). In the 

plasmid-free control and the RP4 carrying strain post-DNA synthesis proceeds at a low 

level, particularly during the first four hours of incubation where DNA replication is 

blocked by the presence of UV-induced pyrimidine dimers. These are initially by-passed 

and the gaps created are filled by post-replication recombination repair. However the 

damaged lesions cannot be excised, since the TK501 strain is uvrB and therefore excision 

repair deficient.

Magadan (1983) concluded that R391 might not itself confer error-prone repair 

activity, but might sensitise the host to UV by somehow inhibiting a form of error-proof 

repair. This would increase the proportion of mutations in the surviving population, due 

to the greater number of lesions which persist to be repaired by SOS mutagenic repair, 

and could possibly result in reduced survival (Magadan, 1983). Indeed, analysis of 

recombination frequencies in Hfr crosses to recA^ recipient cells containing R391 

indicated a reduction in recombination frequency relative to similar crosses to control 

plasmid-less recipients (Pembroke and Stevens, 1984). This effect was not due to plasmid- 

encoded restdction or entry exclusion systems and was therefore considered as a real 

block in recombination (Pembroke and Stevens, 1984). The somewhat lower levels of 

post-UV DNA synthesis in strains containing R391 and pYDOl might thus reflect this 

apparent plasmid-mediated block in post-replication recombination repair, resulting in very 

little post-UV DNA synthesis immediately after irradiation.

To sununadse, work presented in this thesis has shown that the cardage of mutator 

plasmids by E. coli can significantly increase the frequency of chromosomal resistance 

to nalidixic acid in vitro. The massive emergence of nalidixic acid-resistant Shigella 

strains in Central Afdca and South East Asia (Panhotra et M., 1985; Rogede et M., 1986) 

probably reflects the clinical impact of these findings. While bacillary dysentery in the UK 

is often a mild, self-limiting disease in otherwise healthy patients, in developing countdes 

severe symptoms often result in high mortality (Moorhead and Parry, 1965). The disease 

is endemic in temperate and tropical countdes (Gross et al., 1984; Rogede et d ., 1986). 

The causative organisms isolated from the epidemic in Central Afdca were frequently
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multiple drug-resistant strains of S. dvsenteriae type 1, and carried several R plasmids 

(Frost et 1981; 1985). This seriously curtailed the effectiveness of antibiotics 

commonly used in the treatment of Shigellosis.

The rather worrying incidence of nalidixic acid-resistant isolates that has emerged 

from areas where nalidixic acid had been introduced as effective first-line therapy for 

Shigellosis, parallels that of the other antibiotics it has replaced. The patterns of the 

development this nalidixic acid resistance in causative organisms harbouring one, or more 

R plasmids, are analogous to those encountered with other antibiotics previously used. 

This led to the two unsubstantiated (Crumplin, 1987; this thesis) accounts of the apparent 

transfer of plasmid-mediated nalidixic acid resistance in S. dvsenteriae type 1 strains 

(Panhotra et d., 1985; Munshi et ^ ., 1987). pYDOl, an R plasmid isolated from the 

nalidixic acid-resistant Kashmiri strain that encoded trimethoprim resistance, did not 

confer any other antibiotic resistances (this thesis). Experiments in this thesis confirm that 

pYDOl is in fact a mutator plasmid, which can facilitate an increase in the incidence of 

nalidixic acid resistance. The strain-dependent post-UV effects and mutator functions 

determined by pYDOl appear to resemble that of the clinically-isolated IncJ mutator 

plasmid R391. Both plasmids sensitise E. coli strain ABl 157 to UV, protect S. sonnei 

from UV, and have no significant effect on E. coli strain TK501. Thus, the UV 

characteristics associated with these two plasmids are quite different from those of the 

control mutator plasmid R46, which confers the more common UV protection phenotype 

in all these strains. Despite the similarities between the pYDOl and R391 plasmid-encoded 

mutator and UV-effects disclosed in this thesis, pYDOl is compatible with R391 in an E. 

coli host, which implies that these plasmids belong to different incompatibility groups.

The difference in the levels of mutagenesis mediated by the various plasmids 

tested in these studies suggests that the different plasmid genes may be expressed at 

different levels. R46 gene expression has been shown to be both constitutive, and 

inducible by UV irradiation, but non-inducible by nalidixic acid treatment. This is thought 

to be due to the DNA repair mechanisms that operate to repair UV- or nalidixic acid- 

induced DNA damage. UV irradiation induces error-prone mutagenic DNA repair, whereas 

the damage induced by nalidixic acid is only repaired by error-free recombinational repair
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(Lewin et 1989; Howard, 1991; Urios et d., 1991). The proportion of mutants in the 

survivors is therefore unlikely to increase. However, damage induced by ofloxacin, 

ciprofloxacin and norfloxacin is repaired by both recombinational and SOS repair 

pathways (Lewin et ̂  1989; Howard, 1991). This suggests that the frequency of mutants 

among the survivors of modem 4-quinolone therapy may increase as a result of the 

attempted repair of DNA lesions produced by these drugs. Thus, the effect of exposing 

cells to these newer 4-quinolones on the frequency at which they mutate to resist these 

agents should be determined. Similarly, the mutation-enhancing properties determined by 

plasmids that encode muc genes, might well increase under such treatments; this warrants 

further investigation.
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A clinical isolate o f  Shigella dysenteriae from Kashm ir, resistant to seven anti
bacterial agents including nalidixic acid, carried four plasm ids, only one o f  which  
was transferable by conjugation. This plasm id, designated p Y D l, conferred trim eth
oprim resistance and increased the frequency o f  m utation to nalidixic acid resistance 
in recipient strains. Thus, although nalidixic acid resistance was not carried on a 
transferable plasm id, the presence o f  p Y D l increased the frequency at which the 
strain m utated to nalidixic acid resistance

Introduction

Nalidixic acid, the prototype quinolone antibacterial agent, has been in clinical use for 
nearly thirty years. Resistance to it and to newer, more potent analogues such as 
ciprofloxacin, norfloxacin and ofloxacin arises by chromosomal mutation, either in 
genes coding for DNA gyrase, the site of action of the quinolones (Gellert et al., 1977; 
Yamagishi et a l ,  1981; Sato et a l ,  1986), or in genes that affect uptake or accumulation 
of the drugs (George & Levy, 1983; Hirai et a l ,  1986; Hooper et a l ,  1986).

Plasmid-mediated nalidixic acid resistance has been reported in clinical isolates of 
Shigella dysenteriae from Kashmir (Panhotra, Desai & Sharma, 1985) and from 
Bangladesh (Munshi et a l ,  1987). Neither report has been fully validated and it now 
seems likely that the nalidixic acid resistance of the Bangladeshi strain is determined 
chromosomally (Ashraf, Ahmed & Sack, 1991). The plasmid it contains, pICDOl, does 
not mediate nalidixic acid resistance, but appears to offer a survival advantage to its 
host under conditions of nalidixic acid-induced stress (Ashraf et a l ,  1991).

Crumplin (1987) suggested that plasmids may not code for quinolone resistance 
genes per se, but could contribute to the development of chromosomal quinolone 
resistance by reason of a mutator phenotype, which increases pleiotropic mutation 
frequencies in host cells. Such mutator plasmids are common (Pinney, 1980; Upton & 
Pinney, 1983) and typically code for a component of an error-prone (mutagenic) DNA 
repair pathway (Dowden, Glazebrook & Strike, 1984; Walker, 1984). Such plasmids 
can increase mutation frequencies to nalidixic acid resistance in Escherichia coli cells 
grown in vitro (Ambler & Pinney, 1989), but pICDOl does not appear to possess a
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mutator property (Ashraf et a i ,  1991). Evidence is presented here showing that the 
Kashmiri plasmid, designated pYDl, is a mutator plasmid.

Materials and methods

Bacterial strains and plasmids

The nalidixic acid-resistant strain of Shigella dysenteriae type 1 was kindly supplied by 
Dr B. R. Panhotra. Strains used as recipients in primary conjugation experiments were 
a spontaneous rifampicin-resistant mutant of a nalidixic acid-sensitive strain of Shigella 
ftexneri provided by Professor J. T. Smith, and E. coli strain J53-2, a rifampicin- 
resistant mutant of E. coli strain J53 pro-22 met-63 lac^ (Bachman, 1972). Further 
plasmid transfers were performed into E. coli strain AB1157 thr-1 leuB6 thi-1 lacYl 
proA2 hisG4 argES À~ F “ (Bachman, 1972). Plasmids R46, RP4 and R391 (Upton & 
Pinney, 1983) were used as controls in experiments to determine mutation frequencies 
and resistance to ultraviolet irradiation.

Antibacterial agents

Nalidixic acid (Sigma Chemical Co.), trimethoprim lactate (Burroughs Wellcome and 
Co.), ampicillin (SmithKline Beecham pic), chloramphenicol (Park Davis and Co.), 
kanamycin sulphate (Sigma Chemical Co.), rifampicin (Merrell Dow Pharmaceuticals 
Ltd), streptomycin sulphate (Evans Medical Ltd), sulphadiazine sodium (Rhône- 
Poulenc Ltd), and tetracycline hydrochloride (Cyanamid of Great Britain) were 
generous gifts from their manufacturers.

Media

Nutrient Broth no. 2 (Oxoid Ltd) and the minimal medium described by Davis & 
Mingioli (1950) were used throughout. Solid media were prepared by the addition of 
15% Lab M agar.

Plasmid transfer

Conjugation on solid media was performed at 37°C, overnight on nutrient agar as 
described by Willetts (1984). Liquid medium matings were carried out in nutrient broth 
at 37°C using the method of Tweats et al. (1976). S. ftexneri and E. coli J53-2 
transconjugants were selected by diluting cells from filter matings in nutrient broth 
before plating on MacConkey agar (Oxoid Ltd) or Iso-Sensitest agar (Oxoid Ltd) 
containing 64 mg/L rifampicin, to select for the rifampicin-resistant recipients, and 
32 mg/L of another antibacterial agent to select for plasmid transfer. E. coli AB1157 
transconjugants were selected by washing and resuspending broth mating mixtures in 
Davis-Mingioli salts solution and plating on Davis-Mingioli medium fully-supple
mented for strain AB1157, but containing no methionine (to counterselect the J53-2 
donor strain) and with 10 mg/L of a suitable antibacterial agent to select for plasmid 
transfer. Controls showed that neither donor nor recipient cells grew on the selecting 
media. Viable counts of donor and recipient cultures were performed on drug-free 
media.
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Gel electrophoresis o f  plasmids

Test and control strains were grown overnight on nutrient agar at 37°C. A loopful of 
growth was scraped off and suspended in 150 pL lysis buffer (0 6% Tris, pH 12 6) 
containing 4% sodium dodecyl sulphate and incubated at 56°C for 45 min. 
phenol-chloroform (150 ^L; 1:1) was then added and the tubes inverted several times 
to mix. The two phases were separated by centrifugation (13,000 rpm for 7 min) and 
30 /iL of the aqueous layer mixed with 8 pL of loading buffer (30% glycerol and 0 25% 
bromophenol blue in water). Thirty microlitres of this mixture was loaded on to a 0 8% 
agarose gel and run in borate buffer (0 3% boric acid, 0*6% Tris, 0*037% EDTA, 
pH 8*3) at 110 V for 6 h. Gels were stained with 1*25 mg/L ethidium bromide in borate 
buffer.

Frequency o f  mutation to nalidixic acid resistance

One hundred millilitres of a nutrient broth culture was grown overnight at 37°C in a 
1 L conical flask. The flask was then placed in an orbital incubator and shaken for a 
further 3 h at 37°C. Cells were collected by centrifugation and resuspended in 5 mL 
nutrient broth. A 0*1-mL volume of the concentrated culture was spread on four replica 
nutrient agar plates containing 20 mg/L nalidixic acid (five times the MIC as deter
mined by the agar dilution technique), and incubated for three days at 37°C. 
Ultraviolet light (UV)-induced mutation frequencies were determined similarly, by 
exposing cells plated on nalidixic acid-containing media to a Hanovia model 12 low 
pressure mercury lamp (Hanovia Lamps Ltd, Slough), which emitted light at a 
wavelength of 254 nm. The dose rate was one J/m^/s as determined by a model J-225 
Blak-Ray UV meter (Ultraviolet Products Inc., San Gabriel, California). Plates were 
incubated for three days at 37°C. Viable counts and post-UV survival levels were 
determined by diluting concentrated cultures in nutrient broth and plating on nutrient 
agar. Control, unexposed plates provided initial viable counts, and UV-exposed plates 
were used to calculate post-UV survival levels. The frequency of mutation to nalidixic 
acid resistance was calculated per cell plated for unirradiated cultures and per survivor 
for UV-exposed cells. The data for each plasmid was compared using the Student /-test.

P ost-U V  survival

Cultures were grown in nutrient broth overnight at 37°C. Twenty-five microlitre 
volumes of appropriate dilutions in nutrient broth were then placed on the surface of 
overdried nutrient agar plates and allowed to absorb. Control, unirradiated plates were 
incubated immediately, and the remaining plates exposed to varying doses of UV 
before incubation at 37°C.

Results

Transfer o f  antibiotic resistance from  the original Kashmiri strain o f  S. dysenteriae.

The S. dysenteriae type 1 strain was resistant to ampicillin, chloramphenicol, nalidixic 
acid, streptomycin, sulphonamide, tetracycline and trimethoprim, but sensitive to 
rifampicin. Initial mating experiments conducted on solid media with selection for 
independent transfer of each resistance marker, showed that only trimethoprim resist
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Figure 1. Gel electrophoresis of plasmid DNA. Lanes A and G: extracts of E. coli 39R861 (NCTC 50192) 
carrying plasmids of molecular weights 4 6, 23 9, 42 0 and 98 0 mOaltons. Lane F: the nalidixic acid-resistant 
S. dysenteriae. Lanes C and D: E. coli strains J53-rifampicin-resistant and AB1157 respectively before 
mating. Lanes B and E: E. coli strains J53-2 rifampicin-resistant and AB1157 after transfer of the 
35 mDalton plasmid conferring trimethoprim resistance.

ance was conjugally transferable to both the rifampicin resistant strain of S. ftexneri 
and to E. coli J53-2 at high frequency (10“  ̂ per donor cell). Transfer of the other 
resistance markers was not detected (limit of detection < 1 0 “  ̂ per donor cell).

The original multi-resistant strain of S. dysenteriae carried four plasmids (Figure 1, 
lane F) with molecular weights of approximately 4, 7-5, 35 and 105 mDa. Whereas the 
trimethoprim-resistant E. coli J53-2 recipient inherited only the 35 mDa plasmid 
(Figure 1, lane B).

Intra-speciftc E. coli matings

Trimethoprim resistance was transferable from E. coli J53-2 recipients at high 
frequency (10"^ per input donor) to E. coli AB1157 in 3 h broth matings. All E. coli 
AB1157 trimethoprim-resistant transconjugants tested carried the 35 mDa plasmid 
(Figure 1, lane E), and none was resistant to nalidixic acid or carried any of the other 
resistance markers of the original S. dysenteriae strain. Thus, it appeared that only the 
trimethoprim-resistance determinant was carried on the conjugally-transferable 
plasmid. This 35 mDa plasmid has been designated pYDl.

M utator ejfect o f  plasmid p Y D l

Plasmid pYDl increased the spontaneous mutation frequency to nalidixic acid resist
ance of E. coli AB1157 by a similar extent to the known mutator plasmid R391, but 
less than another control mutator plasmid R46 (Table). The control non-mutator
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Figure 2. Effect of plasmids on UV-induced mutation frequencies to nalidixic acid resistance in E. coli 
AB1157. Each is the mean of three determinations, except for the strain carrying plasmid R391, where the 
means of duplicate experiments are shown. Error bars show the standard deviations. □, R46; A, R391; V, 
pYDl; O, RP4; #, R~.

plasmid RP4 had no effect on mutation frequency (Table). Comparison of the mean 
mutation frequencies in the Table using the Student r-test, showed that the difference in 
mutation frequencies between the strain harbouring plasmid pYDl and the control 
plasmid-less strain was significant ai P =  0 05.

All mutator plasmids so far investigated code for gene products that participate in 
error-prone DNA repair. To test whether pYDl coded for similar activity, experiments 
were repeated with cells in which DNA had been damaged by exposure to ultraviolet

Table. Spontaneous m utation frequencies to nalidixic acid resistance o f  E. coli A B 1157
harbouring different plasm ids

Plasm id M utator phenotype
N um ber o f  
experim ents

Average 
m utation frequency

N on e 3 2 0 ± 0 1 7 x  10"*
RP4 — 3 1 8  4-0 8 8  X 10-*
R46 -h 3 9 -9± 2-8  X 10-*
p Y D l -1- 3 4 -6 ± 0 -5 6 x  10-*
R391 -h 2 4 - 4 ± M  X 10-*
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Figure 3. Plasmid-mediated protection and sensitization to UV in E. coli ABl 157. Each point is the mean 
of three determinations except for the strain carrying plasmid R391, where the means of duplicate 
experiments are shown. Error bars show the standard deviations. □ ,  R46; # ,  R “; O, RP4; V , pYDl; A, 
R391.

irradiation (UV). This showed that like R46 and R391, pYDl also increased 
UV-induced mutation frequencies, whereas carriage of the control non-mutator 
plasmid RP4 had no effect on the frequency of UV-induced mutation to nalidixic acid 
resistance in strain ABl 157 (Figure 2).

PlasmidpYDl sensitizes E. coli to UV

Plasmid-encoded mutator gene products function in error-prone DNA repair. 
Therefore most, but not all, mutator plasmids increase host-cell survival after UV 
treatment (Pinney, 1980). Figure 3 shows a typical result, with mutator plasmid R46 
giving significant post-UV protection, and control plasmid RP4 having no effect on 
post-UV survival. However, pYDl belonged to the much smaller group of mutator 
plasmids, including R391 (Upton & Pinney, 1983), that sensitize to UV (Figure 3). It 
has been suggested (Little, Tweats & Pinney, 1991) that sensitization results from 
defective control of error-prone DNA repair, which still functions to induce mutation 
but in a way that is detrimental to cell survival.

Discussion

Error-prone DNA repair in E. coli is dependent on chromosomal umuDC gene function 
(Kato & Shinoura, 1977; Steinborn, 1978) and has been regarded as a last ditch (‘SOS’) 
mechanism operating when other repair processes are blocked. This saves the integrity
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of DNA at the expense of incorporating incorrect, and therefore mutagenic bases. 
Mutator plasmids such as R46 and its derivative pKMlOl code for mucAB genes that 
perform an analogous function to the chromosomal umuDC operon (Perry & Walker, 
1982) enabling error-prone repair to proceed in species with defective umu gene 
function (Sedgwick & Goodwin, 1985). However, mutations are induced by relatively 
low levels of DNA damage and both chromosomal and plasmid-mediated protection is 
small compared to the level of resistance conferred by chromosomally-encoded error- 
free DNA repair mechanisms (Upton & Pinney, 1983). Therefore, it has been suggested 
that the purpose of mutagenic DNA repair is not to maintain the integrity of DNA 
itself, but to increase the frequency of error (mutation), thus providing more options 
for the process of natural selection (Echols, 1981).

SOS repair is under the control of a complex and subtle regulatory system that is not 
fully elucidated. Inducing signals, produced by damage to DNA, modify RecA protein 
to a form (RecA*) that is required for the autolysis of LexA protein. LexA is the 
repressor of a series of unlinked DNA damage-inducible {din) genes, including recA, 
lex A, umuDC and mucAB, that make up the SOS regulon (Walker, 1984). Nalidixic 
acid has been used for years as an inducer of RecA protein, and the maximal killing 
concentrations of quinolones are similar to concentrations that maximally induce the 
SOS system (Phillips et al., 1987). It is therefore, perhaps surprising, that quinolones do 
not register as positive mutagens in Ames strains of Salmonella typhimurium, even when 
plasmid pKMlOl is included to compensate (Little, Tweats & Pinney, 1989) for the 
limited expression of UmuD^ phenotype in S. typhimurium (Smith & Eisenstadt, 1989). 
However, this absence of mutagenic activity has recently been shown to be due to the 
lack of DNA excision repair in these strains. Fluoroquinolones are positive mutagens 
in S. typhimurium, providing that excision repair is functioning (Ysern et al., 1990; 
Gocke, 1991).

Although the increases in mutation frequency induced by pYDl may seem low, they 
are not insignificant, falling within the range found by Pinney (1980) and Upton & 
Pinney (1983) when studying 23 plasmids from different incompatibility groups. Eight 
of these plasmids increased spontaneous and UV-induced reversion to lysine indepen
dence in E. coli 343/113 lys, and to arginine independence in E. coli ABl 157 argE3.

Carriage of a mutator plasmid thus confers evolutionary advantage on populations 
exposed to quinolones. A plasmid-bearing population will be better fitted to survive 
exposure to quinolones by reason of harbouring a larger number and a wider variety of 
resistant mutants. Continued plasmid carriage should also enable resistance levels to 
build up due to second and third step chromosomal mutations.
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Positive R plasmid mutator effect on chromosomal mutation to nalidixic 
acid resistance in nalidixic acid-exposed cultures of Escherichia coli

J. E. Ambler and R. J. Pinney*

Microbiology Section, Department of Pharmaceutics, The School of Pharmacy, 
University of London, Brunswick Square, London WCIN I AX, UK

Mutation frequencies to nalidixic acid resistance (15 mg/L in nutrient agar) were 
determined for derivatives of Escherichia coli ABl 157 carrying the mutator plasmids 
R46, R391 or pYDl, or the non-mutator plasmid RP4. Frequencies of mutation 
remained constant in cultures of ABl 157(R46) growing exponentially in drug-free 
broth, at a level about 12-fold higher than in the strain without plasmid. Mutation 
frequencies in cultures of strains AB1157(R391 ) and AB1157(pYD 1 ) were about three 
times greater than in the control, whereas plasmid RP4 had no effect on spontaneous 
mutation frequency to nalidixic acid resistance. Exposure of strain ABl 157 to 6 mg/L 
nalidixic acid in nutrient broth killed 80% of cells after 4 h. This enriched the 
proportion of nalidixic acid-resistant cells present in the surviving cell population, 
giving enhanced “apparent” mutation frequencies. These were further increased by cell 
division of resistant mutants in the nalidixic acid-containing medium. “Apparent” 
resistance mutation frequencies in nalidixic acid-exposed cultures of the R46-, R391- 
or pYDl-carrying derivatives were, at their peak, 447-, 53- and 38-fold higher than 
in the control, the strain without plasmid, or the RP4-containing strain, respectively. 
These data illustrate how mutator plasmids like R391 and pYDl, which mediate only 
small increases in spontaneous mutation, can contribute to the development of 
clinically-signihcant levels of quinolone resistance.

Introduction
Although clinical isolates of nalidixic-acid resistant strains of Shigella dysenteriae type 
1 from Kashmir (Panhotra, Desai & Sharma, 1985) and from Bangladesh (Munshi et al., 
1987) are multiply antibiotic resistant and harbour several plasmids (Munshi et al., 1987; 
Ambler et al., 1993), their nalidixic acid-resistance phenotype has not been shown to be 
plasmid-mediated or conjugally-transferable. Similarly, no plasmid-mediated quinolone 
resistance has been demonstrated in nalidixic acid-resistant isolates from Central Africa 
(Frost et al., 1985; Rogerie et al., 1986). Crumplin (1987) suggested that although 
plasmids may not encode quinolone resistance genes, they could contribute to the 
development of chromosomal quinolone resistance by conferring a mutator phenotype 
on their host. This would increase pleiotropic mutation frequencies, including mutation 
to quinolone resistance. The mutator phenotype is common, at least in plasmids of the 
Enterobacteriaceae (Pinney, 1980; Upton & Pinney, 1983), and typically results from
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carriage of genes that code for components of an error-prone (mutagenic) DNA repair 
pathway (Dowden, Glazebrook & Strike, 1984; Walker, 1984). In-vitro experiments 
(Ambler et al., 1993), showing that mutator plasmids do increase the frequency of 
spontaneous mutation to nalidixic acid resistance, have confirmed the feasibility of 
Crumplin’s hypothesis. Moreover, one of the plasmids (pYDl) harboured by the nalidixic 
acid-resistant S. dysenteriae type 1 strain from Kashmir encodes the mutator phenotype 
(Ambler et al., 1993). We report here experiments designed to determine whether 
plasmid-enhanced mutation frequencies to quinolone-resistance increase when bacteria 
are exposed to quinolone-induced stress.

Materials and methods
Bacterial strain, plasmids and media
Escherichia coli strain AB 1157 (Bachmann, 1972) was grown in Oxoid No 2 nutrient broth 
(Oxoid/Unipath, Basingstoke, Hants). The mutator plasmids R46, R391 and pYDl, and 
the non-mutator, control plasmid RP4 were as described by Ambler et al. (1993).

Exposure to nalidixic acid and determination of mutation frequencies
Overnight nutrient broth cultures were diluted 1 in 100 into 120 mL volumes of 
nutrient broth, with or without nalidixic acid (Sigma Chemical Company), held in 250 mL 
conical flasks. These were incubated in a static water bath at 37°C, sampled at regular 
intervals, diluted in nutrient broth and plated on nutrient agar (1*5% Lab M agar; 
Amersham, Bury, Lancs, UK) to determine viable counts. To determine mutation 
frequencies, samples were washed and concentrated by centrifugation and resuspension 
in a defined salt solution (Davis & Mingioli, 1950) to one tenth of the sample volume, 
before plating on nutrient agar containing 15 mg/L nalidixic acid. This was five times the 
MIC determined with single cell inocula on nutrient agar. Nalidixic acid-resistant clones 
were scored after incubation for three days; further incubation did not increase the 
number of resistant colonies. Viable counts were determined on drug-free nutrient agar, 
and mutation frequencies expressed per viable cell plated.

Results
Effects of nalidixic acid on bacterial growth
Concentrations up to 15 mg/L nalidixic acid had little effect on the growth rate of E. coli 
ABl 157 (Figure 1(a)). Increasing concentrations became progressively more growth 
inhibiting. Concentrations of 6 mg/L and above were bactericidal (Figure 1(a)). Figure 
1(b) shows the growth of the plasmid-free control strain and its plasmid-carrying 
derivatives in drug-free nutrient broth, and the lethal effects of nutrient broth containing 
6 mg/L nalidixic acid on these strains. None of the plasmids affected the growth rate of 
strain ABl 157 in drug-free medium. Similarly, neither the non-mutator control 
plasmid RP4 nor plasmid R46, which confers protection against the model 
DNA-damaging agent ultraviolet (UV) light and increases mutation frequencies in 
UV-exposed cells (Upton & Pinney, 1983), had any effect on the death rate of strain 
ABl 157 in nutrient broth containing 6 mg/L nalidixic acid (Figure 1(b)). In contrast, 
plasmids R391 and pYDl, which sensitise host cells to UV (Ambler et al., 1993),



Plasmid-induced nalidixic acid resistance 605

also increased the susceptibility of the strain to nalidixic acid. For example, after 
incubation for 4 h in nutrient broth containing 6 mg/L nalidixic acid, the survival levels 
of the plasmid-containing derivatives were approximately five-fold less than the 
plasmid-free control strain under the same conditions (Figure 1(b)).

It therefore appears that although the UV-protecting phenotype determined by R46 
does not confer nalidixic acid resistance, the UV-sensitising phenotype determined by 
pYDl and R391 also confers sensitivity to nalidixic acid. The precise role of mutator gene 
products in error-prone DNA repair is unknown, but those plasmids that have been 
typified code for proteins analogous in function to chromosomal umuDC gene products 
(Strike & Lodwick, 1987). Expression of either the UV-protecting or UV-sensitising 
phenotype is believed to result from variation in mutator gene control, rather than from 
differences in gene function. For example. Little et al. (1991) showed that whereas an R46 
derivative, pKMlOl, retained the UV-protecting phenotype of the parent plasmid, 
another derivative, pGW16, sensitised host strains to UV. Similarly, expression of 
resistance to other DNA-damaging agents is dependent on the type of DNA lesion 
induced. For example, R46 protects against monofunctional alkylating agents but not 
against bifunctional alkylation or DNA-intercalation (Attfield & Pinney, 1983). The 
susceptibility to nalidixic conferred by plasmids pYDl and R391 is, therefore, another 
example of how mutator gene control, or the type of DNA lesion to be by-passed, 
determines the conferred phenotype.

Effect of plasmid carriage on frequencies of mutation to nalidixic acid resistance
Mutation frequencies to nalidixic acid resistance in exponentially growing, control, 
drug-free cultures remained virtually constant with time (Figure 2(a)) and reffected
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Figure 1. (a) Effects of nalidixic acid concentrations (mg/L) on growth and death o f E. coli strain ABl 157 
in nutrient broth, (b) Effect of plasmids on survival o f E. coli strain ABl 157 in nutrient broth containing 6 mg/L 
nalidixic acid. # ,  R-; O , RP4; □ ,  R46; V , pY D l; A , R391.



606 J. E. Ambler and R. J. Pinney

1a
8
<u

•>
I
I
I

.-7

§

1

80 4

T3

Ia

ÏI
I
§

0 4 8
Time (h)

Figure 2. (a) Spontaneous mutation frequencies of resistance to nalidixic acid 15 mg/L in E. coli strain AB II57 
during growth in nutrient broth in the absence of drug, (b) Effects of plasmids on apparent frequencies of 
mutation to nalidixic acid resistance (15 mg/L) in cultures of E. coli strain ABl 157 exposed to 6 mg/L drug 
in nutrient broth. Symbols as in Figure 1.

the frequencies obtained previously for rates of spontaneous mutation in overnight 
stationary phase cultures (Ambler et al., 1993). Plasmid RP4, which does not carry 
error-prone DNA repair genes (Upton & Pinney, 1983), had no effect on mutation 
frequency, whereas the presence of the mutator plasmids R391 or pYDl tripled the 
frequency, and plasmid R46 increased it approximately 12-fold (Figure 2(a)).

Bacteria suspended in nutrient broth in the presence of 6 mg/L nalidixic acid had much 
higher apparent mutation frequencies to nalidixic acid resistance, compared with those 
in the drug-free controls (compare Figures 2(a) and (b), noting the difference in scales 
of the F-axes). The mutation frequencies obtained from nalidixic acid-exposed cultures 
are termed “apparent”; they are higher than spontaneous rates due to the concurrent 
growth of resistant cells and death of susceptible cells in the nalidixic acid-containing 
medium.

During the early period of incubation, the numbers of nalidixic acid-resistant 
mutants were below the level of detection. However, after 2 h they were present in 
sufficient numbers to allow quantitation; 72% of cells of the plasmid-free control strain 
survived (Figure 1(a)), and there was an apparent mutation frequency of 7 4 x 10"’ 
(Figure 2(b)). Four hours of incubation under the same conditions reduced the survival 
level to 20% (Figure 1(a)) and gave an apparent mutation frequency of 1 9 x 10"^(Figure 
2(b)). The apparent frequencies of mutation to nalidixic acid resistance then increased 
even further to 1-6 x 10"  ̂ and 4*6 x 10"\ after 6 and 8 h, respectively (Figure 2(b)).

The strain of ABl 157 harbouring the control non-mutator plasmid RP4 gave apparent 
mutation frequencies that were virtually indistinguishable from the plasmid-free control 
strain (Figure 2(b)). This was confirmed by calculating the ratios of the mutation 
frequencies of the RP4-containing strain and the plasmid-free control after various times
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Table I. Plasmid-mediated increases in apparent mutation frequency of resistance to 
15 mg/L nalidixic acid during incubation in nutrient broth containing 6 mg/L 
nalidixic acid. Increases are expressed as the ratio of the apparent mutation 
frequencies of cells ( /R + ) over those of R" cells ( /R " ) .  Data are the means of

two experiments

Time of incubation in Plasmid-mediated increase in mutagenesis
6 mg/L nalidixic acid ( /R + / /R - )

(h) RP4 R46 R391 pYDl

2 0 7 155 9 12
4 12 447 53 38
6 0 9 106 27 25
8 11 85 17 13

Mean 10 198 26 18

of exposure to nalidixic acid. The mean of these ratios was unity (Table). In contrast, 
strains harbouring the mutator plasmids R46, R391 or pYDl gave greatly elevated 
apparent mutation frequencies (Figure 2(b)), with maximum increases of 447-, 53- and 
38-fold, respectively, compared with the strain without plasmid (Table).

Discussion
The data presented show that carriage of mutator plasmids PYDl, R391 and R46 

increased spontaneous mutation frequencies to nalidixic acid resistance approximately 
3- to 12-fold (Figure 2(a)). However, after exposure to a bactericidal concentration 
(6 mg/L) of nalidixic acid for various times, the presence of these plasmids gave 
mean increases in apparent mutation frequency per surviving cell of 18-, 26- and 198-fold, 
respectively (Table). The influence of plasmid-encoded mutator function on the frequency 
of mutation to nalidixic acid was therefore shown to be much greater when positive 
selection pressure was applied. This heightened mutagenic response could not be ascribed 
solely to the greater number of spontaneous nalidixic acid-resistant mutants present in 
inocula of the mutator plasmid-containing strains. If the latter were the case, the mutator 
effect of plasmid R46, which had no affect on survival in broth containing nalidixic acid 
(Figure 1(b)) and increased spontaneous mutation frequency to nalidixic acid resistance 
about 12-fold (Figure 2(a)), should have remained constant at the spontaneous rate 
during exposure to the lethal concentration of nalidixic acid. Instead, the apparent 
mutation frequency to nalidixic acid resistance in the strain carrying R46 increased to 
nearly 450-fold higher than in the strain without plasmid or in the RP4-carrying strain 
(Table). These experiments partially mimic the use of quinolones in clinical practice, and 
clearly illustrate how mutator plasmids like R391 and pYD l, which mediate only small 
increases in spontaneous mutation frequency, can contribute significantly to the 
development of quinolone resistance.

The mechanism whereby pICDOl, a plasmid isolated from the Bangladeshi 
5. dysenteriae type 1 strain, increases survival in quinolone-treated cells remains to be 
elucidated (Munshi etaL, 1987; Ashraf, Ahmed & Sack, 1991). Nevertheless, this plasmid 
is reported “ to offer a survival advantage to its host under conditions of nalidixic 
acid-induced stress” (Ashraf et al., 1991). Data in Figure 2(b) and the Table suggest this 
advantage could result from a plasmid-directed increase in mutation frequency to
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nalidixic acid resistance, which is heightened by the presence of nalidixic acid. This 
situation is reminiscent of the proposal by Cairns (1988), supported by Hall (1990) and 
Stahl (1990), that “directed mutation” may occur as a specific response to environmental 
challenge, which is contrary to the orthodox view that mutations occur without regard 
to their immediate usefulness (Stahl, 1990). Cairns’ proposition has received both support 
and scepticism (Foster, 1992; Hall, 1994). It infers the existence of unknown mechanism(s) 
through which the environment can influence the generation or retention of mutations 
Both Cairns et al. (1988) and Hall (1990) used strains of E. coli unable to metabolise a 
particular biochemical substrate, and found that when exposed to the substrate, the rates 
at which required genes reverted were greater than mutation frequencies in non-essential 
genes. By their nature, these experiments were performed on non-dividing auxotrophic 
cells under conditions of nutritional stress, where DNA synthesis would be confined to 
repair, rather than replicative events (Hall, 1990). Such conditions could induce apparent 
preferential mutation by a random mechanism involving error-prone DNA repair. Thus 
the environment would appear to be tailoring the mutations produced. The data we report 
here lend weight to a similar conclusion for a different environment. Quinolones, 
such as nalidixic acid, induce error-prone DNA repair as part of the SOS response to 
DNA damage (Phillips et al., 1987; Piddock & Wise, 1987), and can be shown to be 
positive bacterial mutagens in the right genetic background (Ysern et al., 1990; Gock, 
1991). One of the pleiotropic mutant phenotypes induced would be to quinolone 
resistance. This paper demonstrates how the presence of mutator plasmids can increase 
such induced mutation frequencies to a clinically significant level.
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